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Editorial on the Research Topic

Advances and controversies in skull base tumors: implication for
diagnosis, treatment and management
The skull base has long been regarded as one of the Pillars of Hercules of neurological

pathologies. This is because, in addition to being a difficult surgical site, it is situated on the

boundary between the nasal, paranasal, neck regions and the central nervous system.

Moreover, it presents a number of vascular-nervous structures that have historically caused

diagnostic challenges. In this anatomic region a huge number of pathological processes,

including neoplasms ranging in nature from benign to malignant originating from each of

the border regions that make up the base of the skull, as well as distant heteroplastic

processes can be found.

This Research Topic focused on the Advances and Controversies in Skull Base Tumors:

Implication for Diagnosis, Treatment and Management. Out of the 18 articles in this

Research Topic, there are 8 original articles, 4 reviews, 2 systematic reviews, 3 case reports,

and one opinion-based article.
Common skull base tumor pathologies
and biomarkers

Although the most common pathologies are now well recognized, some of them should

not be undervalued as they can resemble “common” skull base tumors. This is

demonstrated in the publication by Bove et al. Furthermore, Ghezzi et al. showed in

their case report that tumors that infrequently metastasize to the skull base region can also

involve it, and thus a multidisciplinary team that takes into account both preoperative
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imaging and postoperative histopathological findings is required in

order to ensure better management for each patient.

Even though a preoperative diagnosis of certainty has not yet

been questioned, Wijethilake et al. work offers a thorough summary

of the noteworthy advancements in the fields of molecular biology

and biochemical markers for skull base tumors. They explain the

relationships between the histotypes of skull base tumors and

growth-related parameters, such as grade, survival, growth/

progression, recurrence, and treatment outcomes.

In another article published in this Research Topic, Righi et al.

correlated a new protein mutation with clinicopathological

parameters and survival outcomes in a group of poorly

differentiated chordomas, which also included possible

treatment suggestions.

However, the increasing need to guarantee an excellent

outcome for patients has led to the identification of several

preoperative biomarkers, some of which involve relatively simple

preoperative execution. Takahara et al.’s retrospective series of

Schwannomas serves as an example of this. Their study

demonstrated a relationship between the preoperative neutrophil/

lymphocyte ratio (NLR) and postoperative recurrence as well as

treatment-free survival rate.
Current status of skull base surgery
for major tumor pathologies

On the other hand, skull base surgery has seen a succession of

historical phases, each differentially characterized in terms of

objectives, techniques and problems, each inevitably influenced

also in a broader perspective by the evolution of society and its

needs and expectations, and the neurosurgeon is daily confronted

with this challenge.

Where does skull base surgery stand today? Zhang et al. in an

interesting review of scientometry on the state of research on

meningiomas, indicate what Wang et al., Na et al. and Baussart

et al. confirm for us in their clinical studies on the current, we would

say consolidated, status of skull base neurosurgery with regard to

pathologies of greater epidemiological significance in the

neurosurgical field: meningiomas, craniopharyngiomas, pituitary

adenomas and schwannomas.
Incorporating patient-specific factors
into surgical planning

However, while the clinical studies comfort us and indicate that

the possibility of more than satisfactory results can now be

considered established in terms of tumor removal and surgical

morbidity, Zhang et al. warns us of a change taking place, namely, of

the need increasingly felt by both clinicians and, as we shall later see,

patients, to try to understand pathology not only in terms of

nosologic macrocategories but also in terms of the single, unique

and, (exaggerating somewhat), unrepeatable pathology in the

individual, and this yes, unrepeatable, patient.
Frontiers in Oncology 026
In the case of the scientometry trend, this is expressed in the

increasing focus of scientific literature and thus scientific research

on more and more detailed molecular characterizations, which is

nothing different than a reflection on the progress of medicine

toward more and more personalized medicine. In other words,

toward a possible future where artificial intelligence will help make

sense of the huge amount of data that we are increasingly gathering

about patients and patients’ pathology.

The trend, however, can be seen in the clinical setting as well:

this is now so true, and to such an extent, that neurosurgical

practice can and must also be able to respond to n new needs of

specific patient populations that are no longer the same as that with

which the “noble fathers” of skull base neurosurgery in the 1970s

and 1980s were confronted in their time. These are, at least in the

Western world, patients who are on average increasingly frail and

increasingly concerned with what is called “quality of life”. The

Tübingen group, on the strength of its experience and undisputed

expertise in the microneurosurgery of schwannomas of the VII

cranial nerve indicates to us on the one hand that advanced age is

not a limitation even in surgeries once considered “high-risk”, as

vestibular schwannoma surgery might have been (Wang et al.), on

the other hand how the focus should now be placed not only on the

extent of resection but also if not especially on other indirect health

parameters, such as mental health (Machetanz et al.) and obviously,

as also suggested by Di Perna et al., on functional outcome. This is

also seen, however, in the need to propose solutions, be they purely

neurosurgical or interdisciplinary in nature, that can meet the needs

of the individual case.
Optimizing surgical outcomes and
safety, including endoscopy

Furthermore, current research efforts are also aimed at the

optimization of the surgical results and safety during vestibular

schwannoma resection. Vychopen et al., by the means of a

systematic review, attempt to add evidence to the longstanding

discussion of the patient positioning during these procedures,

reporting that both the semisitting and the lateral position are

safe, with a possible superiority of the first in the functional

outcome of facial nerve. Concurrently, Yang et al. report their

experience in the endoscopic assistance during microsurgical

procedures, with good results. They add further corroborating

evidence to this technique, which enhances the surgical view

potentially improving the safety of the procedure and, ultimately,

of the patient himself.

The endoscope itself could be considered as a cornerstone

instrument in skull base neurosurgery. Its widespread diffusion,

affordability and flexibility made it irreplaceable. In addition to its

well – known use, for example for the management of sellar,

parasellar and anterior skull base pathologies or for the

exploration of the cerebello – pontine angle (as previously

reported by Authors), surgeons and researchers are now pushing

the boundaries further. Bai et al. describe in detail for the first time

the endoscopic far lateral supracerebellar infratentorial approach,
frontiersin.org
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which was successfully used in vivo for the resection of a posterior

clinoid meningioma. The same authors complete their report with a

systematic review focused on the treatment of this rare pathology.

Furthermore, Yan et al. analyze their case series of endoport –

assisted neuroendoscopic resection of lateral ventricle tumors. The

endoscope will clearly retain its paramount role in skull base

surgery, as the enhancement of the surgical view, by the means of

advancing the “surgeon’s eye” deep in the surgical field, is crucial to

navigate and operate in anatomical areas full of delicate vascular

and neural structures.

It should also be clear that surgery does not stand alone as the

only treatment of skull base pathologies. Radiation therapy, by the

means of conventional external beam radiotherapy or particle

therapy, as extensively outlined by Iannalfi et al. is complementary

to surgery, and should also always discussed in a multidisciplinary

setting, with close collaboration between experts different as clearly

stated by Carsuzaa et al.

A multidisciplinary management setting is also a key to provide

the best treatment for olfactory neuroblastomas. This concept was

clearly outlined by Tosoni et al., who extensively review and report

the current knowledge and clinical practice concerning this

uncommon clinical entity. While surgical resection with

established skull base techniques and radiation therapy remains

the mainstays of the treatment, the Authors analyze the possible

role of chemotherapy protocols, which could be of the utmost

importance especially in cases of advanced disease, while advocating

also for forward - looking experimentation of targeted therapies

basing on molecular profiling.

With the help of this Research Topic and the many articles it

includes, one can obtain a comprehensive 360-degree view of the

current debates surrounding the diagnosis and management of skull

base pathologies. While the current guidelines for treating diseases

of the skull base have been reaffirmed in this Research Topic, new

developments in biomolecular, diagnostic, and surgical technologies

have also been included to enhance patient outcomes. Because of
Frontiers in Oncology 037
their patient-centered approaches, the articles in this Research

Topic provide a foundation for identifying the key areas of future

research and development.
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Introduction: The transcranial approach (TCA) has historically been used to

remove craniopharyngiomas. Although the extended endoscopic endonasal

approach (EEA) to these tumors has been more commonly accepted in the

recent two decades, there is debate over whether this approach leads to better

outcomes. The goal of this systematic review and meta-analysis was to more

comprehensively understand the benefits and limitations of these two

approaches in craniopharyngioma resection based on comparative studies.

Methods: We conducted a systematic literature search in accordance with the

Preferred Reporting Items for Systematic reviews and Meta-Analyses

recommendations using MEDLINE, EMBASE, and the Cochrane Library. A total of

448 articles were screened. Data were extracted and analyzed using proportional

meta-analysis. Eight comparative studies satisfied the inclusion criteria. The extent

of resection, visual outcomes, and postoperative complications such as endocrine

dysfunction and cerebrospinal fluid (CSF) leakage were compared.

Results and discussion: Eight studies, involving 376 patients, were included.

Resection by EEA led to a greater rate of gross total resection (GTR) (odds ratio

[OR], 2.42;p=0.02; sevenstudies)withan incidenceof61.3%vs. 50.5%andahigher

likelihood of visual improvement (OR, 3.22; p < 0.0001; six studies). However, TCA

resulted in a higher likelihood of visual deterioration (OR, 3.68; p = 0.002; seven

studies), and was related, though not significantly, to panhypopituitarism (OR, 1.39;

p = 0.34; eight studies) and diabetes insipidus (OR, 1.14; p = 0.58; seven studies).

AlthoughTCA showed significantly lower likelihoodsofCSF leakage (OR, 0.26; 95%

confidence interval [CI], 0.10–0.71;p=0.008;eight studies)compared toEEA, there
frontiersin.org01
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wasnosignificantdifference inmeningitis (OR,0.92;95%CI,0.20–4.25;p=0.91; six

studies) between the two approaches. When both approaches can completely

resect the tumor, EEA outperforms TCA in terms of GTR rate and visual outcomes,

with favorable results in complications other than CSF leakage, such as

panhypopituitarism and diabetes insipidus. Although knowledge of and

competence in traditional microsurgery and endoscopic surgery are essential in

surgicaldecision-making forcraniopharyngiomatreatment,whenbothapproaches

are feasible, EEA is associated with favorable surgical outcomes.

Systematic review registration: http://www.crd.york.ac.uk/PROSPERO/,

identifier CRD42021234801.
KEYWORDS

craniopharyngioma, endoscopic endonasal approach, transcranial approach,
metaanalysis, systematic review
1 Introduction

Craniopharyngiomas are calcified embryonic tumors

originating from the pituitary gland’s anterior lobe, from

epithelial remnants of squamous cell rests of Rathke’s pouch (1,

2). Although craniopharyngiomas are histologically benign (World

Health Organization grade I), their complete resection without

neurological injury is challenging due to the tumor location

(suprasellar, often superiorly extending into the third ventricle)

and their relation to critical neurovascular structures, such as the

pituitary gland, hypothalamus, infundibulum, ophthalmological

systems, internal carotid artery and its branches, anterior cerebral

artery-anterior communicating artery complex, basilar artery and

its branches, and brain stem (3, 4). Symptoms are often related to

surrounding structural compression or infiltration and may include

visual disturbance, especially bitemporal hemianopsia, endocrine

dysfunction, headache, and hydrocephalus (5).

The primary aims of treatment include tumor elimination;

functional outcomes, such as visual, pituitary, and hypothalamic

functions; favorable cognitive outcome; and quality of life.

Traditionally, the transcranial approach (TCA) has been used to

successfully remove these craniopharyngiomas. TCA procedures

include the classical craniotomies such as pterional,

orbitozygomatic, bifrontal interhemispheric, unilateral subfrontal,

and supraorbital approaches (6). However, these approaches have a

higher risk of visual impairment, stroke, and other neurologic

complications from brain retraction and neurovascular structure
etes insipidus; EEA,

esection; GTR, Gross

nal studies; PICO,

RE, Random-effects;

.
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manipulation (7, 8). Recently, it was shown that removing

craniopharyngiomas in the retrochiasmatic space that extended

superiorly into the third ventricle could be accomplished

successfully using the purely extended endoscopic endonasal

approach (EEA) through the transplanum transtuberculum

corridor. Through a subchiasmatic corridor, this approach

provides a wide surgical view and allows direct access to tumors

without brain retraction and neurovascular structure manipulation

(4). However, TCA has surgical advantages over EEA since it avoids

damage to the nasal canal or traversing a contaminated field and

provides a larger view of lateral tumor extension. The European

AssociationofNeurosurgical Societies recommended theuse ofTCA

for craniopharyngiomas presenting lateral extensions or that are

purely intraventricular, whereas the use of EEA was recommended

for purely intrasellar craniopharyngiomas (9).

The approach chosen is determined based on the tumor’s

location, pathology, consistency, and proximity to the pituitary

stalk and optic chiasm; involvement of the third ventricle; history of

prior surgeries; and the surgeon’s inclination based on experience

and feasibility. Although both approaches are expected to remain

feasible options for the treatment of craniopharyngiomas based on

presentation, a growing number of case-series reports have

provided evidence indicating specific surgical complications that

are unique to each approach. Although previous meta-analyses

have analyzed each approach (10, 11), comparative studies between

TCA and EEA on this topic are rare. Comparative studies provide

precise clinical descriptions that can be compared in a meta-

analysis. To our knowledge, no meta-analysis has dealt with

cranipharyngioma outcomes. Thus, the goal of this systematic

review and meta-analysis was to collect all currently accessible

evidence, including solely comparative studies, and determine

whether there are any differences in clinical outcomes between

TCA and EEA used to treat craniopharyngiomas.
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2 Methods

2.1 Reporting guidelines and
protocol registration

The guidelines of the Meta-analysis of Observational Studies

in Epidemiology (MOOSE) (12) and the Preferred Reporting

Items for Systematic Reviews and Meta-analysis guidelines were

used in our investigation (13). The protocol was registered at

http://www.crd.york.ac.uk/PROSPERO/ (CRD42021234801).

We developed a question that was based on population,

intervention, comparison, and outcome (PICO). We conducted

a critical evaluation based on the literature search and compiled

the qualifying studies; their results were subsequently analyzed

in a meta-analysis. The PICO question was as follows: Do

patients with craniopharyngioma (population) treated

surgically by EEA (intervention) compared to those treated by

TCA (comparator) differ in surgical outcomes (outcome)?
2.2 Search strategy

Two expert reviewers (M. Na and B. Jang) conducted a

literature search on July 28, 2020. The search included the

MEDLINE and EMBASE databases via the Ovid interface, as

well as the Cochrane library with no language restriction.

Additionally, we manually searched the references of qualified

studies to identify relevant research on July 30, 2022.

The following Medical Subject Headings terms were used to

search all comparative studies in all logical permutations:

“craniopharyngioma,” and; “transcranial,” or “craniotomy,”

and “endoscopic,” or “endonasal” (Supplementary Table 1).

We incorporated all publications that described prospective or

retrospective cohort studies that addressed our PICO question.
2.3 Study selection

All studies from the literature search were registered into a

reference management software, Endnote X8 (Clarivate

Analytics, Philadelphia, United States). Two reviewers (M. Na

and B. Jang) separately selected the studies based on predefined

selection criteria after checking the title, abstract, and type of

each article.

The exclusion criteria were as follows: inappropriate control

in comparative studies, < 15 patients in the study, irrelevant

results, duplicate data, letters, comments, editorials, case reports,

reviews, or meta-analyses, and animal studies. After comparing

the title, authors, and year of publication of all studies, we

eliminated duplicate articles. On disagreement between the
Frontiers in Oncology 03
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two reviewers, a third reviewer (K. Choi) intervened, and

disagreements were debated until a consensus was reached.

The full text of eligible publications was obtained after

ineligible abstracts were removed and subjected to rigorous

screening using the same inclusion and exclusion criteria.
2.4 Data extraction

Two reviewers (M. Na and B. Jang) independently extracted

the pertinent patient data from the included studies.

Disagreements between the reviewers were discussed till a

consensus was reached. The following variables were extracted:

the first author’s name, country, year of publication, study

design, inclusion period, number of patients, type of TCA,

tumor size, preoperative symptoms, and operative outcomes

(extent of resection [EOR], visual outcome, hormonal outcome,

complication outcomes: endocrine disorders, cerebrospinal fluid

[CSF] leak, and others).
2.5 Risk of bias in individual studies

The methodological quality of eight selected studies was

examined separately by two reviewers (M. Na and B. Jang) who

were blinded to the authorship and journal using the Risk of Bias

Assessment Tool for Non-randomized Studies (14). Unresolved

differences among reviewers were addressed through discussion

or review by the third author.
2.6 Statistical analysis

For each relevant outcome, the mean difference and odds ratio

(OR) were utilized as summary statistics. The results of interest were

described as forest plots; the weighted mean difference or OR, 95%

confidence interval (CI), and relative weightings were represented

by the middle of the square, horizontal line, and relative size of the

square, respectively. A random-effects model was utilized to

estimate pooled outcome measures from individual data of

included studies. I2 statistics were used to determine the

proportion of discrepancies between studies, with values of 25%,

50%, and 75% deemed as low, moderate, and high, respectively (15).

We used Review Manager version 5.4.1 (Cochrane

Collaboration, Oxford, UK) to perform the statistical analysis

for both main and sub-group analyses, and a P-value < 0.05 was

considered statistically significant. Additionally, meta-regression

was performed to analyze the gross total resection (GTR) rate in

endocrinologic complication trends using web-r (http://www.

web-r.org).
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3 Results

3.1 Study selection and characteristics of
included studies

Our literature search yielded eight eligible studies. On scanning

the database, 447 records were found, and an additional study was

identified from another source (Figure 1); 318 studies were assessed

for eligibility after 130 duplicates were removed. Following this,

295 studies were eliminated after evaluating both titles and

abstracts because of irrelevance to our study, leaving 23

potentially relevant studies. The full-text articles of these 23

studies were then obtained. We excluded 15 studies including

systematic reviews (n = 9), those with irrelevant outcomes (n = 3),

and non-comparative studies (n = 3), leaving eight studies (376

patients) to be included in the final meta-analysis (3, 4, 16–21).

The eight retrospective observational studies (OS) were

published between 2008 and 2020 with an enrollment period

that ranged from 2000–2019 (Table 1). All tumor resections were

performed in a single institution in all studies. When reported, the

overall cohort’s mean age was 43.0 years, with a higher proportion

of women (52%). The TCA group included a variety of methods,

including pterional, orbitozygomatic, supraorbital, subfrontal, and

transcallosal approaches. Although the descriptions in each article

varied, intrasellar and significant laterally extended lesions were
Frontiers in Oncology 04
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excluded, and tumors amenable to both approaches were included

(Table 1). Therefore, we excluded 25 intrasellar tumors in one

study (4) to reduce differences in inclusion criteria between the

studies. Finally, the total number of patients was 401 and 376 in

the systematic review and meta-analysis, respectively. Among 376

patients, 212 (56%) and 164 (44%) were surgically resected using

EEA and TCA, respectively (Table 2). The most frequent

presenting symptoms were visual disturbance (78%),

hypopituitarism (48%), and headache (33%) (Figure 2).
3.2 Extent of resection

EOR was assessed in seven studies. We defined GTR as an

event, and EEA demonstrated significantly higher likelihood of

GTR (OR, 2.42; 95% CI, 1.13–5.17; p = 0.02; I2 = 35%). The

incidence of GTR was 80/130 (61.5%) and 149/193 (77.2%) in

TCA and EEA, respectively (Figure 3).
3.3 Visual outcomes

When compared to TCA, EEA demonstrated significantly

higher likelihood of visual improvement (OR, 3.22; CI, 1.87–5.53;

p < 0.0001; I2 = 0%; six studies); the incidence of visual
FIGURE 1

Flow diagram of identification of relevant studies.
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improvement was 34/104 (32.7%) and 108/178 (60.7%) in TCA

and EEA, respectively (Figure 4A).When utilizing TCA compared

to EEA, there was a significantly higher likelihood of visual

deterioration (OR, 3.68; CI, 1.60–8.49; p = 0.002; I2 = 0%; seven

studies), with an incidence of 20/138 (14.5%) and 9/195 (4.6%) in

TCA and EEA, respectively (Figure 4B).
3.4 Surgical complications

3.4.1 Endocrine disorders
There was no significant difference between TCA and EEA

with respect to panhypopituitarism (OR, 1.37; 95% CI, 0.56–

3.33; p = 0.49; I2 = 46%; six studies), with an incidence of 55/103

(53.4%) and 43/94 (45.7%), respectively. In terms of diabetes

insipidus (DI), there was no significant difference between TCA

and EEA (OR, 1.18; 95% CI, 0.74–1.89; p = 0.48; I2 = 0; six

studies), with an incidence of 71/147 (48.3%) and 73/183

(39.9%), respectively (Figure 5).

3.4.2 CSF leakage and meningitis
When compared to EEA, TCA demonstrated a significantly

lower likelihood of CSF leakage (OR, 0.26; 95% CI, 0.10–0.71; p
Frontiers in Oncology 05
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= 0.008; I2 = 0%; eight studies), with an incidence of 2/164 (1.2%)

and 21/212 (9.9%) in TCA and EEA, respectively (Figure 5).

When EEA patients were divided into two groups according to

the start date of the study period, the CSF leakage rate was

reduced from 16.7% (14/84, five studies) before 2010 to 5.5% (7/

128, three studies) after 2010 (Supplementary Figure 1). In terms

of meningitis, there was no significant difference between TCA

and EEA (OR, 0.92; 95% CI, 0.20–4.25; p = 0.91; I2 = 15%; six

studies), with an incidence of 3/94 (3.2%) and 4/101 (4.0%),

respectively (Figure 5).
3.5 Meta-regression analysis:
Relationship between GTR and
occurrence of endocrine disorders

Compared to EEA, TCA showed higher linear association

between GTR and occurrence of panhypopituitarism (slope, 0.98;

p = 0.048 vs. slope, 0.4; p=0.062) (Figure 6A). There was a linear

association between GTR and occurrence of DI in TCA (slope,

0.69; p = 0.059), whereas an inverse association between GTR and

occurrence of DI in EEA (slope, -0.12; p = 0.734) was

observed (Figure 6B)
TABLE 1 Characteristics of studies included in the systemic review.

Author,
Year

Country Study
design

Study
period

Number of
patients

Male Age
(years)

Mean follow-
up (months)

Transcranial
type

Tumor location
(Inclusion/Exclusion)

Fatemi, 2008
(18)

USA R, 1
institution
1 surgeon

2000 -
2008

22 12 43.6 23.7 Supraorbital Excluded parasellar lesions
deemed unresectable by the
endonasal route

Jeswani, 2016
(17)

USA R, 1
institution
NR

2000 -
2013

53 28 45.2 34.6 Bifrontal
Pterional
OZ
transcallosal

Included midline suprasellar/
third ventricular lesions
Excluded intrasellar lesions

Moussazadeh,
2016 (3)

USA R, 1
institution
surgeons

2000 -
2015

26 7 50.8 35.2 Pterional Included suprasellar lesions
whose lateral extent does not
pass the carotid bifurcation

Wannemuehler,
2016 (16)

USA R, 1
institution
NR

2005 -
2015

21 13 50.1 10.5 Pterional
OZ
Bifrontal
Transcallosal

Included tumors that were
amenable to both approaches
confirmed by another surgeon
Excluded significant lateral
extension

Ozgural, 2018
(15)

Austria R, 1
institution
surgeons

2013 -
2017

24 15 32.3 NR Pterional
OZ

Excluded intrasellar lesions

Li, 2018 (19) China R, 1
institution
4
surgeons

2011 -
2015

43 23 41.6 8.8 Pterional
Supraorbital
Subfrontal

Included only if the
neurosurgeon confirmed that the
tumor was amenable to both
EEA and TCA

Marx, 2020 (20) Germany R, 1
institution
1 surgeon

2001 -
2018

30 14 41 90.6 Pterional
Supraorbital
Transcallosal

Excluded intrasellar lesions

*Lei, 2020 (4) China R, 1
institution
NR

2013 –

2019
182 82 42.3 33 Pterion

Subfrontal
*We excluded intrasellar lesions
frontiersin.or
R, retrospective; EEA, endoscopic endonasal approach; TCA, transcranial approach; OZ, orbitozygomatic; NR, not reported.
*We excluded 25 intrasellar type craniopharyngiomas in quantitative synthesis (meta-analysis) which were resected by EEA alone to reduce differences from inclusion criteria in other studies.
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3.6 Risk of bias of the included studies

Using the Risk of Bias Assessment Tool for Non-randomized

Studies system, the eight OS showed a low risk of bias in

intervention measurement and blinding of outcome assessment

and a high risk of bias in the selection of participants and

confounding variables (Supplementary Figure S2A). Incomplete

outcome data and selective outcome reporting were high risks of

bias in two (20, 21) and four studies (Supplementary Figure S2B)

(4, 16, 20, 21), respectively.
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4 Discussion

This systematic review and meta-analysis examined surgical

outcomes of craniopharyngiomas treated with EEA and TCA.

To the best of our knowledge, this is the first meta-analysis

providing direct comparison based on comparative studies. We

found that compared to TCA, EEA showed favorable EOR and

visual outcomes. EEA also showed less likelihood of endocrine

disorders, although this was not statistically significant.

Compared to EEA, TCA showed less likelihood of CSF
TABLE 2 Tumor size, pathology, and extent of resection in patients with craniopharyngioma.

. Approach Number
of

patients

Size Extent of resection Pathology

Volume,
cm3 mean

(SD)

Length,
mm mean

(SD)

GTR,
n (%)

NTR,
n (%)

STR,
n (%)

Adamantinomatous,
n (%)

Papillary,
n (%)

Mixed,
n (%)

Fatemi, 2008
(18)

TCA 4 – 32 (14) 0 2 2 – – –

EEA 18 – 31 (15) 3 9 6 – – –

Jeswani, 2016
(17)

TCA 34 9.5 (11.6) – – – – 23 9 2

EEA 19 9 (9.8) – – – – 11 5 3

Moussazadeh,
2016 (3)

TCA 5 13.9 (7.8) – 2 3 0 3 0 2

EEA 21 8.5 (5.9) – 19 2 0 7 3 11

Wannemuehler,
2016 (16)

TCA 12 7.8 (5) – 7 0 5 11 1 0

EEA 9 4.6 (4.7) – 5 0 4 6 2 1

Ozgural, 2018
(15)

TCA 13 37.9 (22.4) 4 1 8 – – –

EEA 11 24.6 (17.9) 9 0 2 – – –

Li, 2018 (19) TCA 26 – 29.5 (9.5) 17 0 9 11 11 4

EEA 17 – 25.2 (8.3) 11 0 6 6 8 3

Marx, 2020 (20) TCA 13 – 43 11 3 – – –

EEA 17 – – 92 7 1 – – –

*Lei, 2020 (4) TCA 57 – – 7 0 6 – – –

EEA 100 – – 10 0 7 – – –
front
GTR, gross total resection; NTR, near total resection; STR, sub-total resection; TCA, transcranial approach; EEA, endoscopic endonasal approach; SD, standard deviation.
FIGURE 2

Bar plots representing the proportion of signs and symptoms in patients with craniopharyngioma in the included studies.
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leakage, while the occurrence of meningitis was not significantly

different between the approaches. These results suggest that

when both approaches are feasible, EEA has favorable

surgical outcomes.

Currently, the optimal management for treating patients

with craniopharyngioma is controvers ia l . GTR of

craniopharyngioma was formerly considered to be challenging

due to perioperative complications; therefore, sub-total resection

(STR) followed by adjuvant radiotherapy was deemed as an

alternative treatment option (7, 22). Although STR followed by

adjuvant radiotherapy and GTR had comparable disease control

rates, long-term complications after radiotherapy, such as

hypopituitarism and cognitive impairment, have emerged (23).

As a result, surgery remains the mainstay of treatment and offers

radical resection, which maximizes the possibility of oncological
Frontiers in Oncology 07
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cure (6, 8, 24, 25). The ability to accomplish GTR is an important

factor in deciding surgical approaches. Liu et al. (6) emphasized

the importance of a tailored approach for individual patients

depending on the extent of the tumor and its proximity to

neighboring structures in determining the optimal treatment

strategy. TCA provides direct access to the parasellar

compartments and is useful for tumors that extend laterally

beyond the internal carotid artery bifurcation (3). However, EEA

provides direct access to the anterior skull base and is

appropriate for intrasellar lesions (26). In this study, EEA

resulted in a significantly higher likelihood of GTR in lesions

where both approaches are viable (77.2% vs 61.5%; OR, 2.24; p =

0.02). EEA allows for direct visualization and dissection of

tumors and adhesive neurovascular structures, increasing the

likelihood of complete resection.
A

B

FIGURE 4

Forest plots comparing odd ratios (ORs) of visual outcomes following TCA vs. EEA in craniopharyngioma patients. (A) Visual improvement and
(B) Visual deterioration. TCA, transcranial approach; EEA, endoscopic endonasal approach; CI, confidence interval; SD, standard deviation.
FIGURE 3

Forest plot comparing odd ratios (ORs) of extent of resection following TCA vs. EEA in craniopharyngioma patients. TCA, transcranial approach;
EEA, endoscopic endonasal approach; CI, confidence interval; SD, standard deviation.
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Endocrine dysfunction adversely affects health-related

quality of life and seems inevitable after surgery (27–29). The

pituitary stalk connects the pituitary gland to the hypothalamus

and maintains the hypothalamic-pituitary function (2). The

relationship between the tumor and stalk is critical for
Frontiers in Oncology 08
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postoperative endocrine dysfunction, and the Kassam

classification focused on this relationship (30). Dho et al. (2)

reported that trans- and retro-infundibular tumors were

associated more with endocrinological deterioration than pre-

infundibular tumors according to the Kassam classification, and
FIGURE 5

Forest plots comparing odd ratios (ORs) of complications following TCA vs. EEA in craniopharyngioma patients. TCA, transcranial approach; EEA,
endoscopic endonasal approach; CI, confidence interval; SD, standard deviation; CSF, cerebrospinal fluid.
A B

FIGURE 6

Scatter plot and linear-regression analysis between gross total resection and panhypopituitarism (A) and diabetes insipidus (B).
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centrally located tumors were significantly associated with

endocrinological deterioration than peripherally located

tumors. A previous meta-analysis found that patients treated

with GTR had a considerably higher incidence of

panhypopituitarism and DI than those treated with STR (27).

In this study, there was no significant difference in the incidence

of panhypopituitarism and DI between TCA and EEA. In a

linear regression, the incidence of panhypopituitarism and DI

increased significantly with increasing GTR ratio in TCA,

whereas the incidence of panhypopituitarism increased slightly

and DI showed a tendency to decrease with increasing GTR ratio

in EEA. Compared to TCA, EEA allows for a more direct view of

the skull base, allowing for early identification of the pituitary

stalk and GTR while preserving the stalk. Chen et al. (31)

reported that when craniopharyngiomas were resected via

EEA, stalk preservation significantly lowered endocrine

dysfunction without decreasing the rate of GTR and without

increasing the rate of tumor recurrence.

We found that EEA resulted in a significantly higher likelihood

of visual improvement when compared to TCA (60.7% vs. 32.7%, p

< 0.0001), whereas TCA resulted in a significantly higher likelihood

of visual deterioration when compared to EEA (14.5% vs. 4.6%, p =

0.002), and the results were comparable to those reported in a

previous meta-analysis (11). These results support the evidence

that EEA has an advantage over TCA by increasing visual

improvement but reducing visual deterioration. Stefko et al. also

demonstrated that EEA improves the visual field as well as visual

accuracy (32). This is because EEA allows for early decompression

of the optic apparatus without retraction and superior visualization

of superior hypophyseal arteries originating from the internal

carotid artery.

CSF leakage was shown to be statistically more prevalent in

EEA compared to TCA (9.9% vs. 1.2%, p = 0.008). When EEA was

originally introduced, the increased possibility of postoperative CSF

leakage was a major complication. To access the tumors, EEA

penetrates through the nasal cavity and deconstructs the anterior

skull base due to the pathway of the approach. However, with the

introduction of skull base reconstruction techniques using a

pedicled vascularized nasoseptal flap, first introduced in 2006, this

risk has been considerably decreased to approximately 5% (33, 34).

In our study, it was confirmed that the CSF leakage rate was as low

as 5.5% in the studies with a study period after 2010 (33, 34). The

development of multi-layer skull base reconstruction techniques,

including gasket-seal, artificial collagen dura mater, and artificial

bone substitute, and increased surgeon experience are expected to

further reduce the rate of CSF leakage.
4.1 Strengths and limitations

This meta-analysis adhered strictly to its selection criteria

and the Preferred Reporting Items for Systematic Reviews and

Meta-analysis guidelines. This study has several strengths. First,
Frontiers in Oncology 09
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although direct comparative studies of craniopharyngioma

resection using TCA vs. EEA are uncommon, we only

incorporated this type of research to avoid intra-study

variability which affects indirect comparisons, improve the

validity of the results, and provide summary statistics. Second,

we could reduce selection bias because most of the studies

attempted to include tumors that were amenable to both

approaches. Lei et al. (4) reported four types based on the

location of the tumors, and we excluded the intrasellar type to

avoid violating the inclusion criteria of other studies.

However, our study has some limitations. First, all included

studies were retrospective in nature. Second, two of the eight

studies reported incomplete outcome data and had selective

outcome reporting, such as tumor size, pathology, and adjuvant

radiotherapy. (Supplementary Figure 2B). However, missing

data were not analyzed in this study and did not significantly

impede the conclusions. Third, we were unable to analyze other

complications such as hydrocephalus, nerve injury, cerebral

infarction, cognitive dysfunction, and hemorrhage, as only a

few studies have reported these parameters for their patients.

Therefore, it is important to carefully interpret the results of this

study, and a further well-designed study is warranted.
4.2 Conclusions

We found that when both approaches can completely

resect the tumor, EEA outperforms TCA in terms of GTR

rate and visual outcomes, as well as favorable results in

terms of complications other than CSF leakage, such as

panhypopituitarism and DI, considering the meta-regression

results. Although knowledge of and competence in traditional

microsurgery and endoscopic surgery are essential in surgical

decision-making for craniopharyngioma treatment, when both

approaches are viable, EEA is associated with favorable

surgical outcomes.
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Introduction: Effective strategies are required to ensure optimal management

of the crucial closure step in endoscopic pituitary surgery. Many surgical

techniques have been reported but no significant consensus has been defined.

Methods: Between January 2006 and March 2022, 3015 adult patients with

pituitary adenomas were operated on by a single expert neurosurgical team,

using a mononostril endoscopic endonasal approach. Based of preoperative

risk factors of and operative findings, a detailed closure strategy was used. Body

mass index >40, sellar floor lysis, number of surgeries>2, large skull base

destruction, prior radiotherapy were considered as preoperative risk factors

for closure failure. All patients treated with an expanded endonasal approach

were excluded.

Results: Patients were mostly women (F/M ratio: 1.4) with a median age of 50

(range: 18 –89). Intraoperative CSF leak requiring specific surgical

management was observed in 319/3015 (10.6%) of patients. If intraoperative

leak occurred, patients with predictive risk factors were managed using a Foley

balloon catheter in case of sellar floor lysis or BMI>40 and a multilayer repair

strategy with a vascularized nasoseptal flap in other cases. Postoperative CSF

leak occurred in 29/3015 (1%) of patients, while meningitis occurred in 24/3015

(0.8%) of patients. In patients with intraoperative leak, closure management

failed in 11/319 (3.4%) of cases.

Conclusion: Based on our significant 16-year experience, our surgical

management is reliable and easy to follow. With a planned and stepwise

strategy, the closure step can be optimized and tailored to each patient with

a very low failure rate.
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pituitary surgery, closure, skull base repair, endoscopy, strategy, nasoseptal flap
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Introduction

Pituitary adenomas account for 15% of all intracranial

neoplasms, making them the third most common pathology

(1). Pituitary adenomas, recently renamed as pituitary

neuroendocrine tumors (PitNETs) in the new classifications

(2–4) are usually benign tumors, with a broad spectrum of

biological and pathological characteristics (5–7). Surgery

represents the first-line treatment for most pituitary adenomas

(corticotroph, somatotroph and non-functional), except for

most prolactinomas which are currently treated with

dopamine agonists (8).

The transsphenoidal approach is the gold standard of

surgical route for pituitary surgery (9–11), while the

transcranial approach is considered only as a second-line

surgical option, in well-selected patients with rare tumors

extending anteriorly in the subfrontal area, laterally in the

temporal fossa or encompassing the vessels (12, 13). The

microscopic technique, initially developed by Cushing and

successively taken forward by Dott, Guiot and Hardy (14–16),

was progressively abandoned in most centers of excellence,

leading to the transition towards the endoscopic technique in

the late 1990s (10, 17–19). Nowadays, the endoscopic endonasal

transsphenoidal approach is the mainstay in many centers

worldwide, given its advantages in terms of quality of vision,

tumor resection, endocrine outcome, sinus-nasal morbidity and

length of hospital stay (17, 20, 21).

Despite advances in closure techniques, postoperative CSF

(cerebrospinal fluid) leak remains the most common

complication of the endoscopic endonasal transsphenoidal

approach, occurring in around 10% of patients and requiring a

specific second surgery. The rate of CSF leak-related meningitis

is observed in approximately 5% of patients, increasing the

length of hospital stay and medical costs (22, 23). Thus, a

reconstruction strategy of the skull-base defect should be

anticipated during preoperative planning and an accurate

analysis of preoperative risk factors associated with CSF leak is

essential. In previous studies, many preoperative risk factors

have been reported such as BMI (body mass index) > 30,

multiple surgeries, tumor size, extension and invasiveness,

prior treatment with radiotherapy (24–29). In all these

patients, the closure strategy should be rigorously considered

before the sellar surgical step, in order to limit avoidable

reconstruction failures (24, 30) and to modulate it according

to the flow of the CSF leak observed during surgery (31–34).

Today, several protocols to reduce postoperative CSF leak

have been proposed (33–40) but there is no consensus on the

best closure strategy after endoscopic pituitary surgery.

Moreover, a significant heterogeneity in the outcomes was

reported (41). From the analysis of the first 1000 patients

operated on with a mononostril endoscopic endonasal

transsellar approach, we reported in 2014 a postoperative CSK

leak rate <1% (18). Based on our substantial additional
Frontiers in Oncology 02
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experience, we developed a gradual closure strategy that

integrates individual preoperative risks of postoperative CSF

leak with the operative findings.

The objective of the present study is to analyze the results of

our closure strategy from a consecutive cohort of 3015 patients

with pituitary adenomas, operated on by the same two senior

expert neurosurgeons (S.G, B.B). The philosophy of this major

surgical step is emphasized, highlighting the need to plan the

closure step before entering the operative room.
Materials and methods

Patients

This is a French observational cohort of 3015 consecutive

adult patients with pituitary adenomas operated on between

January 2006 and March 2022.

Inclusion criteria were: (1) diagnosis of adenoma confirmed

on histological examination; (2) adenoma patients treated with a

mononostril endoscopic endonasal transsphenoidal approach, as

described in the “endoscopic endonasal transsphenoidal

surgery” section; (3) patients eligible for surgery selected at a

multidisciplinary meeting with an endocrinologist, a

neurosurgeon and a radiologist; (4) dedicated pituitary MRI

performed for each patient before surgery. Exclusion criteria

were: (1) adenoma patients treated with an expanded endoscopic

approach - such as transtuberculum or transplanum approach;

(2) patients under 18 years of age.

Prior medical therapy with dopamine agonists or

somatostatin analogues was not considered an exclusion

criterion. All patients with prior medical therapy were

included in this series.
Predictive factors for closure failure

On the basis of previous studies (24, 25, 27–29, 42, 43),

preoperative clinical and radiological assessment identified the

following variables as preoperative risk factors for closure failure:

severe obesity, number of surgeries > 2, focal sellar floor lysis,

large skull base destruction due to invasive or giant pituitary

adenomas and history of prior radiation therapy.

Intraoperative CSF leaks are often complex to treat in obese

patients because of higher intracranial pressure (29).

Furthermore, as previously published, the risk of symptomatic

intracranial hypertension increases with increasing BMI. In

patients with BMI>40, the risk of induced vision loss is well

known (44). Based on this data, we have considered that patients

with BMI>40 may be exposed to a higher risk of postoperative

CSF leak due to increased intracranial pressure. Thus, this

critical value was considered a risk factor of closure failure.
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Endoscopic endonasal
transsphenoidal surgery

The same two senior neurosurgeons (S.G, B.B) operated on all

patients via a mononostril endoscopic endonasal transsphenoidal

approach, as recently described by the present team (20). The

patient was placed in a semi-sitting position. Care was taken to

avoid any compression points. During patient positioning, the

right thigh was prepared for musculoaponeurotic graft whenever

needed. The head was deflected back by 30° to prevent jugular

compression. 0° and 30° optic endoscopes (Karl Storz) were used.

After lateralization of the middle turbinate, the mucosa of the

anterior part of the sphenoid bone was coagulated with a luxation

of the septum. The sellar floor was opened and the dura incised.

The adenoma was removed for pathological analysis using

standard curettes, dissecting instruments, and suction.

The crucial closure step was anticipated during the

approach: the main objective was to preserve an optimal

epidural space when the sellar floor was opened and the tumor

was removed, in order to reconstruct an optimal sellar floor

during the closure step. The sellar floor was opened is such a way

that the bone opening was larger than the dural opening, in

order to preserve the epidural space (Figure 1).
CSF leak evaluation

Once tumor was resected, the neurosurgeon had to

determine the existence and intensity of a possible CSF leak. If

a CSF leak was observed, the degree of CSF flow was assessed, as

proposed by Esposito et al. (33). CSF leak was classified as

follows: small leak without obvious diaphragm defect, defined as

diaphragm oozing; low-flow leak with focal diaphragm defect;

high-flow leak with large diaphragm or dural defect.
Frontiers in Oncology 03
21
Closure stage: General considerations

The substantial experience gained since 2006 has allowed us

to gradually establish a specific stepwise surgical strategy, based

on a rigorous analysis of preoperative risk factors for closure

failure and operative findings. The proposed closure strategy

comes from a retrospective analysis of the authors’ experience

gained during the study period. Our current strategy used since

2014 for graded closure strategy in pituitary surgery has been

provided in Figure 2.

Indeed, some nuances have been added from our initial

operative technique. Until 2014 (n=1397 patients), a 5-day

external lumbar drainage could be decided as a second surgical

option in combination with the intrasellar muscular graft, in rare

patients with failure of closure management. Since 2014 (n=1618

patients), external lumbar drainage has been abandoned and

replaced by the Foley Catheter technique: a saline-inflate Foley

catheter was applied inside the sphenoid sinus in order to

constitute an abutment against the intrasellar muscular graft

(in case of sellar floor lysis or BMI>40) or against the double

pedicled nasoseptal flap (in case of number of surgeries > 2, large

skull base destruction, giant tumors or prior radiotherapy). This

change essentially resulted from an objective to improve clinical

tolerance, to reduce the risk of complications due to lumbar

drainage and to treat more complex patients with more

complex adenomas.

If possible, no material was placed in the intrasellar

compartment, so as not to interfere with the interpretation of

the postoperative MRI and not to impact on tumor resection in

any subsequent surgery. In the absence of CSK leak, an optimal

standard bone sellar floor reconstruction was achieved, using an

autologous bone from a sphenoid septation designed in a

quadrangular shape and positioned by four corners in the

epidural space (Figure 3). In case of patients with strong risk
FIGURE 1

Preparation of the closure step during the endoscopic approach. This figure illustrates the concept that closure should be anticipated and
planned for at each surgical step. (A) Sphenoid step. The main classic landmarks are identified: sella turcica (ST), tuberculum sellae (TuS), clivus
(Cl), cavernous sinus (CS). (B) Sellar step. After opening the sellar floor, the dura has been carefully exposed and respected. The optimal
rectangle shaped-dural opening is provided (dotted black rectangle). Note that the bone opening is oversized compared to the dural opening, in
order to preserve the epidural space. (C) Sellar step after tumor resection. Note that the epidural space has been respected between the sellar
floor and the dura mater (black arrow) for optimal closure.
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factors of postoperative CSF leak (large skull base destruction

due to invasive or giant pituitary adenomas, number of surgeries

>2, history of prior radiotherapy), a multilayer reconstruction

strategy was decided, using the double pedicled nasoseptal flap,

as previously reported (45, 46).
Closure strategy

i. Patients with no risk factors of closure failure
In the absence of CSK leak, optimal bone sellar floor

reconstruction was performed, as detailed above. In case of

intraoperative CSF leak, the choice of the closure depended on

the intensity of flow and the location of the leak.

In case of small leak due to diaphragm oozing, a collagen

sponge coated with the human coagulation factors fibrinogen
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and thrombin (TachoSil®) was used. The sealant matrix was

positioned in the intrasellar compartment, deployed, centered

on the dural defect and applied against the diaphragm with the

help of forceps holding a cottonoid and a suction tube

(Figure 4A). The sellar floor was reconstructed and some

biological glue was applied in the sphenoid sinus.

In case of focal low-flow leak, an epidural duraplasty was

performed, using a dural substitute. After a right middle

turbinectomy was performed, the mucosa of the turbinate was

removed away from the bone. The mucosal graft from the

middle turbinate was positioned in the epidural space, with

the support of a bone graft or a PDS plate embedded in an

epidural fashion (Figures 4A, B). With this technique, the

mucosa should act as a seal. As previously described,

biological glue was applied. In rare cases of focal diaphragm

defect with a distended diaphragm bulging into the intrasellar
FIGURE 3

Closure strategy in patients with no CSF leak and no risk factor. For these patients, an optimal sellar floor closure should be achieved. (A) Sellar
reconstruction with a bone graft. The piece of bone has been removed from the sphenoid rostrum or from a sphenoid septation, accurately
designed and positioned in the previously prepared epidural space. (B, C) Sellar reconstruction with a synthetic polydioxanone (PDS) plate. (B) A
synthetic polydioxanone (PDS) plate (in blue) has been shaped according to the sellar floor opening and introduced in the sphenoid sinus. The
positioning always starts with the introduction of the two lower edges, the plate being held by a surgical forceps. (C) The two upper edges have
been embedded so that the entire PDS plate was positioned in the epidural space.
FIGURE 2

Closure strategy for pituitary surgery. Decision strategy.
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space, watertight closure could be achieved by coagulating the

edges of the transdiaphragmatic orifice with bipolar

forceps (Figure 4C).

In case of diffuse of high-flow leak, an intrasellar packing

technique was decided. Fascia and muscle grafts were taken from

the right thigh. The fascia was introduced into the sella and

applied superiorly to cover the entire defect, in order to recreate

a new diaphragm. The muscle graft was then positioned within

the intrasellar compartment. As previously described, the sellar

floor was reconstructed with bone graft or PDS plate and

biological glue was applied.

ii. Patients with risk factors of closure failure
BMI>40 with intact sellar floor, no intraoperative leak

A standard closure was performed, as previously described.

Focal sellar floor lysis and BMI<40, no intraoperative
leak

A poor sellar closure was usually achieved, using a bone graft

or PDS plate positioned by only two or three corners in the

epidural space

Focal sellar floor lysis and BMI>40, no intraoperative
leak

An additional Foley catheter technique was decided in order

to avoid the migration of the poor sellar reconstruction. A two-

way Foley balloon catheter technique was used: the balloon stent

was positioned inside the sphenoid sinus against the sella turcica

to reinforce the reconstruction and counter the effects of graft

migration. Usually, we used a Foley urinary catheter from 8 to 12

French filled up with saline solution, inflating it to be in contact

with the graft. The catheter was left in place for 4 to 5 days.
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Focal sellar floor lysis and/or BMI>40, intraoperative
leak

All patients were treated with an intrasellar fascia and

muscle graft, combined with an additional Foley balloon

catheter. Biological glue was always applied. Repeated lumbar

punctures were performed on day 1 and day 2 after surgery

Large skull base destruction and/or number of
surgeries >2 and/or prior radiotherapy

In complex cases of patients with strong risk factors of

closure failure, the following strategy was decided, regardless

the occurrence of an intraoperative leak: a multilayer repair

strategy was chosen with combined intrasellar fascia and muscle

grafts, optimal epidural closure if possible, and double pedicled

mucosal nasoseptal flap (Figure 5). Each left and right mucosal

flap was elevated from each side of the nasal bone septum and

pedicled on the sphenopalatine artery. The pedicled flap was

applied against the sella turcica and held in place with a Foley

catheter for 5 days. Biological glue was always applied. Repeated

lumbar punctures were performed on day 1 and day 2 after

surgery. This multilayer strategy was also decided in case of

patients with BMI>40.
Closure evaluation

Closure was considered as achieved if no postoperative CSF

leak was observed 2 months after surgery. Failure of closure

management was diagnosed when a postoperative CSF leak

occurred despite the closure strategy applied because of an

intraoperative CSF leak during the first procedure, requiring a

second surgery.
FIGURE 4

Closure strategy in patients with CSF leak and no risk factor. For these patients, the sella floor should be reconstructed and biological glue
should be applied after the sealing has been achieved. (A, B) Minimal and diffuse flow diaphragm leak. (A) A sealant collagen sponge coated with
the human coagulation factors fibrinogen and thrombin (black arrow) has been designed, positioned in the intrasellar compartment, deployed,
centered on the dural defect and applied against the diaphragm with the help of a forceps holding a cottonoid and a suction tube. (B) An
epidural duraplasty has been performed, using the mucosa of the right middle turbinate. After the mucosa has been embedded in the epidural
space with a bone graft (black dotted arrow), the mucosa acts as a seal. (C) Focal low-flow leak. A unique focal defect is visualized on the right
side of the diaphragm (white arrow). The sealing is achieved after coagulation of the dural defect using a bipolar forceps (insert).
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Data collection

The following variables were collected for each patient

before, during, and after surgery.
Fron
i. Before surgery: age; sex; preoperative risk factors for

closure failure.

ii. During surgery: intraoperative CSF leak; flow intensity

and location of intraoperative CSF; type of closure

strategy.

iii. After surgery: postoperative CSF leak; type of closure

strategy; meningitis with bacteriological analysis if

available.
Statistical analysis

Statistical analysis was performed using R statistical software

(version 3.6.3). Descriptive statistics used median (range) for

quant i t a t ive var i ab l e s and raw numbers (%) for

categorical variables.
Results

Characteristics of patients selected
for surgery

The characteristics of 3015 patients operated on for an

adenoma are provided in Table 1. Patients were mostly women

(F/M ratio: 1.4), with a median age of 50 (range: 18 to 89).

Hormone excess was observed in 1970/3015 (65.3%) of patients.

Corticotroph adenomas with Cushing’s disease, somatotroph

adenomas with acromegaly, lactotroph adenoma, thyrotroph
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adenoma and non-secreting adenomas were diagnosed in 822/

3015 (27.3%), 768/3015 (25.5%), 331/3015 (11%), 49/3015 (1.6%)

and 1045/3015 (34.6%) of patients respectively.
Intraoperative CSF leak

Intraoperative CSF leak requiring a specific surgical

management was observed in 319/3015 (10.6%) of patients.

No preoperative risk factor of closure failure was noted in

258/319 (80.9%) of these patients. Diaphragm oozing was noted

in 32/258 (12.4%) of patients and was treated with collagen

sponge (TachoSil® patch). Focal low-flow leak was noted in 83/

258 (32.2%) of patients, mainly treated with epidural graft and

more rarely with bipolar coagulation. Diffuse high-flow leak was

observed in 143/258 (55.4%) of patients and was treated with

intrasellar fascia and muscle graft technique in the vast majority

of cases.

Preoperative factors of closure failure were observed in 61/

319 (19.1%) of patients. Considering BMI>40 and/or sellar floor

lysis, 39/61 (63.9%) of patients were treated with the Foley-

catheter technique, while 6/61 (9.8%) were treated using collagen

sponge, epidural graft or muscle graft. The 16/61(26.3%)

patients with large skull base destruction and/or prior

radiation therapy and/or number of surgeries >2 were treated

with a multilayer repair strategy with nasoseptal flaps.
Postoperative CSF leak

Postoperative CSF leak requiring a second surgery was

observed in 29/3015 (1%) of patients.

Among these patients, 18/29 (62.1%) had no intraoperative

CSF leak. No risk factors for closure failure were noted in these
FIGURE 5

Closure strategy in patients with a risk factor. For these patients, a Foley urinary catheter is usually necessary and more complex multilayer
closure strategies using a pedicled mucosal nasoseptal flap should be discussed. (A-D) Complex multilayer closure strategy for a patient with a
recurrent pituitary adenoma treated with multiple surgery and radiotherapy. (A) After a muscle graft has been introduced in the intrasellar
compartment, an autologous fascia lata graft has been positioned anterior to the sella turcica (black arrow). (B) After the fascia lata has been
embedded in the epidural space with a bone graft (black asterisk), the primary sealing is obtained. (C) A vascularized mucosal nasoseptal flap is
positioned and deployed in the sphenoid sinus (double black arrow), maintained using a Foley urinary catheter for 5 days. (D) Postoperative MRI
showing the multilayer reconstruction and the Foley catheter (white arrow).
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TABLE 1 Characteristics of 3015 adenoma patients treated with a mononostril endoscopic endonasal transsellar approach.

Patients

Age, years 50 (18-89)

Sex ratio (F/M) 1.4

Type of secretion

Cushing’s disease 822/3015 (27.3%)

Acromegaly 768/3015 (25.5%)

Lactotroph adenoma 331/3015 (11%)

Thyrotroph adenoma 49/3015 (1.6%)

Non-secreting adenoma 1045/3015 (34.6%)

Intraoperative CSF leak requiring a specific surgical management 319/3015 (10.6%)

Intraoperative CSF leak with no risk factor of closure failure 258/319 (80.9%)

Diaphragm oozing treated with collagen sponge 32/258 (12.4%)

Focal low-flow leak treated 83/258 (32.2%)

treated by focal coagulation 6/83 (7.2%)

treated with an extrasellar epidural graft 77/83 (92.8%)

Diffuse high-flow leak treated with intrasellar fascia and muscle grafts 143/258 (55.4%)

treated with intrasellar fascia and muscle grafts 142/143 (99.3%)

treated with epidural graft 1/143 (0.7%)

Intraoperative CSF leak with a least one risk factor of closure failure 61/319 (19.1%)

BMI>40 and/or Sellar floor lysis treated with a Foley balloon Catheter 39/61 (63.9%)

BMI>40 and/or Sellar floor lysis treated with collagen sponge, epidural or muscle graft 6/61 (9.8%)

Large skull base destruction and/or prior radiotherapy and/or surgeries >2 treated with a mucosal nasoseptal flap 16/61 (26.3%)

Postoperative CSF leak requiring a second surgery 29/3015 (1%)

Patients with no intraoperative CSF leak 18/29 (62.1%)

Patients with intraoperative CSF leak 11/29 (37.9%)

Rate of failed closure management 11/319 (3.4%)

Meningitis requiring antibiotic therapy 24/3015 (0.8%)

Aseptic meningitis 14/24 (58.3%)

Septic meningitis 10/24 (41.7%)

Patients with intraoperative CSF leak 19/24 (79.2%)

Patients with no intraoperative CSF leak 5/24 (20.8%)

(Continued)
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18 patients. In 2 patients, a postoperative leak occurred 5 and 6

days after surgery, in the context of nose blowing.

In contrast, 11/29 (37.9%) of patients had a well-identified

intraoperative leak requiring a dedicated closure technique, as

detailed in Table 2. The majority of these 11 patients had

preoperative risk factors (n=7/11, 63.6%), mostly with BMI >40.

Diaphragm oozing, low-flow leak and high-flow were identified in

2/11 (18.2%), 4/11 (36.4%) and 5/11 (45.4%) of patients

respectively. All these 11 patients were reoperated on, using an

intrasellar fascia and muscle graft combined with external lumbar

drainage in 3 patients (before 2014) and Foley-catheter or mucosal

flap in 2 patients (after 2014). A permanent lumboperitoneal

shunt was needed in 2 patients. No difference in postoperative leak

rate was observed after the change of our surgical strategy in 2014

(5 patients identified before 2014 and 6 patients identified after

2014). Considering the 11 patients with both intra and

postoperative leak and all 319 patients with intraoperative leak,

the rate of failed closure was 3.4%. The closure failure was mainly

due to poor analysis of intraoperative CSF flow.
Postoperative meningitis

Meningitis occurred in 24/3015 (0.8%) of patients. Aseptic

meningitis, diagnosed on the basis of fever, clinical symptoms and

repeated CSF examinations (cells increase, low glucose, high

protein), was found in 14/24 (58.3%) of patients, while septic

meningitis with a well-documented bacteriological analysis was

reported in 10/24 (41.7%) of patients. CSF examination revealed

Gram-positive bacteria in 6 patients (Coagulase-negative

staphylococci in 4 patients and Staphyloccocus aureus in 2

patients) and Gram-negative in 4 patients (Klebsiella pneumonia

in 3 patients and Escherichia coli in 1 patient). All patients were

treated with antibiotic therapy and had a favorable outcome.

Intraoperative leak was observed in 19/24 (79.2%) of patients

with meningitis, while postoperative leak was observed in 5/24

(20.8%) of patients.
Discussion

This paper focuses on the evaluation of the closure step in

pituitary surgery, based on a large series of 3015 adenoma
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patients treated with a mononostril endoscopic endonasal

transsellar approach by the same expert surgical team. In

PitNETs, invasion of the basal dura, cavernous sinus and/or

diaphragm is encountered in up to 35% of patients (2),

explaining the substantial occurrence of intraoperative leak

requiring reliable watertight closure techniques. Initially the

endoscopic technique was associated with high reported rates

of postoperative CSF leak, ranging from 30 to 40% (47). With

advances in endoscopic pituitary surgery and the development

of new reconstruction techniques, optimized lower rates <10 %

are currently reported (24, 40, 48–50). The present study

demonstrates that our stepwise strategy is safe, reliable and

effective. Applying our decision strategy, our rates of

postoperative CSF leak and meningitis were 1% and 0.8%

respectively, which compares favorably with the best rates

previously reported (34, 51).

In pituitary surgery, the crucial step of closure should be

anticipated. The neurosurgeon should keep in mind that the

closure step already begins during the approach. Even if no

intraoperative leak occurs, the overall concept is to preserve a

good epidural space during the approach and to recreate a sellar

floor whenever possible. Indeed, sellar floor closure is useful to

identify bony landmarks in the event of a later second surgery

and may limit the risk of postoperative CSF leak related to a

secondary stall of the diaphragm during sneezing or blowing.

During the approach, the sellar floor is opened is such a way that

the bone opening is larger than the dural opening, in order to

preserve the epidural space (34, 38, 52). When possible, an

autologous bone graft is removed and preserved from the

sphenoidal rostrum and/or one of a sphenoid sinus septation.

If no bone graft is available, a synthetic resorbable

polydioxanone (PDS) plate can be used with similar shaping

and positioning (53). We choose to use the PDS material because

of its stiffness, which is close to that of bone. We recommend the

use of a resorbable sellar floor substitute to limit the risk of

infectious complications.

In case of intraoperative CSF leak, our patients were divided

into two groups on the basis of selected preoperative risk factors

of closure failure (28, 29, 43). A specific gradual closure strategy

was planned accordingly. Interestingly, other preoperative risk

factors of closure failure have been reported recently by expert

teams, such as suprasellar extension, chronic respiratory disease,

type of sellar barrier, fibrous consistency, dumbbell-shape or
TABLE 1 Continued

Patients

Patients with postoperative CSF leak 5/24 (20.8%)

Patients with no postoperative CSF leak 19/24 (79.2%)

Quantitative variables are expressed in median (range); qualitative variables are expressed in absolute numbers (proportion).
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TABLE 2 Characteristics of the 11 patients with failed closure management despite a well-identified intraoperative CSF leak.

Patient Age Sex Date of Nb of BMI>40 Lysis of Skull base Giant Prior radio-
py

CSF
Flow

First
closure
strategy

Meningitis Second
closure strat-

egy

Hypothesis
forclosure
failure

Oozing Surgicel 0 Intrasellar graft Poor material
selection

High Intrasellar
graft

1 Intrasellar graft +
External lumbar

drain
Lumboperitoneal

shunt

Poor graft design

High Intrasellar
graft

0 Intrasellar graft +
External lumbar

drain
Lumboperitoneal

shunt

Poor graft design

High Epidural
graft

0 Intrasellar graft +
External lumbar

drain

Poor choice of
closure strategy

Oozing Tachosil 0 Intrasellar graft Poor analysis of
CSF flow

Low Epidural
graft

0 Intrasellar graft Poor analysis of
CSF flow

High Intrasellar
graft

0 Intrasellar graft
+ Foley catheter

Poor evaluation of
predictive factor

Low Epidural
graft

0 Intrasellar graft Poor analysis of
CSF flow

Low Epidural
graft

1 Intrasellar graft Poor analysis of
CSF flow

Low Epidural
graft

0 Intrasellar graft Poor analysis of
CSF flow

High Intrasellar
graft

0 Intrasellar graft+
Mucosal flap

Poor evaluation of
predictive factor
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11 27 M 2019 1 1 1 1 1 0
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lobulated asymmetrical configuration (42). A comprehensive

analysis of all these factors should allow surgical management

to be tailored to the individual patient.

In patients with no risk factor, the objective is to achieve a

watertight closure and reconstruct the sellar floor. Different

materials have been proposed for the reconstruction of skull-

base defects. Autologous materials have been proposed, such as

mucosal grafts from middle turbinate, fat grafts from abdominal

region, muscle graft from lateral thigh, fascia grafts from fascia

lata, lateral thigh or temporal muscle (31, 32, 48, 53–58).

Heterologous biologic dural substitutes have been used, such

as equine pericardium sheet (59) or human-derived acellular

dermal matrix (60). Heterologous synthetic dural substitutes

have also been proposed, such as polyester-silicone (61),

resorbable polyglactin acid sheet (62), polytetrafluoroethylene

(63) or collagen matrix (64, 65). At the end of the closure

procedure, fibrin glue should is usually applied inside the

sphenoidal cavity to fill the dead spaces (66–68). In our

strategy, the key objective was to minimize the risk of

postoperative leak while minimizing the proportion of patients

treated by packing the sella or sphenoid sinus. Indeed, packing

the sellar area with additional fibrous scar tissue may impact on

postoperative MRI analysis and alter the quality of surgical

landmarks in case of repeated surgeries. The choice of the

closure technique depends on the flow intensity and on the

leak location, as proposed by Conger et al. (34). In case of

minimal diaphragm oozing, a simple treatment with a collagen

sponge can be chosen (64, 66, 69). Collagen sponge has the great

advantage to be easy to use. However, if the CSF is

underestimated, this closure technique will be insufficient and

a postoperative CSF leak will occur, requiring a second surgery.

We therefore recommend spending a lot of time analyzing the

intensity of CSF flow and adopting a safer alternative

reconstruction strategy when in doubt. Focal low-flow

intraoperative leak requires a stronger closure strategy:

although an adequate epidural graft is more complex to

perform, this strategy is well suited in this case, with a high

rate of watertight closure without intrasellar packing. An

epidural duraplasty can be performed, using a dural substitute,

such as mucosa from a middle turbinate or fascia lata, held in

place by a rigid buttress, as previously reported under different

names, such as the gasket seal technique (34, 52, 70). However,

the surgeon should be aware that if part of this duraplasty is

positioned inside the intradural intrasellar space, the strategy

will not prevent a postoperative leak. In our experience, the graft

will paradoxically have a “gutter effect” with an increased risk of

postoperative leak. Of note, in rare cases of focal diaphragm

defect with a distended diaphragm bulging into the intrasellar

space, a watertight closure can be elegantly obtained by

coagulating the edges of the transdiaphragmatic orifice with

bipolar forceps. In case of high-flow leak, the objective is to

achieve a strong and persistent watertight closure with an

intrasellar packing. Some authors recommend to use
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intrasellar fat and glue (33, 57, 71–75) with low rates of

postoperative leak. In our experience, we prefer to use a fascia

and muscle graft to achieve a two-layer intrasellar repair: the

fascia is introduced into the sella and applied superiorly to cover

the entire defect, in order to recreate a new diaphragm; the

muscle graft is then positioned in the intrasellar compartment.

Special care must be taken in the design of the muscle graft to

avoid significant mass effect with compression of the

optic chiasma.

In patients with risk factors, more complex strategies should

be decided. In case of sellar floor lysis, bonemay be missing, which

is why no solid epidural buttress can be performed. Solutions with

a buttress positioned within the sphenoid sinus have been

developed. Some authors proposed a fat buttress to pack the

sphenoid sinus (33, 57, 76, 77). The disadvantage of this technique

is that the counterpressure is not applied in a targeted manner

against the sellar floor and the fibrous scarring may complicate the

surgical approach if further intervention is required. For these

reasons, we prefer to use a Foley balloon catheter inflated within

the sphenoid sinus for a few days, as previously described (78).

Thus, the transient buttress is directly applied against the sella

floor until the intrasellar muscle graft can no longer move. In

more complex patients with giant tumors and large dural defects,

a multilayer strategy with mucosal flap is usually recommended.

Vascularized grafts have been a surgical revolution in preventing

postoperative CSF leak, especially in patients with risk factors (24,

25, 48, 49, 79, 80). Different types of vascularized grafts have been

described: unilateral or bilateral mucosal flaps originating from

nasal septum or inferior turbinate; pericranium or temporal fascia

flaps (45, 46, 48, 53, 54, 56, 81, 82). The choice of using

vascularized flaps involves more complex skull base

reconstruction techniques with multilayered closure and should

balance the risk of postoperative CSF leak versus the morbidity of

the flap itself (30, 83–85).

All 29 patients with postoperative CSF leak were reoperated

with a dedicated upgraded closure strategy. Our management

has evolved over the time. Indeed, the use of external lumbar

drainage in these patients is associated with a higher risk of

complication (86, 87). Of note, as previously reported, there is a

lack of statistically significant improvement between patients

with lumbar drains and patients with no lumbar drains and

graded reconstruction strategies without lumbar drainage have

been proposed (39, 88–90). Today, external lumbar drainage has

been abandoned for the overwhelming majority of our patients

treated with simple transsellar approach.

Postoperative CSF leak occurred in 18 patients with no

intraoperative CSF leak identified. In 2 patients, the

postoperative leak was obviously caused by inappropriate

postoperative nose blowing. In 16 patients, the complication

may have been due to intraoperative surgical misinterpretation,

related to unnoticed diaphragm oozing.

Despite of our closure strategy, surgery failed in 11 patients

with a well-identified intraoperative CSF leak, leading to an
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overall closure failure rate of 3.4%. Interestingly, most of the

patients were treated before 2018, suggesting that this type of

complication may decrease with endoscopic surgical experience,

as previously proposed (91). Firstly, lack of experience with

endoscopic techniques may have led to poor material selection

or poor graft design, as previously reported (92–94). Secondly,

the majority of these patients had at least one risk factor of

closure failure. Thus, surgical failure was also explained by

underestimated risk factors, such as severe obesity; BMI>40 is

associated with increased intracranial pressure (44), which may

affect the quality of closure (29). In patients with BMI>40 and

focal sellar floor lysis, we now recommend the use of an

additional Foley-catheter combined with repeated lumbar

punctures, even if no CSF occurred during surgery. Closure

failure was finally caused by poor operative conditions reducing

the quality of vision and impacting on the analysis of CSF flow.

Our rate of postoperative meningitis was 0.8%, with a

majority of aseptic meningitis. This result is in accordance

with previous studies from pituitary centers of excellence (51,

95). In patients with no identified bacteria, antibiotic treatment

was indicated on the basis of combined neurological symptoms

(fever, meningeal syndrome) and analysis of repeated CSF

examinations (cells increase, low glucose, high protein). These

patients may have been overtreated. Nevertheless, all symptoms

improved immediately after treatment was introduced,

suggesting that a small bacterial inoculum was still present. In

patients with septic meningitis, drug-sensitive Gram-positive

positive organisms were predominant. All patients were

treated by antibiotic therapy, with favorable outcome. Our

results confirmed the data published by Jin et al. in a large

retrospective study of 3242 patients (51). Interestingly, the vast

majority of our patients (79.2%) with meningitis had a well-

identified intraoperative leak, whereas a postoperative CSF leak

was observed in only 20.8% of these patients. This result may

suggest that the duration of CSF leak is not a strong predictor of

postoperative meningitis. More data are needed to confirm

this finding.

The main strength of this major study was the consecutive

inclusion of all cases of adenoma patients treated with an

endoscopic endonasal transsellar approach, reaching the

substantial number of 3015 patients. Conversely, the inclusion

of patients operated on by a single surgical team may be

considered as a limitation. However, as mainly reported, the

high expertise of surgical centers is essential (92, 96, 97). In this

series, all patients were operated on by two experienced

neurosurgeons treating >200 adenomas per year, after surgical

indication was validated in a multidisciplinary meeting. If the

expertise is not guaranteed, it can be hypothesized that outcome

would become less favorable. Thus, at the beginning of the

learning curve or if there is any doubt about a high-flow leak,

safety should be paramount and intrasellar packing should be

chosen. Due to the length of the study, our list of predictive
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factors is not exhaustive, which is a limitation of the present

work. The main objective was to propose a graded closure

strategy with excellent efficacy, based on our significant

experience. Further studies with stronger decision-making

paradigms, including more predictive factors, are needed in

the future.

In conclusion, in pituitary surgery, the closure step should

not be underestimated. By using a rigorous strategy, the

postoperative leak rate can be reduced to 1% of patients. This

crucial step must be planned before surgery and gently prepared

during the surgical approach.
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Case Report: Pituitary
metastasis as a presenting
manifestation of silent gastric
cardia adenocarcinoma
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and Anna Pisanello3
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Introduction: Pituitary metastases are very rare in cancer patients and often

originate from lung or breast tumors. They usually occur in patients with known

metastatic disease, but rarely may be the first presentation of the primary

tumor.

Methods: We present the case of a 58 years-old-man who reported a three-

month history of polyuria-polydipsia syndrome, generalized asthenia,

panhypopituitarism and bitemporal hemianopsia. Brain-MRI showed a

voluminous pituitary mass causing posterior sellar enlargement and

compression of the surrounding structures including pituitary stalk, optic

chiasm, and optic nerves.

Results: The patient underwent neurosurgical removal of the mass.

Histological examination revealed a poorly differentiated adenocarcinoma of

uncertain origin. A total body CT scan showed amass in the left kidney that was

subsequently removed. Histological features were consistent with a clear cell

carcinoma. However, endoscopic examination of the digestive tract revealed

an ulcerating and infiltrating adenocarcinoma of the gastric cardia. Total body

PET/CT scan with 18F-FDG confirmed an isolated area of accumulation in the

gastric cardia, with no hyperaccumulation at other sites.
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Conclusion: To the best of our knowledge, there are no reports of pituitary

metastases from gastric cardia adenocarcinoma. Our patient presented with

symptoms of sellar involvement and without evidence of other body

metastases. Therefore, sudden onset of diabetes insipidus and visual

deterioration should lead to the suspicion of a rapidly growing pituitary mass,

which may be the presenting manifestation of a primary extracranial

adenocarcinoma. Histological investigation of the pituitary mass can guide

the diagnostic workup, which must however be complete.
KEYWORDS

pituitary metastasis, gastroesophageal junction adenocarcinoma, diabetes insipidus -
neurogenic/central, hypopituitarism, visual disturbance
Introduction

Pituitary metastasis (PM) represents only the 0.4% of

cerebral metastases and up to the 3.6% of the pituitary tumors.

The most frequent primary localizations include breast, lung,

kidney, and prostate tumors (1). To the best of our knowledge,

there are no reports on pituitary metastases from a

gastroesophageal junction (GEJ) adenocarcinoma. GEJ

adenocarcinoma arises from the mucosa between 5 cm above

and 5 cm below the proximal ends of the gastric folds and is

classified by Siewert’s classification (2). Its incidence increased in

the last decades, especially in western industrialized countries

such as North America and Europe (especially in the Northern

countries), whereas in Asia the incidence remains relatively low.

This is probably due to lifestyle-related risk factors (3).

Here we describe the case of a patient in whom symptoms of

pituitary metastasis represented the first manifestation of an

occult GEJ adenocarcinoma.
Case description

A 59-year-old man came to our attention reporting a three-

months history of progressive polyuria, polydipsia, fatigue,

visual blurring, and dizziness. He was diagnosed with diabetes

insipidus (DI) and panhypopituitarism and started replacement

treatment with desmopressin, levothyroxine and cortisone

acetate. His past medical history included the resection of

multiple colic adenomas and a latent syphilis. He had no

familiar history of cancer. He smoked cigarettes (47 pack/

years) from the age of 12, and had an history of alcohol

addiction, which he had quitted 15 years earlier. He

underwent a brain MRI which showed a voluminous pituitary

mass (18.5x19.5x15.5 mm diameter; Figure 1) involving the

posterior lobe and the pituitary stalk with suprasellar invasion,
02
34
causing posterior sellar enlargement, and compression of the

surrounding structures including the optic chiasm and the optic

tracts, with loss of neurohypophysis signal. These findings were

consistent in first hypothesis with a primary pituitary tumor

or craniopharyngioma.

An endoscopic endonasal multidisciplinary debulking

surgery was performed by a combined approach with an

otolaryngologist and a neurosurgeon. The procedure was

performed under general anesthesia and preoperative

antibiotics administration (cefazolin). Intraoperative magnetic

neuronavigation with S7 StealthStation neuronavigation

AxiEMTM ENT system (Medtronic, Inc.) is routinely used

during this procedure. The patient’s head is placed in a

horseshoe headrest, slightly elevated, in extension, and slightly

turned to the right (towards the operator). Following Povidon-

Iodine disinfection, nasal infiltration with local anesthetic and

adrenaline solution, with a rigid 0° endoscope (Karl Storz

GmbH, Tuttlingen, Germany) a right middle turbinectomy is

performed. A pedicled septal mucosa flap was prepared for final

closure, and a large anterior sphenoidotomy and posterior

septotomy was performed. After drilling planum sphenoidale,

the optic carotid junction was exposed on both sides by high-

speed drilling of the medial carotid optic processes.

Thus, through a “T shape” incision of the planum and sellar

dura, the arachnoid was opened to gain access to the suprasellar

lesion with a reddish gray fleshy appearance without any

cleavage plane with the optic chiasm and the pituitary stalk.

Several lesional samples were carried out suggesting the

intraoperative diagnosis of probable metastatic malignant

lesion. Therefore, a limited decompressive surgery of the

optical pathways using an ultrasonic aspirator (CUSA) was

decided as the main surgical strategy. Our closure technique is

provided by a free flap of autologous abdominal fascia inlay and

overlay of the previously prepared flap of the pedunculated

septal mucosa.
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Subsequent histologic examination showed a poorly

differentiated HER-2-positive adenocarcinoma of uncertain

origin (Figure 2). Neoplastic cells showed marked atypia, areas

of necrosis and high mitotic index. At the immunohistochemical

staining, the neoplasm was positive for CDX2, keratin 7, keratin

20, keratin 19, and negative for PAX8, p63, TTF1 and GATA 3.

A total-body CT scan showed a mass in the left kidney that

was subsequently removed. Histological features were consistent

with a clear cell carcinoma. However, endoscopic examination of

the digestive tract revealed an ulcerating and infiltrating

adenocarcinoma of the gastric cardia. Total body PET/CT scan

with 18F-FDG confirmed an isolated area of accumulation in the

gastric cardia, with no hyperaccumulation at other sites. The

patient was discharged with an indication for oncology care. At

the time of discharge, neurologic examination showed

bitemporal hemianopsia and hyposmia, and Karnofsky

Performance Status (KPS) score was 80.

One month later, the patient was readmitted because of visual

symptoms worsening. A new brain MRI showed an extension of

the post-surgical residual tumor, with compression of optic

chiasma, hypothalamus, mammillary bodies, and third ventricle

(Figure 3). Therefore, 36 days after surgery, adjuvant radiation

therapy was started (single cycle of 5 sessions, 6 Gy for every

session, total dose 30 Gy) on the post-surgical residual, followed

by six cycles of chemotherapy with cisplatin (115 mg, started 9

days after the end of radiation therapy and converted to

carboplatin 400 mg for the last three cycles after the

nephrectomy), 5-fluorouracyle (4000 mg/m2) and trastuzumab

(6 mg/m2). A follow-up MRI study was performed after 139 days

that showed multifocal leptomeningeal dissemination in the

posterior cranial fossa (Figure 4).
Frontiers in Oncology 03
35
The patient died 11 months after the onset of the symptoms

because of the cranial dissemination of the tumor.
Discussion

Pituitary metastasis is a rare but increasing condition, as

survival in patients with cancer has been improving in recent

years. Common reported sites of primary tumors are breast

(37.2%), lung (24.2%), renal cell (5%) and prostate (5%) (4).
A B

FIGURE 1

First MRI-scan. Sagittal T2-weighted (A) and post-contrast T1-weighted (B) images. Sellar and suprasellar mass involving posterior lobe and
infundibulum of the pituitary gland, with low signal on T2-images. Compression of mammillary body, optic chiasm and tracts, third ventricle
(infundibular recess).
FIGURE 2

Histopathological examination of the sellar mass, consistent with
a pituitary localization of an Adenocarcinoma, showing a
pseudopapillary and glandular architectural pattern with necrosis
and brisk mitotic activity (EE 20x). Insert: Immunostaining for
CDX2 (20x).
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The most common sites of GEJ tumor metastasis are lung

and liver (5). To the best of our knowledge, this is the first case of

pituitary metastasis from gastroesophageal junction

(GEJ) adenocarcinoma.
Frontiers in Oncology 04
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Moreover, whereas the main symptoms in patients with GEJ

tumors are dysphagia and weight loss (6), our patient manifested

signs of a rapid enlarging sellar mass, without any symptom of

gastric or systemic involvement. Diabetes insipidus is one of the
A B

FIGURE 3

One-month follow-up MRI scan. Sagittal T2-weighted (A) and post-contrast T1-weighted (B) images. Post-surgical sellar modification with
increase of the residual tumor in suprasellar spaces, third ventricle invasion and mammillary body compression and infiltration.
D

A B

E F

C

FIGURE 4

Follow-up MRI scan at 139 days. Sagittal T2-Weighted (A) and post-contrast T1-weighted (B) images. Post-surgical sellar modification with small
residual tumor in suprasellar/infundibular region. Axial post-contrast T1-weighted images (C-F): multifocal leptomeningeal dissemination
(arrows).
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most common symptoms in PM (27.4%), together with visual

disturbance (generally bitemporal hemianopsia), fatigue,

headache, cranial nerve palsies and anterior pituitary

deficiencies such as hypothyroidism and hypocortisolism (7,

8). The frequency of diabetes insipidus in pituitary metastases

reflects their predominance in the neurohypophysis, which is

due to the lack of direct arterial blood supply to the

adenohypophysis, that is nourished through the hypophyseal

portal system (8, 9). Conversely, diabetes insipidus is found in

only 1% of pituitary adenomas (9) making it a good sign to

differentiate between PM and adenomas (9).

Radiologic findings of PM are mostly unspecific. The brain

MRI usually shows an isointense or hypointense mass on T1w

images and an hyperintense signal in T2w images, with a

homogeneous contrast enhancement (9). A mass effect on the

third ventricle might cause an hyperintense T2-weighted signal

on adjacent brain parenchyma because of the vasogenic edema,

as it was the case in our patient. Radiological differential

diagnosis of intra- and suprasellar lesions includes: pituitary

adenoma, lymphocytic hypophysitis, craniopharyngioma and

pituicytoma (10). Lymphocytic hypophysitis in an idiopathic

inflammation usually involving the anterior portion of pituitary

gland or stalk and is more frequently observed in pregnant or

postpartum females (10). Pituicytoma is a rare tumor arising

from pituicyte, a specialized glial cell in neurohypophisis and

infundibulum, and is difficult to be distinguished from a

metastasis if primary tumor is unkown (10). In contrast to

primitive pituitary tumors, in particular adenoma and

craniopharyngioma, metastases can be distinguished through

some characteristic features such a dumbbell shape, an

indentation of the diaphragma sellae, sellar erosion without

enlargement (due to the rapid growth of metastases versus the

remodeling of slow-growing pituitary adenomas) and loss of the

posterior bright spot (1, 9). However, radiological evaluation is

generally not sufficient to distinguish PM from other lesions.

Therefore, histologic examination is crucial, especially in

doubtful cases, as in our patient, in whom instrumental

investigations did not document other systemic metastases but

confirmed the presence of a double pathology (a clear cell renal

carcinoma and a gastric cardia adenocarcinoma). Prognosis of

patients with PM is unfavorable and depend mostly on

aggressiveness of the primary neoplasia (9). The mean overall

survival is about 6–7 months (9), as in our case, although most

patients die a few months after diagnosis.

We performed research in PubMed, looking for other cases

of pituitary metastases and we found 107 cases between case

series and single case reports (11–30-33). We found only 7 cases

of pituitary metastasis originating from gastroenteric tract (12,

25, 29, 31, 32) and no cases of pituitary metastasis from gastro-

esophageal junction adenocarcinoma (Supplementary Table 1).
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Conclusions

The pituitary gland can be a site for metastases in patients

with gastric cardia adenocarcinoma. Sudden onset of diabetes

insipidus in a patient over 50 years of age should always raise the

suspicion for PM, regardless of a malignancy history (9). In

patients with limited metastatic disease, as well as double

pathology, surgery and histological examination are essential

to identify the primary tumor and better guide the definition of

the prognosis and the most appropriate therapy.
Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material. Further

inquiries can be directed to the corresponding author.
Ethics statement

The studies involving human participants were reviewed and

approved by the Ethics Committee of Area Vasta Emilia Nord.

The patients/participants provided their written informed

consent to participate in this study. Written informed consent

was obtained from the individual(s) for the publication of any

potentially identifiable images or data included in this article.
Author contributions

AG, JR and FC contributed to writing this article and to

the l i t e r a tu re r ev i ew . MN and RP prov ided the

neuroradiological images and descriptions. EF and SS

provided the pathological images, descriptions and

information regarding histological examination. RR, MR,

GS, FV and AP contributed with information about the

patient ’s clinical course. AR and CI furnished data

regarding surgical procedures. SC and LG contributed with

details on radiation therapy. All authors contributed to the

article and approved the submitted version.
Funding

This study was partially supported by Italian Ministry of

Health – Ricerca Corrente Annual Program 2023.
frontiersin.org

https://doi.org/10.3389/fonc.2022.1059361
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Ghezzi et al. 10.3389/fonc.2022.1059361
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated
Frontiers in Oncology 06
38
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fonc.2022.1059361/full#supplementary-material
References
1. Kameda-Smith MM, Zhang E, Lannon M, Algird A, Reddy K, Lu JQ.
Pituitary metastasis: From pathology to clinical and radiological considerations. J
Clin Neurosci (2021) 93:231–40. doi: 10.1016/j.jocn.2021.09.016

2. Siewert JR, Stein HJ. Classification of adenocarcinoma of the
oesophagogastric junction. Br J Surg (1998) 85(11):1457–9. doi: 10.1046/j.1365-
2168.1998.00940.x

3. Bornschein J, Quante M, Jansen M. The complexity of cancer origins at the
gastro-oesophageal junction. Best Pract Res Clin Gastroenterol (2021) 50-
51:101729. doi: 10.1016/j.bpg.2021.101729

4. HeW, Chen F, Dalm B, Kirby PA, Greenlee JD. Metastatic involvement of the
pituitary gland: a systematic review with pooled individual patient data analysis.
Pituitary. (2015) 18(1):159–68. doi: 10.1007/s11102-014-0552-2

5. van Vliet EP, Steyerberg EW, Eijkemans MJ, Kuipers EJ, Siersema PD.
Detection of distant metastases in patients with oesophageal or gastric cardia
cancer: a diagnostic decision analysis. Br J Cancer. (2007) 97(7):868–76.
doi: 10.1038/sj.bjc.6603960

6. Chevallay M, Bollschweiler E, Chandramohan SM, Schmidt T, Koch O,
Demanzoni G, et al. Cancer of the gastroesophageal junction: a diagnosis,
classification, and management review. Ann N Y Acad Sci (2018) 1434(1):132–8.
doi: 10.1111/nyas.13954

7. Habu M, Tokimura H, Hirano H, Yasuda S, Nagatomo Y, Iwai Y, et al.
Pituitary metastases: current practice in Japan. J Neurosurg (2015) 123(4):998–
1007. doi: 10.3171/2014.12.JNS14870

8. Henry A, Nugent A, Wallace IR, Oladipo B, Sheehy O, Johnston PC. Pituitary
metastasis: a clinical overview. Ulster Med J (2021) 90(3):146–50.

9. Komninos J, Vlassopoulou V, Protopapa D, Korfias S, Kontogeorgos G, Sakas
DE, et al. Tumors metastatic to the pituitary gland: case report and literature
review. J Clin Endocrinol Metab (2004) 89(2):574–80. doi: 10.1210/jc.2003-030395

10. Osborn AG. Diagnostic imaging: Brain. W.B. Saunders (2004).

11. Lithgow K, Siqueira I, Senthil L, Chew HS, Chavda SV, Ayuk J, et al.
Pituitary metastases: presentation and outcomes from a pituitary center over the
last decade. Pituitary. (2020) 23(3):258–65. doi: 10.1007/s11102-020-01034-2

12. Schill F, Nilsson M, Olsson DS, Ragnarsson O, Berinder K, Edén Engström
B, et al. Pituitary metastases: A nationwide study on current characteristics with
special reference to breast cancer. J Clin Endocrinol Metab (2019) 104(8):3379–88.
doi: 10.1210/jc.2019-00012

13. Gandhi GY, Fung R, Natter PE, Makary R, Balaji KC. Symptomatic pituitary
metastasis as initial manifestation of renal cell carcinoma: Case report and review
of literature. Case Rep Endocrinol (2020) 2020:8883864. doi: 10.1155/2020/8883864

14. Parthasarathy S, Lee DH, Levitt AH, Manavalan A. Pituitary metastasis
presenting with central diabetes insipidus and panhypopituitarism. AACE Clin
Case Rep (2021) 8(1):15–8. doi: 10.1016/j.aace.2021.06.006

15. Bailey D, Mau C, Zacharia B. Pituitary metastasis from urothelial
carcinoma: A case report and review of the diagnosis and treatment of pituitary
metastases. Cureus. (2021) 13(8):e17574. doi: 10.7759/cureus.17574

16. Oueslati I, Ayari S, Yazidi M, Bouali S, Khessairi N, Chihaoui M.
Hypopituitarism secondary to a pituitary metastasis in a young woman with an
invasive breast carcinoma. Clin Case Rep (2021) 9(6):e04175. doi: 10.1002/
ccr3.4175
17. Liu CY, Wang YB, Zhu HQ, You JL, Liu Z, Zhang XF. Hyperprolactinemia
due to pituitary metastasis: A case report. World J Clin Cases. (2021) 9(1):190–6.
doi: 10.12998/wjcc.v9.i1.190

18. Watanabe M, Yasuda J, Ashida K, Matsuo Y, Nagayama A, Goto Y, et al.
Masked diabetes insipidus hidden by severe hyponatremia: A case of pituitary
metastasis of lung adenocarcinoma. Am J Case Rep (2020) 21:e928113.
doi: 10.12659/AJCR.928113

19. El Habnouny J, Jandou I, Latrech H, Bourgon C. Pituitary metastasis of a
breast ductal adenocarcinoma. Ann Med Surg (Lond). (2020) 60:380–3.
doi: 10.1016/j.amsu.2020.10.054

20. Moon RDC, Singleton WGB, Smith P, Urankar K, Evans A, Williams AP.
Slow-growing pituitary metastasis from renal cell carcinoma: Literature review.
World Neurosurg (2021) 145:416–25. doi: 10.1016/j.wneu.2020.08.218

21. Ng S, Boetto J, Rigau V, Raingeard I, Crampette L, Favier V, et al. Pituitary
metastasis of malignant melanoma misdiagnosed as pituitary adenoma: A case
report and systematic review of the literature. Neurochirurgie. (2020) 66(5):383–90.
doi: 10.1016/j.neuchi.2020.06.129

22. Ahmad S, Smeeton F, Hayhurst C, Lansdown A. Pituitary metastasis of
prostate cancer presenting as a unilateral third nerve palsy. BMJ Case Rep (2020) 13
(6):e234550. doi: 10.1136/bcr-2020-234550

23. Du H, Jia A, Ren Y, Gu M, Li H, Sun M, et al. Endometrial adenocarcinoma
metastatic to the pituitary gland: a case report and literature review. J Int Med Res
(2020) 48(6):300060520924512. doi: 10.1177/0300060520924512

24. Sheahan KH, Huffman GC, DeWitt JC, Gilbert MP. Metastatic lung cancer
presenting as monocular blindness and panhypopituitarism secondary to a
pituitary metastasis. Am J Case Rep (2020) 21:e920948. doi: 10.12659/AJCR.920948

25. Estrada AJ, Sibley SD, Drake TC. Symptomatic pituitary mestastases: Two
case reports with contrasting clinical presentations. AACE Clin Case Rep (2019) 5
(5):e294–7. doi: 10.4158/ACCR-2019-0207

26. Gao H, Wu S, Zhang X, Xie T. Minimally invasive follicular thyroid
carcinoma mimicking pituitary adenoma: a case report. Int J Clin Exp Pathol
(2019) 12(10):3949–52.

27. Nose K, Ogata T, Tsugawa J, Inoue T, Nabeshima K, Tsuboi Y. Pituitary
metastasis of breast cancer mimicking IgG4-related hypophysitis. eNeurologicalSci.
(2018) 14:13–5. doi: 10.1016/j.ensci.2018.11.014

28. Shen Z, Yang C, Bao X, Wang R. Giant sellar metastasis from renal cell
carcinoma: A case report and literature review. Med (Baltimore) (2018) 97(47):
e13376. doi: 10.1097/MD.0000000000013376

29. Javanbakht A, D'Apuzzo M, Badie B, Salehian B. Pituitary metastasis: a rare
condition. Endocr Connect. (2018) 7(10):1049–57. doi: 10.1530/EC-18-0338

30. Souza Mota J, de Sá Caldas A, de Araújo Cortês Nascimento AGP, Dos
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vestibular schwannoma
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Introduction: This article aimed to investigate the effects of the endoscopic-

assisted microsurgery technique on the resection of large (Koos grade IV)

vestibular schwannoma (VS) and provide a prognosis analysis of the patients.

Methods: A retrospective analysis of the use of the endoscopic-assisted

microsurgery technique in 16 cases of large vestibular schwannoma surgery was

carried out. Intraoperative nerve electrophysiological monitoring was conducted

to explore the effect of neuroendoscopy on the resection of internal auditory canal

tumors, protection of the facial nerve, and minimizing postoperative

complications.

Results: Tumors were completely removed in all 16 cases, and the facial nerve was

anatomically preserved in 14 cases (87.5%). There was no postoperative

cerebrospinal fluid leakage and no intracranial infection complications

occurred.Following the House-Brackmann (H-B) grading system, post-operative

facial nerve function was grade I in 5 cases, grade II in 6 cases, grade III in 3 cases,

and grade V in 2 cases. As a result, the preservation rate of facial nerve function (H-

B grade I-II) was 68.8%. All 16 patients were followed up for 3 to 24months, and no

tumor recurrence was found on enhanced MRI.

Discussion: Using the endoscopic-assisted microsurgery technique in the

retrosigmoid approach has many advantages over the microscopic-only

approach. When compared to the microscopy-only approach, the endoscope

can provide a wide-angle surgical field superior to that of a microscope in areas

such as the internal auditory canal in the resection of large VS, minimize iatrogenic

injuries, ensure complete removal of internal auditory canal tumors, and well as

reducing postoperative complications such as cerebrospinal fluid leakage and the

loss of facial and auditory nerve functions.

KEYWORDS

vestibular schwannoma, neuroendoscopy, internal auditory canal, facial nerve protection,
hearing preservation
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1 Introduction

Vestibular schwannomas (VS) are benign neoplasms arising from

Schwann cells of the vestibulocochlear nerve (1), mostly from the

vestibular part of the internal auditory canal. 75% of VS originate from

the superior vestibular nerve, while the rest 25% originate from the

cochlea. Accounting for about 90% of adult cerebellopontine angle

tumors and 8% of intracranial tumors, VS is the most common benign

tumor in the internal auditory canal and cerebellopontine angle (2). At

present, more emphasis is being placed on total tumor resection,

intraoperative nerve function preservation (facial and auditory nerves),

postoperative complications reduction, and overall quality of life

improvement using endoscopic-assisted techniques (3, 4). Due to the

adult central neurons’ lack of regenerative capacity and the irreversible

nature of any cochlear and facial nerve damage sustained during acoustic

neuroma removal, permanent facial paralysis and hearing loss result (5).

In this article, we retrospectively analyzed the surgical outcomes of 16

cases of large vestibular schwannomas treated with endoscopic-assisted

microsurgery via a retrosigmoid approach at Wuhan University’s

Renmin Hospital from May 2019 to July 2022. The report is as follows.
2 Methods

2.1 Patient and data collection

Electronic medical records were reviewed for patient

demographic information, treatment, and audiometric data. The

inclusion criteria for this study were: (1) an enhanced MRI scan

diagnosed Vestibular schwannomas with a maximum diameter of

more than 3 cm and tumor invasion into the internal auditory canal

(Koos grade IV); (2) received operation treatment at the neurosurgery

department; (3) a postoperative pathological examination confirmed

Vestibular schwannomas. Patients who did not meet the above

criteria were excluded from this study. The gender, age, clinical

symptoms, hearing examination results, and facial nerve function

evaluation results before and after surgery of patients meeting the

above conditions were retrospectively analyzed.
2.2 Imaging and hearing examination

All 16 cases underwent a preoperative thin-slice CT scan of the

skull base and a 3.0T MRI with gadolinium. Brainstem Auditory

Evoked Potentials (BAEP) and pure tone threshold test dates were

collected for these patients before the operation. 3 months after the

operation, all the patients returned to our department for a Thin-slice

CT scan of the skull base and 3.0T MRI with gadolinium, as well as a

facial nerve function examination and hearing test. Follow-up

inspection should be conducted every six months.
2.3 Surgical technique

This is a single-surgeon retrospective series in which all cases were

performed by the same senior surgeon and assistants. After successful

intubation under general anesthesia, the patient is placed in the park-
Frontiers in Oncology 0240
bench position for a retrosigmoid approach. Compared with the

semi-sitting or Jannetta position, this position is easy to place, and the

surgery is more likely to expose tumors in the CPA area, which is

convenient for our subsequent combined operation of microscope

and neuroendoscope. Therefore, we routinely choose this surgical

approach, the head is fixed by the frame, the root of the mastoid is at

the highest point, the shoulder is retracted downward, and an arc

incision is made behind the suboccipital sigmoid sinus behind the ear

on the diseased side, up to the upper nuchal line 1.5 cm down to 2 cm

below the level of the mastoid tip. Routinely sterilized drape, the skin

and subcutaneous tissue are incised layer by layer, 125 ml of 20%

mannitol is then rapidly infused intravenously to reduce intracranial

pressure, drilled with an electric drill and the bone flap is milled off,

the occipital dura is pulled downward to the skull base further

exposing the area in front of the midline of the sigmoid sinus, up

the transverse sinus, down to the lateral border of the foramen

magnum. The bone window is about 4*3cm in size.

Microscopic resection of tumors in the cerebellopontine angle:

German STORZ rigid endoscope was used during the operation, the

rigid endoscope was 17 cm in length, 4.0 mm in diameter, and the

angle was 30°. The endoscope was fixed with a Snake brand

mechanical fixed arm, which could be adjusted in depth and angle

at any time as needed. Under the microscope, the dura mater was cut

along the sinus edge in an arc and retracted from the sinus edge to

fully expose the cerebellopontine angle after releasing the

cerebrospinal fluid (CSF) from the cisterna magna. The relationship

between the tumor and the surrounding structures such as the

trigeminal nerve, posterior cranial nerve, and blood vessels was first

observed under the microscope, and the facial nerve monitoring

response was observed by stimulating the tumor surface to confirm

the location of the facial nerve. Then, the two layers of the arachnoid

membrane along the tumor surface were separated under the

microscope, the tumor capsule was cauterized and the tumor

capsule was excised in pieces. When the tumor in the

cerebellopontine angle has been separated to the deep part of the

tumor after subtotal resection and decompression, a 30° endoscope is

placed, the residual tumor and the brainstem surface, and the

surrounding trigeminal nerve, trochlear nerve, petrosal vein, and

supra cerebellum are carefully observed from multiple angles. The

tumor capsule wall is peeled from the brainstem surface under the

endoscope to avoid excessive stretching of the cerebellum and

brainstem, and then the tumor and the facial nerve are carefully

removed from the internal auditory canal opening. Attention should

be paid to the principle of bidirectional separation. Stimulator

stimulation helped identify the location of the facial nerve. After

the tumor was removed at the cerebellopontine angle, the wound was

covered with a gelatin sponge to protect the latter group’s cranial

nerves and blood vessels.

Treatment of residual tumors in the internal auditory canal: The

lip of the internal auditory canal is where the tumor most closely

adheres to the dura mater. The posterior lip of the internal auditory

canal is removed with a small emery drill. Pay attention to continuous

flushing and grinding at low speed to avoid excessive local

temperature. When cauterizing the nerve in the internal auditory

canal, the width and depth of the posterior wall should be enough to

fully expose the tumor in the internal auditory canal, generally 5-

6 mm. After incising the dura covering the internal auditory canal
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with a hook knife, a 30° neuroendoscope was placed again to observe

the relationship between the residual tumor and the nerve in the

internal auditory canal. Almost always avoid blindly grasping and

pulling the tumor with forceps. After the internal auditory canal

tumor is completely removed, the facial, vestibular, and cochlear

nerves can be distinguished under endoscopy, and the facial nerve is

stimulated again to observe its function. The petrosal bone on the

posterior wall of the internal auditory canal was examined to check

whether the mastoid air cell was open, sealed with bone wax, packed

with muscle fragments, and then fixed with biological protein glue to

avoid leakage of CSF. After carefully achieving the hemostasis of the

surgical field, the dura mater was sutured, the bone flap was fixed, and

the muscle and skin were sutured in layers.
3 Result

Our review included 16 patients, 9 males, and 7 females; the age

ranged from 33 - 75 years old, and the medical history was from 2

months to 15 years. There were 13 cases of tinnitus and partial hearing

loss, 3 cases of complete hearing loss, 9 cases of dizziness, and 3 cases of

limb ataxia; preoperative facial nerve function was classified according

to House-Brackmann (6), as grade I in 8 cases, II in 6, III in 1 and IV in

1. hearing loss according to theWHO classification (7), as mild hearing

loss in 2 cases, moderate hearing loss 3, moderately severe hearing loss
Frontiers in Oncology 0341
4, severe hearing loss 2, profound hearing loss 2, complete hearing loss

3 cases, respectively (Table 1). The tumor size (longest diameter of axial

plane) was between 36 and 62mm (average 43.6mm). According to the

Koos classification (8), all tumors were grade IV. The results of

Brainstem Auditory Evoked Potentials (BAEP) and pure tone

threshold test showed decreased hearing of varying degrees on the

affected side, among which 3 cases had complete hearing loss.

Tumor tissue was collected from the 16 cases and sent to

pathology for examination, and all of them were confirmed to be

vestibular schwannoma by immunohistochemical staining. 16 cases

achieved gross total resection, and the facial nerve was anatomically

preserved in 14 cases (87.5%), The average length of bone resection of

the internal auditory canal was 5.5 ± 0.5mm during the operation

contrast the total length of the internal auditory canal was 10.7 ±

0.6mm (Figure 1). 5 cases of grade I, 6 cases of grade II, 3 cases of

grade III, and 2 cases of grade V. 1 patient had developed delayed

hemorrhage, but due to the small amount of bleeding, the hematoma

was absorbed with conservative management, and was then

discharged after recovery. As for postoperative hearing function, 11

patients had varying degrees of hearing loss, and 6 patients had

complete hearing loss. There was no CSF leakage, wound infection, or

hydrocephalus complications in this group of patients

postoperatively. (Table 2). The 16 patients were followed up for 3

to 24 months after the operation, and no tumor recurrence was

observed during the follow-up (Figure 2, 3).
TABLE 1 Clinical characters of patients.

No Gender Age Ear Main Symptoms Max Diameter
mm

Toumor
Size

Koos Grade

Facial Function (HB-
grade)

Hearing Lose
Grade

1 M 48 L Tinnitus 5ys, HL 3ys 45 IV I MS

2 F 36 L Vertigo with tinnitus
6ms

42 IV I Mild

3 F 52 R Tinnitus 6ys, HL 3ys 46 IV II Severe

4 M 64 L HL 3ys Vertigo 5ms 38 IV II Moderate

5 F 75 R Deaf 15ys Ataxia 6ms 62 IV II deafness

6 F 56 R Vertigo 8ms 38 IV I Moderate

7 M 46 L HL 2ys 44 IV II MS

8 M 54 R Deaf 3ys hoarseness
6ms

48 IV III deafness

9 M 62 R Deaf 5ys FP 2 ms 49 IV IV deafness

10 F 33 L Tinnitus 2ys 36 IV I Mild

11 F 70 R HL5ys 52 IV II Profound

12 M 62 R HL Tinnitus 3ys 38 IV I MS

13 M 58 L Vertigo Ataxia 2 vs, 40 IV II Profound

14 F 49 R HL2ys 44 IV I Moderate

15 M 51 L HL 2ys Tinnitus 6ms 39 IV I MS

16 M 57 L HL 3ys Ataxia 2 ms 54 IV I Severe

Maximum diameter of the tumor was measured from axial contrast-enhanced scan of the MRI; HL, hearing loss; ys, years; ms, months; FP, facial paralysis; MS moderately severe hearing lose.
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4 Discussion

Large VS are often closely adhered to the brain stem, facial nerve,

glossopharyngeal nerve, vagus nerve, and cranial roots of the

accessory nerve, they are closely related to the anterior inferior

cerebellum, posterior inferior arteries, and petrosal veins. Variant

degrees of hearing loss, facial nerve paralysis, brainstem injury, or

even death are expected when such structures are damaged (9). An

increase in tumor size can increase postoperative complications, due

to the formation of more adhesion bands between tumor mass and

other adjacent structures such as the brainstem, thus patients are at a

higher risk of developing respiratory failure within 24 hours
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postoperatively (9). At present, an endoscopic-assisted technique

for more complex cases of VS has been adopted widely by

increasing numbers of neurosurgeons, due to the technological

advancement of endoscopic-assisted microsurgery and improved

intraoperative neurophysiological monitoring technology (10, 11).

Endoscopic-assisted microsurgery has greatly reduced postoperative

complications, significantly improved the tumor resection rate, and

notably has improved the quality of life of patients (12, 13).

Using an endoscopic-assisted technique in internal auditory canal

tumor resection can significantly reduce damage to the adjacent nerves

and the residual internal auditory canal tumor, thus decreasing the

chances of tumor recurrence (14–16). The vast majority of acoustic
FIGURE 1

(A) Measurement of the absolute tumor extension into the internal auditory canal. On a thin slice CT scan, the slice with the most lateral extension of the
tumor is selected for measurement. An auxiliary line (yellow) is drawn between the anterior and posterior lip of the porus acoustics. The length of
absolute tumor extension is defined as the distance between the midpoint of the yellow line and the most lateral point of tumor extension. (B) We use
Brainlab software to fuse the thin-slice CT scan images before and after surgery. The blue area shows the bone removal part of the internal auditory
canal, and the length of the red line represents the exposure length of the internal auditory canal. (C) L1: the middle sagittal line at the axial plane; L2:the
line of the bone removal plane of the posterior and lateral wall of the internal auditory canal at the axial plane; angle A the angle between L1 and L2
stands for the drilling angle. (D) The width of internal auditory canal exposure is defined as the distance as a blue line at the sagittal plane.
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TABLE 2 Surgical date and follow-up of the patients.

NO LCA Length
(mm)

LCA EL
(mm)

Tumor
Resection

Follow-up
Time

FNF (HB-
grade)

HF Change of
HF

Complication Tumor Recur-
rence

1 12 5.6 TR 1 year I severe ↓ No No

2 11.4 5.8 TR 6 months II MS ↓ No No

3 12.3 6.2 TR 2 years III profound ↓ No No

4 10.2 5.4 TR 2 years II severe ↓ No No

5 11 5.3 TR 6 months V deafness = No No

6 9.2 6 TR 1 year I severe ↓ No No

7 10.3 5.8 TR 1 year III deafness ↓ No No

8 9.4 6.4 TR 3 months III deafness = No No

9 11 5.4 TR 1 year II deafness = No No

10 9.8 4.8 TR 6 months I mild = No No

11 10.2 6.2 TR 2 years II severe = delayed
hematoma

No

12 9.5 5.2 TR 1 year II severe ↓ No No

13 10.6 4.5 TR 6 months V deafness ↓ No No

14 10.2 5.4 TR 3 months I MS ↓ No No

15 11.2 4.8 TR 1 year I severe ↓ No No

16 12.4 5.2 TR 2 years II deafness ↓ No No

TR, Total resection; LCA EL, ICA Exposure Length; FNF, facial nerve function; HF, hearing function; CHF, Change of Hearing Function; ↓, Hearing Function worse than preoperation; = Hearing
Function have no change compare to preoperation.
F
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FIGURE 2

Imaging studies and intraoperative snapshots of a case of VS with an irregularly shaped tumor extending into the internal auditory canal. (A) The
preoperative T1 MRI with contrast image revealed a giant vestibular schwannoma abutting the brainstem. The intracanalicular portion of the tumor was
irregularly shaped as indicated by the red arrow (axial plane). (B) giant vestibular schwannoma abutting the brainstem and extension into the internal
auditory canal as indicated by the red arrow (coronal plane) (C) Thin-section CT scan of the skull base showed that the ipsilateral internal auditory canal
was significantly enlarged compared with the contralateral side (red arrow), and the mastoid air cells were well gasified. (D) A postoperative CT scan
showed that the posterolateral part of the internal auditory canal bone was removed (red arrow), and the structure of the bony labyrinth and semicircular
canal was intact. (E) Intra-operative microscopic view of the operation showed that after the tumor was removed in the CPA area, the internal auditory
canal was opened and there were still a large number of tumor residues in the internal auditory canal (indicated by green arrow), and the VII nerve was
located anterior and inferior to the internal auditory canal. (F) Intraoperative neuroendoscopy view showed tumor resection in the internal auditory canal,
and the tumor was separated from the VII, and VIII nerves using a microscopic ball-tip dissection (green arrow). (G) Intraoperative neuroendoscopy view
showed that after complete resection of the tumor in the internal auditory canal, the bottom structure of the internal auditory canal showed, and the VII
and VIII nerves were intact. (H) Postoperative MRI review after 6 months showed complete tumor resection and no tumor recurrence.
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neuromas originate from the vestibular nerve in the internal auditory

canal and then grow outward into the cerebellopontine angle.

Recurrence of acoustic neuromas is highly related to residual tumors

in the internal auditory canal (12, 13). McKennan et al. were the first to

use an endoscopic-assisted technique to explore the internal auditory

canal, removing the portion of the VS in the internal auditory canal

with preservation of facial nerve (17). Valtonenet al reported that in 78

cases of VS patients endoscope was permitted to identify and remove

tumor residues at the bottom of the internal auditory canal in 11 (18).

Other retrospective studies reported that the anatomical preservation

rate of the facial nerve in VS was 73% to 93% (14–16). However, the

anatomical preservation of the facial nerve is not an indicator of the

integrity of the facial nerve function. Sobieski reported that a

preservation rate of facial nerve function (H-B grade I to II) in of

53.4%, but for tumors with a diameter greater than 3 cm only 35.7%

(15). Zhao et al. (19) reported that 33 cases of acoustic neuroma with a

diameter of more than 3 cm had a facial nerve function preservation

rate of 27.5%. Springborg (14) retrospectively analyzed 1244 cases of

acoustic neuroma after surgery and found that the preservation rate of

facial nerve function was only 55.6% with a tumor diameter greater

than 25 mm. The anatomical preservation rate of our group of 16

patients was 87.5%, with a rate of 68.8% facial nerve function

preservation rate (H-B grade I-II) postoperatively. We believe that

this satisfactory preservation rate outcome of 68.8% may be related to

the use of an endoscopic-assisted technique in our case series. After

opening the internal auditory canal, the residual tumor in the internal
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auditory canal was observed under the endoscope. The endoscope’s

clear wide-angle view had a superior advantage over the microscope’s

viewing field, thus nerves passing along the tumor capsule can be

identified more clearly. Therefore, in patients with preserved hearing

functions, both the vestibular and the facial nerve could be identified

and preserved throughout the removal of the internal auditory canal

tumor. The utilization of endoscopic-assisted microsurgery can avoid

nerve damage caused by the blind scraping of nerve dissections under

the simple microscope field, and increase the probability of preserving

facial and acoustic nerve function after surgery. Hearing loss occurs the

most in patients undergoing VS surgery; thus, hearing preservation

represents a difficult challenge. Many authors pointed out a correlation

between tumor size and hearing preservation, suggesting that larger

tumors are associated with poorer postoperative outcomes due to the

resultant surgical complexity of these larger tumors (20–22). Good

tonal audiometry can be achieved postoperatively with satisfactory

results in selected patients with small tumors and good preoperative

hearing. Postoperative hearing loss is thought to be related to the

intraoperative direct impairment of the cochlear nerve and/or ischemia

of nourishing vessels, which leads to cochlear nerve dysfunction (23).

According to the results of our study, only 2 of the 16 patients had the

same hearing preservation after surgery, 11 patients had varying

degrees of hearing loss after the operation, and 6 patients had

complete hearing loss.

In the process of microscopic surgery, to expand the surgical field

and completely remove the tumor and particularly to expose the
FIGURE 3

Imaging studies and intraoperative snapshots of a case of Grade IV VS extending into the internal auditory canal. (A) The preoperative T1 contrast image
revealed a giant VS at the CPA area. The intracanalicular portion of the tumor was irregularly shaped as indicated by the red arrow (axial plane). (B) giant VA
abutting the brainstem and extension into the internal auditory canal as indicated by the red arrow (coronal plane) (C) Thin-section CT scan of the skull base
showed that the ipsilateral internal auditory canal was significantly enlarged compared with the contralateral side (red arrow), and the mastoid air cells were
well gasified. (D) A postoperative CT scan showed that the posterolateral part of the internal auditory canal bone was removed (red arrow), and the structure
of the bony labyrinth and semicircular canal was intact. (E) Intra-operative neuroendoscopy view of the operation showed that after the tumor was
removed in the CPA area, the internal auditory canal was opened and there were tumor remnants in the internal auditory canal (yellow arrow), and nerves
VII and VIII are located anterior and posterior inferior to the internal auditory canal respectively. (F) Intraoperative neuroendoscopy view showed after tumor
resection, there were still tumor remnants at the bottom of the internal auditory canal adhering to the transverse crest (yellow arrow). (G) Intraoperative
neuroendoscopy showed that after complete resection of the tumor in the internal auditory canal, the bottom structure of the internal auditory canal
showed, and the VII and VIII nerves were intact. (H) Postoperative MRI review after 1 year showed complete tumor resection and no tumor recurrence.
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lesions growing deep into the midline, it is often necessary to remove

more bone, or even free the facial nerve, which may involve other

structures such as jugular foramen, pontine triangle, internal carotid

artery, high jugular bulb and other important structures that have a

high surgical risk when we remove the bone of the internal auditory

canal. The damage to the bony labyrinth and semicircular canal when

the bony structure of the posterolateral internal auditory canal is

removed is also one of the important factors affecting hearing

preservation during surgery. Kouhi et al (24) studied the hearing

preservation rate of 30 patients after VS surgery and concluded the

impossibility of exposing the entire length from the lip to the bottom

of the internal auditory canal without causing damage to the posterior

semicircular canal. However, utilizing an endoscopic-assisted

technique can reduce the extent of bony resection and help prevent

intraoperative hearing loss. Ammirati et al. (25) reported that the

most commonly damaged structures were: the common peduncle

(52%), the posterior semicircular canal (23%), the vestibule (21%),

and the superior semicircular canal (4%). Lui et al. (26) studied the

safe resection area between the external lip of the internal auditory

canal and the posterior semicircle in 120 patients. The maximum safe

resection range of the posterior lip of the internal auditory canal was

7-9 mm, and the distance between the posterior superior wall of the

internal auditory canal to the anterior edge of the jugular foramen was

(3.94 ± 1.75) mm, moreover, the study showed that the length of the

posterolateral wall of the internal auditory canal was 9.7 +/- 1.6 mm.

Pillai et al. (27) reported the drilling angle (the angle between the drill

bit and the posterolateral side of the petrous bone) is 43.3 +/- 6.0

degrees, and the length of the internal auditory canal posterior wall

that can be ground without violating the integrity of the labyrinth is

7.2 +/- 0.9 mm. All these results showed that the extent of the safe

resection zone varied widely, and the viewing angle and size of the

craniotomy also greatly impacted the limit of exposure. Therefore,

endoscopic assistance could further improve the intraoperative field

of vision and illumination. According to our statistics, the use of the

endoscopic-assisted technique in this group of cases showed that the

grinding length of the posterior wall of the internal auditory canal in

16 patients was 5.5+/- 0.6 mm, the drilling angle was 42.3 +/- 5.8

degrees (axial plane), and the width of the internal auditory canal was

4.5 +/- 0.5 mm (sagittal plane) and all tumors were completely

removed. Postoperative CT scans show no damage to the

semicircular canal of all patients, which is superior to the data

reported in the previous literature (28, 29). Our experience is that

in the case of reducing the exposed length of the posterior of internal

auditory canal walls, the width of the internal auditory canal bone

resection can be appropriately increased by utilizing the good viewing

field and angle of the endoscopy and the ductility of the

microdissection device. All that was done to achieve a safer

separation of the tumor from the facial auditory nerve under a

good field of view as well as to reduce the probability of

postoperative neurological damage.

At the same time, the use of the endoscopic-assisted technique

can also reduce the incidence of postoperative complications of VS.

The most common complications after VS surgery are cerebrospinal

fluid leakage, wound infection, as well as postoperative delayed
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bleeding. The literature reports that the risk of postoperative CSF

leakage is 0-17%, mainly caused by the opening of the mastoid air

cells when the bone of the internal auditory canal is removed, or for

injuries of the bone labyrinth (14, 29, 31). This can be favored by the

blind view of the microscope, which failed to seal the open-air cell

tightly with postoperative CSF leakage and possible meningitis (14,

29, 31). The 30° endoscope is convenient for close-up and wide-angle

observation of tumor resection in the internal auditory canal, which

can reduce the extent of opening of the posterior and lateral walls of

the internal auditory canal, and at the same time, the opened mastoid

air cells can be tightly sealed under a good viewing angle to reduce the

risk of CSF leakage. Due to the large size of large acoustic neuromas,

their tumors are often embedded in the medial side of the cerebellum

and brainstem, they are also closely adhered to the trigeminal nerve,

posterior cranial nerve, superior cerebellar artery, anterior inferior

cerebellar artery, and petrosal vein. Endoscopic-assisted surgery

expands the surgical field, with additional advantages such as

overcoming the blind angle of some anatomical areas when only

observed under the microscope, minimizing surgical traction, and

improving visualization of the neurovascular structures (32, 33).

In addition, with the endoscopic-assisted microsurgery technique,

none of the 16 patients in this group had cerebrospinal fluid leakage

after surgery, and no serious complications such as death and

disability occurred.

In the actual surgical operation, the use of endoscopic-assisted

technique involves long-term training and accumulation of

operating experience.

Unlike the operation under the 3D image under the microscope,

endoscopic images are 2D, thus requiring specific surgical skills to

achieve good surgical results. With the development of technology,

the 3D endoscope has been gradually used in clinical practice, which

will greatly help the application of neuroendoscope (34). At the same

time, because this study is a retrospective analysis of the treatment of

large VS, the number of cases is relatively small, and the individual

differences of patients will inevitably lead to sample bias, which also

requires us to further improve the work in the future.
5 Conclusion

With the rapid development of neurosurgery technologies, VS’s

better intraoperative and postoperative treatment goals are now more

attainable. According to the experience of this group of cases, we

believe that endoscopic-assisted microsurgery can give neurosurgeons

a large and panoramic surgical field to remove VS, help to increase the

rate of preserving the facial and acoustic nerves function, and reduce

postoperative complications.”
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How to position the patient? A
meta-analysis of positioning in
vestibular schwannoma surgery
via the retrosigmoid approach

Martin Vychopen, Felix Arlt , Erdem Güresir and Johannes Wach*

Department of Neurosurgery, University Hospital Leipzig, Leipzig, Germany
Objective: Patient positioning is a matter of ongoing debate in the surgical

treatment of vestibular schwannoma (VS). Main endpoints of this discussion are

preservation of facial nerve functioning, extent of resection, and complications. In

this meta-analysis, we aim to investigate the impact of patient positioning on VS

surgery via the retrosigmoid approach.

Methods: We searched for eligible comparative trials on PubMed, Cochrane

library, and Web of Science. Positioning groups were compared regarding facial

nerve outcome, extent of resection, postoperative hydrocephalus, postoperative

CSF leaks, perioperative venous air embolism, and perioperative mortality. Two

groups of positions were defined, and the following positions were allocated to

those groups: (1) Semi-sitting and Sitting-position; (2) Lateral position, supine

position with extensive head rotation, lateral oblique (=Fukushima/Three-quarter

prone), and park-bench position.

Results: From 374 full-text screenings, 7 studies met the criteria and were included

in our meta-analysis comprising 1640 patients. Our results demonstrate a

significantly better long-term (≥6 months) outcome of the facial nerve after VS

surgery in the semi-sitting positioning (OR: 1.49, 95%CI: 1.03-2.15, p = 0.03).

Positioning did not influence the extent of resection, rate of postoperative CSF

leaks, and the presence of a postoperative hydrocephalus. Overall incidence of

venous air embolisms was significantly associated with VS surgery in sitting

positioning (OR: 6.77, 95% CI: 3.66-12.54, p < 0.00001). Perioperative mortality

was equal among both positioning groups.

Conclusion: Semi-sitting positioning seems to be associated with an improved

facial nerve outcome after VS surgery via the retrosigmoid approach. Venous air

embolisms are significantly more often observed among VS patients who

underwent surgery in the sitting position, but the perioperative mortality is equal

in both positioning groups. Both positioning groups are a safe procedure.

Multicentric prospective randomized trials are needed to evaluate the risk-

benefit ratio of each positioning in VS surgery via the retrosigmoid approach.

KEYWORDS

semi-sitting, lateral, positioning, vestibular schwannoma, venous air embolism, facial
nerve, mortality
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GRAPHICAL ABSTRACT
1 Introduction

Vestibular schwannoma (VS) is a benign neoplasm accounting

for 75% of all tumors in the cerebellopontine angle, and it originates

from the Schwann cells covering the vestibulocochlear nerve (1, 2).

Gross total resection is suggested as the treatment of choice to achieve

long-term tumor control (3). However, it is also of paramount

importance to preserve the facial nerve. Furthermore, the

perioperative mortality should be as low as possible in the context

of a benign tumor disease. Due to the benign nature and slow growth

rate, various therapy regimens have been introduced: watch and wait,

radiotherapy or radiosurgery, and surgical resection (4, 5). The

individual treatment of choice depends predominantly on the

patient´s physical status, age at diagnosis, symptoms, and tumor size.

The retrosigmoid approach is the workhorse approach for enabling a

microsurgical dissection in the Cerebellopontine angle. The positioning

of VS patients during surgery via the retrosigmoid approach is highly

debated. The lateral decubitus or supine positioning have been suggested

for a long time as the benchmark positioning, whereas the semi-sitting

positioning was underrepresented in most neurosurgical centers. The

increased probability of a perioperative pulmonary air embolism and the

preoperative logistical effort to perform a transesophageal

echocardiogram in order to exclude a patent foramen ovale have been

suggested as the major disadvantages of operating VS using the semi-

sitting positioning (6). In contrast, recent monocentric comparative

retrospective studies analyzing postoperative facial nerve functioning of

VS patients who underwent either semi-sitting or lateral positioning

found a potential superiority of the semi-sitting positioning regarding

facial nerve outcome (7). To date, there is no high-level evidence (level 1

or 2) to support a general recommendation for of an individual preferred

positioning for the retrosigmoid approach.

Against this backdrop, the present meta-analysis investigates

comparative studies which analyzed lateral and semi-sitting positioning

for VS surgery via the retrosigmoid approach. The primary aims of this
Frontiers in Oncology 0248
meta-analysis are to identify the advantages and disadvantages of each

kind of positioning regarding facial nerve outcome, incidence of

pulmonary venous air embolism, extent of resection, and mortality.
2 Methods

For this systematic review we used the Cochrane Collaboration

format (8) and the PRISMA checklist (9) were followed to conduct

this systematic review.
2.1 Search strategy for identification
of studies

We performed a systematic search of Pubmed database (http://

www.ncbi.nlm.nih.gov/pubmed), Cochrane library, and Web of

Science in September 2022. The search terms included “Vestibular

Schwannoma” or “Acoustic Neuroma”. The search was limited to

“human studies” and “English”. The inclusion criteria were

formulated according to the PICOS (population, intervention,

comparator, outcomes and study design) framework (10). These

criteria were defined as follow: Subjects had undergone surgery for

vestibular schwannoma; VS surgery was performed using the

retrosigmoid approach; sitting/semi-sitting and lateral/lateral

oblique/park-bench/supine positioning were compared; all results of

the prespecified clinical endpoints are reported; and the studies were

structured as comparative trials using those two defined positioning

methods. The following kind of records were excluded: review

articles, study protocols, conference abstracts, letters, unpublished

manuscripts, animal experiments, and studies with insufficient data

(e.g., clinical studies on the retrosigmoid approach in only one

positioning group). All articles identified through the database

search algorithm were evaluated for relevance according to a pre-
frontiersin.org
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defined scheme: First, title screening was performed to search for

articles focusing on vestibular schwannoma. Subsequently, abstract

screening, and, in case of further uncertainty, full-text screening was

performed independently by two authors (MV and JV). Any

disagreement between the reviewers concerning study inclusion or

exclusion was resolved by consensus of a third author (E.G.).
2.2 Types of studies and types of positioning

We included all comparative clinical trials reporting on two

different positionings of the patients for the resection of vestibular

schwannoma via the retrosigmoid approach. After harvesting all the

available data, we conducted the meta-analysis for following

outcomes: facial nerve function according to House-Brackmann

(11) dichotomized into good (≤2) and poor (>2), gross total/near-

total resection rates, cerebrospinal fluid leak/hydrocephalus rates

requiring medical therapy, air embolism and mortality. From an

intraoperative hemodynamic and ventilatory point of view, lateral

positioning, supine positioning, lateral oblique (=three-quarter prone,

Fukushima) position, and park-bench position are very similar to

each other (12). Those kind of positionings are suggested to have the

benefit of a reduced risk of venous air embolisms, whereas the sitting

position or the semi-sitting (= modified sitting positioning) position

are suggested to reduce intraoperative bleedings. Therefore, two

general types of positions were considered and the following
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positions were allocated to those groups: (1) (Semi)-Sitting

positioning: Semi-sitting, and Sitting-position; (2) Lateral position,

supine position with extensive head rotation, lateral oblique

(=Fukushima/Three-quarter prone), and park-bench position.
2.3 Statistics

Review Manager Web (Revman Web Version 5.4.1 from the

Cochrane Collaboration) was used to conduct the statistical analysis.

We investigated the statistical heterogeneity by x2 and I2 statistics. An

I2 value of 50% or more represented substantial heterogeneity. Weight

of the relative contribution of the individual studies, based on the

samples sizes, was included for the estimation of the treatment effects.

Funnel plots were used to visually examine the publication bias of the

included studies. Effect sizes were subsequently expressed as pooled

odds ratio (OR) estimates in models using random effect.
3 Results

3.1 Literature search

In total, 16667 English records were screened for possible

eligibility. After title, abstract, duplicate records, and full-text
FIGURE 1

PRISMA flow chart illustrating the study selection of the present meta-analysis.
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TABLE 1 Major characteristics of studies included in the present meta-analysis.

Gross
total

resection
(n)
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leak
(n)

Hydrocephalus
(n)

Venous air
embolism

(n)

Mortality
(n)

Country

125/156
89/101

3/156
4/101

0/156
1/101

0/156
2/103

0% China

60/86
23/32

NA 9/86
1/32

0/86
0/32

1/86
0/32

Germany

363/381
150/163

2/68
14/
163

0/68
2/163

0/68
7/163

0/68
1/163

Germany

30/41
52/56

2/41
1/56

0% 0/41
2/56

NA Germany

26/30
26/30

3/30
1/30

NA 0/30
1/30

0% Germany

58/80
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3/80
1/50

1/80
0/50

NA 0% Israel

NA NA NA 11/210
63/222
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Name Year Study
type

Types of
postioing

Tumor size Sample
size (n)

Group
2:

Lateral
(n)

Group 1:
Sitting/
Semi-

Sitting (n)

Good
facial
nerve

outcome
(n)

Song (13) 2021 R Semi-sitting
and lateral

Diameters (median):
3.9 cm (group 1) vs.
3.2 cm (group 2)

259 156 103 81/125
69/89

Wach
(14)

2020 R Semi-sitting
and lateral

Tumor size classes (1/2/3
= 0-2, 2-4, >4 cm) (not
stratified by positioning)

118 86 32 29/41
20/24

Schackert
(15)

2020 R Semi-sitting
and lateral

Koos classification: 1: 16
2: 104
3: 164

4: 229 (not stratified by
positioning)

544 381 163 54/68
134/163

Scheller
(16)

2019 P Semi-sitting
and supine

Koos classification in
group 1:
1: 1
2: 21
3: 25.
4: 9

Koos classification in
group 2:
1: 1
2: 13
3: 16.
4: 11

97 41 56 31/41
48/56

Rössler
(7)

2016 R Semi-siting
and lateral

Diameters (mean):
20.7 mm (group 1) vs.
24.9 mm (group 2)

60 30 30 12/30
19/30

Spektor
(17)

2015 R Sitting and
lateral

Diameters (median):
30.88 mm (group 1) vs.
29.20 mm (group 2)

130 80 50 NA

Duke(6) 1998 R Sitting and
supine

Diameters (mean): 2.8 cm
(group 1) vs. 2.2 cm

(group 2)

432 210 222 NA

NA, Not available; P, Prospective; R, Retrospective.
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screenings, 16660 records were excluded. Finally, 7 original articles

involving 1640 patients met the inclusion criteria. Figure 1

demonstrates the details of the literature search workflow.
3.2 Characteristics of included studies

The included studies were published from 1985 to 2022. Table 1

summarizes the details of the patient positioning groups and the

reported outcomes of all 7 included trials. All patients of the included

studies underwent surgery for VS via the retrosigmoid approach

either in the positioning group 1 or in the positioning group 2. There

was no multi-arm (≥3 arms) trial among the included studies.

Reported outcome data were allocated to the patient positioning

groups (lateral & semi-sitting position) to conduct the pairwise meta-

analysis of the dichotomous endpoints.
3.3 Facial nerve

3.3.1 General outcome
Five of the 7 included studies reported on postoperative function of

the facial nerve (7, 13–16). Positioning group 1 exclusively included

patients who underwent VS surgery in the semi-sitting positioning.

Reported data allowed us to dichotomize the results according to

House-Brackmann score (10) into good (≤2) and poor (>2).

Altogether, 667 patients were allocated to either semi-sitting

positioning (n = 362) or positioning group 2 (n = 305). In the

positioning group 2, 207 out of 305 patients (67.8%) showed good

postoperative facial nerve function compared to 283 out of 362 (78.1%) in

semi-sitting position. Facial nerve outcomes were assessed either at 6- or

at 12-months postoperatively. The odds ratio (OR) for good
Frontiers in Oncology 0551
postoperative outcome in the pooled analysis was 1.49 (95% CI: 1.03 –

2.15, p = 0.03). I2 of 0% showed no significant heterogeneity among the

studies (p=0.68). The Funnel-plot analysis showed no publication bias.

For detailed information, see Figure 2.

Subsequently, we divided the studies according to the time of

evaluation of the postoperative facial nerve outcome into 6-months

outcome and 12-months outcome and analyzed the results accordingly:

3.3.2 Outcome at 6-months after surgery for
vestibular schwannoma

Two out of 7 studies report on facial nerve outcome at 6-months

after surgery for VS (7, 15). Reported data allowed us to dichotomize

the results according to House-Brackman score (10) into good (≤2)

and poor (>2). Altogether, 291 patients were allocated to either semi-

sitting positioning (n = 193) or positioning group 2 (n = 98). In

positioning group 2, 66 out of 98 (67.3%) showed good outcome at 6-

months postoperatively compared to 153 out of 193 patients (79.2%)

in semi-sitting position. The odds ratio (OR) for good postoperative

outcome in the pooled analysis was 1.60 (95% CI: 0.77 – 3.32, p =

0.21). I2 of 30% showed no significant heterogeneity among the

studies (p=0.23). For detailed information, see Figure 3.

3.3.3 Outcome at 12 months postoperatively
Three out of 7 studies reported on facial nerve outcome at 12-

months after VS surgery (13, 14, 16). Reported data allowed us to

dichotomize the results according to House-Brackman score (10) into

good (≤2) and poor (>2). Altogether, 376 patients were allocated to

either semi-sitting positioning (n = 207) or positioning group 2 (n =

169). In positioning group 2, 141 out of 207 patients (68.1%) showed

good outcome 6-months postoperatively compared to 130 out of 169

(76.9%) in semi-sitting positioning group. The odds ratio (OR) for

good postoperative outcome in the pooled analysis was 1.47 (95% CI:

0.92 – 2.35, p = 0.11). I2 of 0% showed no significant heterogeneity

among the studies (p=0.65). For detailed information, see Figure 4.
3.4 Extent of resection – Gross
total resection

Six of the 7 included studies reported on the rates of gross total

resection in surgery for VS (7, 13–17). Two studies further reported

on the rates of near total resection (13, 16). Three studies reported on

the frequencies of patients who did not underwent a gross total
BA

FIGURE 2

(A) Forrest Plots displaying OR and 95% CI estimates for facial nerve outcome comparison between Semi-Sitting and Lateral position and (B) Funnel plot
showing no publication bias.
FIGURE 3

Forrest Plots displaying OR and 95% CI estimates for facial nerve
outcome comparison between positioning group 1 (exclusively semi-
sitting positioning) and positioning group 2 at 6 months postoperatively.
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resection (7, 14, 15). Spektor et al. (17) reported data on patients who

underwent a complete resection, subtotal resection, and partial

resection, respectively. Reported data allowed us to dichotomize the

results into gross totally and incompletely resected VS patients.

Altogether, 1206 patients were allocated to either positioning group

1 (n = 432) or positioning group 2 (n = 774). In lateral position, 662
Frontiers in Oncology 0652
out of 774 patients (85.5%) underwent a gross total resection (GTR,

whereas 381 out of 432 (88.2%) underwent GTR in sitting or semi-

sitting position. The odds ratio (OR) for GTR in the pooled analysis

was 1.39 (95% CI: 0.80 – 2.42, p = 0.25). I2 of 53% showed moderate,

but not statistically significant heterogeneity among the studies

(p=0.06). For detailed information, see Figure 5.
FIGURE 4

Forrest Plots displaying OR and 95% CI estimates for facial nerve outcome comparison between positioning group 1 (exclusively semi-sitting positioning)
and positioning group 2 at 12 months postoperatively.
BA

FIGURE 5

(A) Forrest Plots displaying OR and 95% CI estimates for gross total resection. (B) Funnel plot showing publication bias.
BA

FIGURE 6

(A) Forrest Plots displaying OR and 95% CI estimates for CSF leak. (B) Funnel plot showing publication bias.
BA

FIGURE 7

(A) Forrest Plots displaying OR and 95% CI estimates for Hydrocephalus. (B) Funnel plot showing publication bias.
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3.5 CSF leak and
postoperative hydrocephalus

3.5.1 CSF leak
Five of the 7 included studies reported on CSF leak (7, 13, 15–17).

Timepoints of the exact occurrence of postoperative CSF fistula were

not given. All patients underwent a secondary treatment for CSF fistula

(lumbar drain or revision surgery). Rössler et al. (7) stated that all CSF

leak patients underwent a revision surgery. Reported data allowed us to

dichotomize the results according to presence of CSF leak. Altogether,

775 patients were allocated to either positioning group 1 (n = 400) or

positioning group 2 (n = 375). In positioning group 2, 13 out of 375

patients (4.9%) had CSF leaks compared to 21 out of 400 (5.3%) in

sitting or semi-sitting position. The odds ratio (OR) for the presence of

CSF leak in the pooled analysis was 1.15 (95% CI: 0.45 – 2.95, p = 0.76).

I2 of 17% showed no significant heterogeneity among the studies

(p=0.31). For detailed information, see Figure 6.

3.5.2 Postoperative hydrocephalus
Four of the 7 included studies reported on hydrocephalus (13–15,

17). Reported data allowed us to dichotomize the results according to

presence of postoperative hydrocephalus. Altogether, 736 patients

were allocated to either sitting or semi-sitting (n = 346) or positioning

group 2 (n = 390). In positioning group 2, 10 out of 390 patients

(2.6%) showed hydrocephalus compared to 4 out of 346 (1.6%) in the

sitting or semi-sitting position. The odds ratio (OR) for the presence

of hydrocephalus in the pooled analysis was 0.79 (95% CI: 0.20 – 3.15,

p = 0.74). I2 of 0% showed no significant heterogeneity among the

studies (p=0.46). For detailed information, see Figure 7.
3.6 Venous air embolism

Five of the 7 included studies reported on venous air embolism (6,

7, 13, 15, 16). Reported data allowed us to dichotomize the results

according to overall incidence of venous air embolism. Altogether,

1079 patients were allocated to either sitting/semi-sitting (n = 574) or

positioning group 2 (n = 505). In positioning group 2, 11 out of 505

patients (2.2%) showed venous air embolism compared to 75 out of

574 (13.1%) in sitting or semi-sitting position. The odds ratio (OR)

for the presence of venous air embolism in the pooled analysis was

6.77 (95% CI: 3.66 – 12.54, p < 0.00001). This effect was mainly based

on the findings of the study by Duke et al. (6) in which patients of

positioning group 1 underwent surgery in the sitting position. I2 of 0%
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showed no significant heterogeneity among the studies (p=0.98).

Funnel plot analysis showed no significant publication bias. For

detailed information, see Figure 8.
3.7 Mortality

Two of the 7 included studies reported on mortality (14, 15).

Reported data allowed us to dichotomize the results. Altogether, 349

patients were allocated to either positioning group 1 (n = 195) or

positioning group 2 (n = 154). In positioning group 2, 1 out of 154

patients (0.6%) deceased compared to 1 out of 194 (0.5%) in the

sitting or semi-sitting position. The odds ratio (OR) for the mortality

in the pooled analysis was 1.05 (CI 95%: 0.11 – 10.27), p = 0.96. I2 of

0% showed no significant heterogeneity among the studies (p=0.87).

For detailed information, see Figure 9.
4 Discussion

In the present meta-analysis, we have summarized the evidence

from comparative studies investigating lateral and semi-sitting

positioning for VS surgery using the retrosigmoid approach. Our

main results can be summarized as follows: (1) The postoperative

long-term (≥6 months) facial nerve outcome was significantly better

in the patients who underwent VS surgery via the retrosigmoid

approach in the semi-sitting position; (2) Extent of resection is not

influenced by the patient positioning; (3) The rate of CSF leaks or

hydrocephalus is equal among both positioning groups; (4)

Pulmonary venous air embolism was significantly associated with

sitting positioning; (5) Perioperative mortality is not influenced by the

positioning and both methods are safe for the retrosigmoid approach.

Immediate worsening of the facial nerve functioning in the first

weeks after surgery is a frequently observed dysfunction after VS surgery.

Despite a preservation of the anatomical and electrophysiological

continuity of the facial nerve, immediate worsening after surgery can

often not be avoided. Predictors for postoperative facial nerve functioning

are the extent of resection, neuropathological characteristics (e.g., MIB-1

index, macrophage density), intraoperative electrophysiological threshold

and the proximal-to-distal amplitude ratio (14, 18–20). Postoperative 7th

nerve palsy can promote many serious side effects. Often, additional

surgeries to treat facial nerve palsy induced comorbidities are necessary

(e.g., hypoglossal-facial nerve anastomosis (21), treatment of eye and tear

dysfunctions). To date, the retrosigmoid approach is the workhose for
BA

FIGURE 8

(A) Forrest Plots displaying OR and 95% CI estimates for venous air embolism. (B) Funnel plot for publication bias.
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surgery of vestibular schwannomas in the cerebellopontine angle (22).

Large tumors (classified according to Koos as T3 or T4) can be

challenging and necessitate extensive surgical interventions (23).

Facilitating surgery by placing the VS patients into the semi-sitting

position reduces the use of surgical aspirators in the resection cavity by

enhancing the venous drainage and irrigation fluid keeps the cavity clear

during surgery. Hence, the surgeon might have an improved setting

regarding the use of both hands and can work bimanually with a straight

and direct view of the operating field at the stage of nerve structure

preparation. The identification of the facial nerve can be very challenging

and in giant VSs the facial nerve can be stretched around the

schwannoma. Hence, a clear surgical view is of paramount importance

to identify the nerve structures. The semi-sitting position might enable

surgery with less bleeding, brain swelling, and reduced intracranial

pressure due to the improved venous drainage of the cerebral blood

flow (24). Furthermore, gravity enables an operating field free from blood

and CSF (24). The continuous irrigation during semi-sitting surgery

facilitates the bimanual dissection technique. Furthermore, Schackert

et al. (14) showed that the intraoperative blood loss is significantly lower

in patients who underwent VS surgery using the semi-sitting positioning.

Hence, those favorable intraoperative physiological mechanisms in the

semi-sitting VS patients seem to support a more ergonomic work of the

neurosurgeon which reduces the factors resulting in surgical

manipulations of the facial nerve.

We found no significant association between the patient

positioning and the probability of a gross total resection in our

meta-analysis. Extent of resection is of paramount importance

regarding the long-term tumor control and patients who underwent

a complete resection have a lower risk of recurrence (25). However,

there is also evidence that subtotal resection with subsequent

irradiation of tumor remnants is also a feasible method to provide a

nearly equal result with regard to the probability of progression-free

survival (25, 26). Nevertheless, a total tumor resection results in a 30-

50% risk of a facial nerve dysfunction (27–31). Hence, there is a

stringent need for each VS patient regarding the creation of a tailored

treatment and follow-up schedule. Preserving cranial nerve

functioning is the primary goal and precedes the goal of achieving

maximal cytoreductive surgery.

The positioning of the VS patients in the retrosigmoid approach

was not found to have a role in the frequency of postoperative CSF

leaks. The incidence of CSF leaks after surgery for vestibular

schwannoma via the retrosigmoid approach is reported with a

broad range from 0% to 27% (32, 33). Hence, there is no optimum

positioning to potentially reduce the patient’s risk of a secondary
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surgery to repair a CSF leak. Hydrocephalus is found in 3.7-42% of

patients with a VS (34–37). Despite total tumor removal,

hydrocephalus sometimes does not improve because of obstruction

of the arachnoid granulations by proteins or hemorrhage (37, 38). In

the present meta-analysis, we could not identify a role of the

posit ioning regarding the development of a persistent

hydrocephalus. Tumor size, increased age at diagnosis, and cystic

tumor appearance are suggested as the main predictors of persistent

postoperative hydrocephalus necessitating therapy (39).

Due to the inconsistency of reported data, we were not able to

statistically examine the effect of the positioning on the surgery duration

(see supplementary Table 1). The most consistent data was reported on

skin-to-skin time. Schackert (15) and Roessler (7) show significantly

shorter mean duration if surgery was performed in semi-sitting position.

On the other hand, Spektor (17) favors lateral positioning with mean

difference of 163.8 minutes. The possible explanation for these

discrepancies might be the change of the surgical workflow over the

course of the years demonstrated by Schackert et al. (15). In the analysis

of surgery duration, Schackert shows the tendency towards skin-to-skin

time reduction between 1991 and 2019, mainly for T3 and T4 tumors.

Furthermore, semi-sitting positioning significantly reduced the skin-to-

skin time in larger T3-4 tumors, whereas no influence on skin-to-skin

time was observed in T 1-2 tumors (15).

These facts would theoretically support the sitting position for

giant VSs because of the emerging availability of radiosurgical therapy

for T1 and T2 VS. Most of the VS surgeries are indicated because of

the mass effect on the brainstem and are caused by giant VSs of the

T3-4 category, in which the semi-sitting position seems to

significantly shorten the length of the procedure (15).”

The most feared adverse event in patients who underwent VS surgery

via the retrosigmoid approach using sitting or semi-sitting positioning is

venous air embolism. We found that semi-sitting positioning is

significantly associated with an increased risk of venous air embolism.

However, this finding has to be interpreted with caution because the

severity of the venous air embolisms was not homogeneously classified

(e.g., hemodynamic instability, length of stay in ICU) in the individual

studies which did not allow amore detailed analysis. Venous air embolism

can cause pulmonary edema, acute respiratory distress syndrome and

acute right ventricular failure (40). The literature provides data with a wide

range between 5.6-21% regarding the risk of venous air embolism (41–43).

However, this wide range might be caused by the heterogeneous

intraoperative monitoring techniques to detect a venous air embolism

(e.g., transesophageal echocardiography, transthoracic doppler,

capnography, mass spectrometry). For instance, it is known that a
BA

FIGURE 9

(A) Forrest Plots displaying OR and 95% CI estimates for mortality. (B) Funnel plot for publication bias.
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transesophageal echocardiography identifies significantly more venous air

embolism events compared to a transthoracic doppler, but the incidence

of clinically relevant venous air embolisms (drop in end-tidal carbon

dioxide above 3 mmHg) using the transthoracic doppler is much higher

(24). Hence, the majority of the venous air embolisms were found to be

non-significant, and the patients had no clinically relevant sequelae (24,

44). This finding is also reaffirmed by our meta-analysis which found no

association regarding the perioperative mortality and patient positioning

in VS surgery via the retrosigmoid approach. Consequently, bothmethods

seem to be safe and pulmonary venous air embolism in the semi-sitting

positioning can be prevented and managed in an experienced

interdisciplinary team. Indeed, a patent foramen ovale is considered to

be an exclusion criterion for the semi-sitting position. In those cases, the

patient should not underwent VS surgery in the semi-sitting positioning

and they should be operated on in the prone, supine or lateral position.

Nevertheless, the German Society of Anaesthesiology and Intensive Care

approves semi-sitting positioning in neurosurgical patients if the benefits

outrank the risks (45). The presence of a giant vestibular schwannoma

with an increased risk of a new postoperative facial nerve palsy might be a

potential indication for this tailored interdisciplinary teamwork using a

semi-sitting positioning. The main strategy is to prevent venous air

embolisms, and not the detection. Operating in the semi-sitting position

necessitates a continuous communication and interdisciplinary teamwork

with the neuroanesthesiologists. For instance, electrophysiological

monitoring, intermittent bilateral jugular compression to identify

venous leaks, moving the VS patients into “head down-feet up”, and

hemodynamic management using continuous fluid administration to

increase the central venous pressure are essential intraoperative steps

which have to be communicated and decided interdisciplinary by the

neurosurgeon and the neuroanesthesiologist. Against the background of

equivalent perioperative mortality among semi-sitting or lateral

positioning in VS surgery via the retrosigmoid approach, semi-sitting

positioning should be strongly considered in the setting of an experienced

interdisciplinary team if it is preoperatively known that the patients have

no patent foramen ovale.

The major limitation of our meta-analysis of comparative trials

investigating semi-sitting and lateral positioning is the retrospective

design of the included studies. Moreover, we could not include the

duration of the surgery in a reliable statistical analysis because of

relevant differences regarding the definition of duration as well as the

reported outcome data (e.g., median, mean values, lack of standard

deviation). Furthermore, there are heterogeneous definitions of the

venous air embolisms. Furthermore, six of seven studies reported the

rates of complete VS resection but further analysis of the rates of near

total resection was limited to only two studies. Moreover, the tumor size

might be a potential confounder in the analysis of the facial nerve

outcome. Heterogeneous measurements and definitions of tumor size

did not allow an inclusion of this variable in our meta-analysis

approach. However, the meta-analysis showed that the perioperative

safety regarding mortality is equal among both positioning methods

and the facial nerve might have a better outcome in the semi-sitting

group. An ongoing prospective randomized controlled trial comparing

semi-sitting and lateral position in vestibular schwannoma surgery
Frontiers in Oncology 0955
might give some further essential insights into this interesting debate

(Chinese Clinical Trial Registry: ChiCTR1900027550) (46).
5 Conclusion

Semi-sitting positioning seems to be associated with an improved

facial nerve outcome after VS surgery via the retrosigmoid approach. The

incidence of venous air embolisms is significantly higher among the

patients who underwent VS surgery in the semi-sitting position, but there

is no difference regarding perioperative mortality between semi-sitting or

lateral positioning. Further multicentric prospective randomized trials

with a homogeneous intraoperative neuroanesthesiological monitoring

setup are needed to provide a detailed assessment of the risk and benefits

of each positioning in the retrosigmoid approach.
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Objective: The goal of schwannoma resection is to control the tumor while

preserving neurological function. Schwannomas have a variable postoperative

growth pattern, therefore preoperative prediction of a schwannoma’s growth

pattern is favorable. This study aimed to examine the relationship between

preoperative neutrophil-to-lymphocyte ratio (NLR) and postoperative recurrence

and retreatment in patients with schwannoma.

Methods:We retrospectively examined 124 patients who underwent schwannoma

resection in our institution. Associations between preoperative NLR, other patient

and tumor characteristics, and tumor recurrence and retreatment were analyzed.

Results:Median follow-up was 2569.5 days. Postoperative recurrence occurred in

37 patients. Recurrence that required retreatment occurred in 22. Treatment-free

survival (TFS) was significantly shorter in patients with NLR ≥2.21 (P = 0.0010).

Multivariate Cox proportional hazards regression showed that NLR and

neurofibromatosis type 2 were independent predictors of retreatment (P =

0.0423 and 0.0043, respectively). TFS was significantly shorter in patients with

NLR ≥2.21 in the following subgroups: sporadic schwannoma, primary

schwannoma, schwannoma ≥30 mm in size, subtotal resection, vestibular

schwannoma, and postoperative recurrence.

Conclusions: Preoperative NLR ≥2.21 before surgery was significantly associated

with retreatment after schwannoma resection. NLR may be a novel predictor of

retreatment and assist surgeons in preoperative surgical decision making.
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schwannoma, neutrophil-to-lymphocyte ratio, neurofibromatosis type 2, prognostic
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Introduction

Schwannomas are benign tumors that originate from Schwann

cells of the cranial and peripheral nerves, and have a variable growth

pattern (1). Clinical outcome after their surgical resection is related to

extent of removal (2–6), which in the future could be assisted by new

imaging modalities besides classic magnetic resonance imaging (MRI)

(7). The goal of schwannoma resection is to control the tumor while

preserving neurological function (8–11). Accurate preoperative

prediction of a schwannoma’s growth pattern might assist surgeons

with clinical decision making regarding aggressiveness of resection

and need for adjuvant radiotherapy. Ki-67 is a commonly used

proliferative marker for several types of tumors; however, it cannot

be evaluated before surgery and its significance in schwannoma is

controversial (3, 5).

Inflammation promotes tumor development throughout all stages

of tumorigenesis (12). Systemic inflammation and immune system

activation is broadly reflected by the neutrophil-to-lymphocyte ratio

(NLR), an inexpensive, easily measured, and readily available blood

test. A high NLR has been associated with worse overall survival in

many solid malignant tumors (13–17). A relationship between NLR

and refractory intracranial benign tumor has also been demonstrated

in other studies (18–22). In a previous study, we showed that

preoperative NLR ≥2.6 was significantly associated with shorter

progression-free survival in all grades of meningioma, including

World Health Organization grade I (22). This study aimed to

examine the relationship between preoperative NLR and

postoperat ive recurrence and retreatment in pat ients

with schwannoma.
Methods

Study design and clinical data

We retrospectively reviewed 270 patients who underwent surgical

schwannoma resection in our institution from February 2010 to

February 2018. The study received institutional review board

approval (reference number, 20050002) and all patients provided

written informed consent. Patients who received steroids or

immunosuppressive drugs before preoperative laboratory testing,

those with systemic infection, and with a history of malignancy

were excluded. We also excluded those with incomplete clinical,

laboratory, or radiological data.

The following data were obtained from the medical records: age at

time of surgery, sex, neurofibromatosis 2 (NF2) status, tumor origin,

primary/recurrent tumor, solid/cystic tumor, brain compression,

neurological symptoms, and extent of removal. Tumor origin was

determined using gadolinium-enhanced T1-weighted MRI. Extent of

removal was determined using MRI after surgery.

MRI was performed every 6 to 12 months after surgery. In

patients who underwent gross total resection (GTR), tumor

recurrence was defined as the appearance of new tumor at the

surgical site. In patients who underwent subtotal resection (STR),

recurrence was defined as residual tumor growth ≥2 mm. Recurrence-

free survival (RFS) was defined as the time from the date of surgery to
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the date of tumor recurrence or last imaging follow-up. Because not

all schwannoma recurrences require treatment, treatment-free

survival (TFS), a relatively new measure of disease control (23), was

also evaluated. TFS was defined as the time from the date of surgery to

the date of retreatment decision or last follow-up.
Laboratory data

Absolute neutrophil, lymphocyte, monocyte, and platelet counts

and concentrations of albumin, C-reactive protein, and fibrinogen

were routinely obtained before surgery and the following

inflammatory parameters calculated (24–29): NLR, lymphocyte-to-

monocyte ratio (LMR), platelet-to-lymphocyte ratio (PLR), and

prognostic nutritional index (PNI). PNI was calculated using the

following formula: (10 × albumin concentration) + (0.005 ×

lymphocyte count).
Statistical analysis

Statistical analyses were performed using JMP 16 software (SAS

Institute, Cary, NC, USA). Continuous variables are expressed as

means with standard deviation and were compared using the Mann–

Whitney U test. Categorical variables are expressed as numbers with

percentage and were compared using Fisher’s exact test. RFS and TFS

were estimated using the Kaplan–Meier method and compared using

the log-rank test. Univariate and multivariate Cox proportional

hazards regression were used to evaluate the influence of variables

on RFS and TFS. Receiver operating characteristic (ROC) curves were

constructed to determine optimal cut-off values for each variable. P

<0.05 was considered significant.
Results

Patient characteristics and laboratory data

After excluding 146 patients based on criteria, 124 patients were

included for analysis. Median follow-up was 2569.5 days.

Postoperative recurrence occurred in 37 patients; recurrence that

required retreatment occurred in 22. ROC curves were constructed

for each variable using two outcomes, recurrence and retreatment.

The optimal NLR cut-off value for recurrence and retreatment was

2.03 and 2.21, respectively. The area under the curve for recurrence

and retreatment was 0.6039 and 0.7273, respectively (Supplementary

Figure 1). Table 1 and Supplementary Table 1 show patient and

tumor characteristics overall and with patients stratified by NLR cut-

off value. The stratified groups were similar except for extent of

resection. As shown in Figure 1, NLR value was significantly higher in

younger patients and those with NF2 and tumor size ≥30 mm. NLR

value was significantly higher in the retreatment group than the no

recurrence and the recurrence but no retreatment groups. This

suggests that NLR might be an important predictor of retreatment.

NLR did not significantly differ between the no recurrence and the

recurrence but no retreatment groups (Figure 2).
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Survival analysis

As shown in Supplementary Figure 2, RFS was significantly shorter in

patients with NF2 than in patients without NF2 (p <0.0001); RFS did not

significantly differ between patients stratified byNLR using a cut-off value

of 2.03 (p = 0.088). TFS was significantly shorter in patients with NF2 and

in those who underwent STR (p <0.0001 and p = 0.0040, respectively;

Figure3A,B).TFSwas significantly shorter inpatientswithNLR≥2.21 (p=

0.0010; Figure 3C).
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Univariate and multivariate analyses

Because NLR was associated with TFS but not RFS, univariate and

multivariate Cox proportional hazards regression was performed to

investigate the influence of variables on TFS (Tables 2, 3). Although

LMR was also associated with shorter TFS, NLR had a higher

statistical power than LMR. The multivariate analysis showed that

NF2 and NLR ≥2.21 were independent predictors of retreatment (P =

0.0043 and 0.0423, respectively).
TABLE 1 Patient and tumor characteristics.

Clinical feature All cases Baseline NLR P value

<2.21 ≧2.21

No.(%) No.(%)

Patient number 124 75 (60.5) 49 (39.5)

Age (means ± SD) 49.8 ± 12.9 47.0 ± 14.8 0.2694

Sex 0.2689

Male 55 30 (54.5) 25 (45.5)

Female 69 45 (65.2) 24 (34.8)

NF2 0.1104

+ 11 4 (36.4) 7 (63.6)

- 113 71 (62.8) 49 (37.2)

Tumor status >0.9999

primary 109 66 (60.6) 43 (39.4)

recurrent 15 9 (60.0) 6 (40.0)

Tumor origin 0.2212

CN 8 91 52 (57.1) 39 (42.8)

non CN 8 33 23 (69.7) 10 (30.3)

Neurological symptoms 0.5629

+ 110 65 (59.1) 45 (40.9)

- 14 10 (71.4) 4 (28.6)

Tumor size (mm) 24.8 ± 13.0 29.1 ± 12.0 0.0713

Brain compression 0.3416

+ 79 45 (57.0) 34 (43.0)

- 45 30 (66.7) 15 (33.3)

Tumor cyst 0.3610

+ 59 33 (55.9) 26 (44.1)

- 65 42 (64.6) 23 (35.4)

Removal rate 0.0228

GTR 46 34 (73.9) 12 (26.1)

non-GTR 78 41 (52.6) 37 (47.4)
NLR, neutrophil-to-lymphocyte ratio; SD, standard deviation; NF2, neurofibromatosis type 2; CN, cranial nerve; GTR, gross total resection.
Factors which made statistically significant differences are shown in bold.
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FIGURE 1

NLR value according to clinical characteristics *p < 0.05, ***p < 0.001.
FIGURE 2

NLR value according to postoperative outcome **p < 0.01.
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FIGURE 3

Kaplan–Meier treatment-free survival curves with patients stratified according to neurofibromatosis type 2 status (A), extent of tumor removal (B), and
optimal neutrophil-to-lymphocyte ratio cut-off value (C).
TABLE 2 Univariate Cox proportional hazards regression analysis.

Variables HR 95% CI p value

Age (>50) 0.60 0.25-1.49 0.2719

Sex (male) 0.86 0.37-2.01 0.7271

NF2 (+) 7.02 2.80-17.60 <0.0001

Tumor status (recurrent) 1.66 0.56-4.92 0.3598

Origin (CN 8) 0.77 0.31-1.90 0.5707

Neurological symptoms (+) 0.57 0.19-1.69 0.3082

Tumor size (≧30mm) 3.08 1.31-7.25 0.0098

Brain compression (+) 1.96 0.72-5.33 0.1863

Cyst (+) 2.49 1.01-6.12 0.0467

Removal rate (non-GTR) 6.40 1.50-27.40 0.0123

PLT (>227000/mL) 0.51 0.22-1.19 0.1196

CRP (>0.025 mg/dL) 0.74 0.27-2.05 0.5657

(Continued)
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Subgroup analysis

As shown in Figure 4, TFS was significantly shorter in patients

with NLR ≥2.21 in the following subgroups: sporadic schwannoma,

primary schwannoma, schwannoma ≥30 mm in size, STR,

vestibular schwannoma, and postoperative recurrence. Subgroup

analysis of NF2 patients was not performed because the sample size

was small.
Discussion

In this study, preoperative NLR was an independent predictor of

postoperative schwannoma recurrence that required retreatment. It

was also applicable to a subgroup of vestibular schwannomas. Ki-67,

S100, p53, microvessel density, and macrophage colony stimulating

factor have been previously reported as biomarkers with prognostic

value in schwannoma (5, 30–32). Histological inflammation and

angiogenesis play a role in growth of sporadic and NF2-related

vestibular schwannoma (33). CD163+ tumor-associated

macrophages in particular have a supportive effect on schwannoma

growth (31, 34–36). However, histopathological biomarkers cannot be

evaluated preoperatively and therefore cannot contribute to early

surgical decision making. In contrast, NLR can be easily calculated

using preoperative blood testing. Although a few previous studies

have evaluated serum and radiological prognostic factors associated

with inflammatory status, only one has demonstrated that NLR is an

important predictor of the natural history in schwannomas (18).

However, this study did not examine postoperative growth pattern in

surgical cases. Although dynamic positron emission tomography can
Frontiers in Oncology 0662
predict inflammation in schwannomas (37), routine use of such a

specialized and expensive imaging modality before surgery is

not practical.

Based on the natural history of schwannomas, a subset of

schwannomas do not exhibit growth after diagnosis (38–40).

Similarly, some schwannomas grow slowly or transiently after

surgery, while others grow rapidly and require retreatment. It is

important to evaluate continuous tumor growth needing active

treatment strategies such as surgery and radiotherapy. TFS, which

is survival without the need of treatment for recurrence, may allow us

to identify distinct prognostic group of schwannomas. Preoperative

identification of those with a shorter TFS would assist surgeons and

clinicians with treatment decision making. Our findings suggest that

preoperative NLR ≥2.21 is a predictor of shorter TFS after surgery and

that STR without adjuvant radiotherapy may be enough for those

with a lower NLR. This surgical strategy has a merit in preserving

neurological function (8). NLRmay be essential in order to provide an

evidence-based treatment recommendation for the patient

with schwannomas.

This study has several limitations. It was retrospective in design

and histopathological analysis was not performed. In addition, the

relationship between serum inflammatory parameters and

histopathological inflammatory status has not been fully elucidated,

and our previous study found no association between NLR and

histopathological inflammatory cell infiltration in meningioma (22).

Moreover, we did not evaluate NLR after surgery, which may also be a

useful predictor of recurrence and retreatment. All the cases were

benign schwannomas, therefore the relationship between NLR and

malignant schwannoma was not assessed. Future prospective studies

are warranted to confirm our findings and investigate further.
TABLE 3 Multivariate Cox proportional hazards regression analysis.

Variables HR 95% CI p value

NF2 (+) 4.94 165-14.78 0.0043

Tumor size (≧30mm) 0.89 0.30-2.70 0.8411

Cyst (+) 2.29 0.83-6.31 0.1093

Removal rate (non-GTR) 3.15 0.69-14.38 0.1380

Adjuvant radiotherapy (+) 1.56 0.42-5.82 0.5045

NLR (≧2.21) 2.82 1.04-7.68 0.0423
NF2, neurofibromatosis type 2; GTR, gross total resection; NLR, neutrophil-to-lymphocyte ratio.
Factors which made statistically significant differences are shown in bold.
TABLE 2 Continued

Variables HR 95% CI p value

Fibrinogen (>274mg/dL) 1.97 0.62-6.21 0.2495

NLR (≧2.21) 4.07 1.65-10.02 0.0023

LMR (<4.11) 3.29 1.39-7.75 0.0065

PLR (≧116.2) 2.51 0.84-7.45 0.0988

PNI (≧52.7) 1.64 0.60-4.43 0.3304
NF2, neurofibromatosis type 2; CN, cranial nerve; GTR, gross total resection; WBC, white blood cell; PLT, platelet; CRP, C-reactive protein; NLR, neutrophil-to-lymphocyte ratio; LMR, lymphocyte-
to-monocyte ratio; PLR, platelet-to lymphocyte ratio; PNI, prognostic nutritional index.
Factors which made statistically significant differences are shown in bold.
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Conclusions

Preoperative NLR ≥2.21 before surgery was significantly

associated with retreatment after schwannoma resection. NLR may

be a novel predictor of retreatment and assist surgeons in

preoperative surgical decision making.
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FIGURE 4

Kaplan-Meier curves of TFS related to sporadic cases (A), primary cases (B), large tumor (≥30mm) (C), Non-GTR cases (D), cases with vestibular
schwannomas (E), and growing cases (F) are shown.
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posterior clinoid meningioma:
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Introduction: The surgery of posterior clinoid meningioma (PCM) remains one of

the most formidable challenges for neurosurgeons because of its location at great

depth in the cranium and proximity to vital neurovascular structures. Herein, we

aim to describe the technique and feasibility of a novel approach, the purely

endoscopic far-lateral supracerebellar infratentorial approach (EF-SCITA), for

resection of this extremely rare entity.

Case description: A 67-year-old women presented with gradually deteriorating

vision in right eye for 6 months. Imaging examinations revealed a right-sided PCM,

and the EF-SCITA approach was attempted for tumor resection. Tentorium

incision allowed a working corridor toward the PCM in the ambient cistern

through the supracerebellar space. During surgery, the infratentorial part of the

tumor was found to compress the CN III and posterior cerebral artery medially and

encase the CN IV laterally. Following debulking of the infratentorial tumor, the

supratentorial part could be exposed and then excised, which had dense adhesions

to the ICA and the initial part of the basal vein in front. After total tumor removal, its

dural attachment was detected at the right posterior clinoid process and then

coagulated under direct vision. The patient on follow-up at 1 month had

improvement in visual acuity in right eye, with no restriction of extra-ocular

movements.

Discussion: EF-SCITA approach combines advantages of the posterolateral

approach and endoscopic technique, allowing access to PCMs with seemingly

low risks of postoperative morbidity. It would be a safe and effective alternative for

resection of lesions in the retrosellar space.

KEYWORDS

posterior clinoid meningioma, supracerebellar infratentorial approach, endoscope,
surgical approach, case report
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Introduction

Posterior clinoid process (PCP) is an uncommon site for the

origin of meningiomas, which have only been reported in 18 cases as

yet (1–8). Surgical excision of posterior clinoid meningiomas (PCM)

presents neurosurgeons with a special challenge since it is deeply

nested in the center of cranial base and surrounded by critical

neurovascular structures. The complications of surgery for this

extremely rare entity are unpredictable, ranging from none to

severe disabling neurological deficits. A variety of surgical

approaches, including anterolateral, lateral, and posterolateral

routes, have been described to access PCM (5). However, the

optimal approach to minimize approach-related morbidity and

improve the extent of resection still remains to be explored.

Extreme-lateral supracerebellar infratentorial (ELSI) approach

remains one of the most versatile approaches in neurosurgery with

respect to its ability to address various anatomical regions, especially

the posterolateral midbrain and tentorial region (9). In the last few

years, the rapid development of endoscopic neurosurgery has brought

a great opportunity for the improvement of this approach. Recently,

Xie et al. first described the technique of the purely endoscopic far-

lateral SCITA (EF-SCITA) for treatment of petroclival region

meningiomas (10). We further tested the feasibility of this approach

in resection of retroinfundibular craniopharyngioma (CP) in the

suprasellar region. Under endoscopy, the retrosellar region and

PCP could be clearly exposed through the ambient cistern after

tentorium incision (11). This successful experience motivated us to

use the same technique for PCM resection.

Herein, we report a case of EF-SCITA in total removal of PCM,

with specific emphasis on technical surgical nuances. In the discussion,

we summarize breakthroughs and insights on operative approaches for

the treatment of PCM, and analyze the operation essentials, and

strengths and weaknesses of each passage from the perspective of

surgery. In this report, we also review the previous relevant publications

within PubMed and abstracts from international conference literature

concerning PCM according to the PRISMA guideline. The literature

review found a total of 18 cases which was listed in Table 1.
Case description

A 67-year-old female presented with progressively worsening

vision in her right eye for approximately 6 months. On

ophthalmological examination, she had mild bilateral peripheral

visual field defects, which was severer in right eye. The visual acuity

was 0.4 in right eye and 0.8 in left eye. The extraocular muscles were

intact and no other neurological deficit was found. Routine laboratory

investigations, including endocrinological studies, were normal. No

specific past, medical, family and psycho-social history was reported.
Abbreviations: ACM, anterior clinoid meningioma; BV, basal vein; CP,

craniopharyngioma; CT, computed tomography; DS, dorsum sellae; EF-SCITA,

endoscopic far-lateral supracerebellar infratentorial approach; ELSI, extreme-lateral

supracerebellar infratentorial approach; FTOZ, frontotemporo-orbito-zygomatic

orbitozygomatic approach; MRI, magnetic resonance imaging; PCM, posterior

clinoid meningioma; PCP, posterior clinoid process; PS, pituitary stalk.
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Computed tomography (CT) scans revealed a hyperdense lesion

on the right side of suprasellar region. The mass grew into the ambient

cistern, lying medially close to the medial temporal lobe and displacing

the midbrain posteriorly (Figure 1A). Magnetic resonance imaging

(MRI) examinations showed a homogeneously enhancing tumor

centering over the PCP (Figures 1B–E). On CT angiography, the

tumor was displacing the ICA anteriorly and encasing the right P1

segment of posterior cerebral artery posteriorly (Figure 1F). Owing to

the mass effect, the right-sided optic chiasma was up-elevated and the

pituitary stalk (PS) was slightly displaced to the contralateral side

(Figure 1E). Based on these clinico-radiological features, PCM was

proposed as the most likely diagnosis, and the EF-SCITA approach

was attempted for tumor resection (Video 1).

Surgery was performed in left lateral position after placement of a

continuous lumbar CSF drainage system. The head was placed in

upper flexion and backward rotation to allow gravity retraction of the

cerebellum. As described before, a C-shaped retroauricular incision

was performed to obtain adequate exposure of the suboccipital region

and the mastoid bone. Then, the entire transverse sinus, the

transverse-sigmoid junction, and the proximal part of the sigmoid

sinus were revealed through suboccipital craniotomy (11). The surgical

position, together with intraoperative drainage, facilitated endoscopic

explorations in the lateral superior cerebellar space (Figure 2A).

After opening the tentorium cerebelli, the tumor could be

identified in the ambient cistern. Anatomically, it was located in

front of the midbrain and was divided by the tentorial incisura into

the supratentorial and infratentorial parts. The tumor was found to

encase and compress the CN IV towards the tentorial incisura

(Figure 2B). Then, the infratentorial part was excised in a piecemeal

fashion. After stepwise tumor reduction, the CN III and the P1

segment located medially to the lesion were identified and the

tumor capsule was gently dissected away. In addition, the

supratentorial part descended to the surgery field owing to gravity

as well as surgical retraction (Figures 2C, D). During resection of the

supratentorial tumor, we observed that the tumor had dense

adhesions to the ICA and the initial part of the basal vein (BV) in

front, which were carefully dissected from the tumor (Figure 2E).

Intraoperatively, the tumor was grayish, soft, and moderately

vascular. Total tumor removal was achieved, with all neighboring

blood vessels and cranial nerves preserved. Finally, its dural

attachment could be detected at the right PCP and adjacent petrous

apex, which was coagulated under direct vision (Figure 2F).

The postoperative course was uneventful and the patient was

discharged on 7th postoperative day. Postoperative MRI demonstrated

complete excision of the lesion (Figures 3A–C). Histopathological

examinations demonstrated findings consistent with a meningioma of

meningothelial type (Figure 3D). The patient on follow-up at 1 month

had improvement in visual acuity (0.8) in right eye, with no restriction of

extra-ocular movements observed (Figure 3E).
Discussion

Clinical and radiological features of PCM

Due to their rarity and ambiguous terminologies, the true identity

of PCMs has only been recognized by Horiguchi et al. in 2008 (2).
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Later, Sodhi et al. clarified the terminology of lesions in the region of

dorsum sellae (DS) and separated PCMs (eccentrically placed

meningiomas centering on PCPs) from DS or upper clival

meningiomas (centrally located meningiomas between PCPs) (4).

On the basis of this definition, there have been only 19 reported cases

of PCMs including this study. These patients had a mean age of 54 at

the time of diagnosis and most of them were female (71.4%) (Table 1).

Anatomically, the PCP is a bony prominence at the superolateral

aspect of the DS. Anteromedial to the PCP is the PS. Anterolateral to

this process is the posterior edge of the cavernous sinus. The ICA

ascends into the posterior aspect of the cavernous sinus where the

posterior bend is formed lateral to the PCP. The bifurcation of basilar

artery lies posterior to the PCP and DS. The CN III enters the edge of

the tentorial dura lateral to the PCP in the oculomotor triangle (12,

13). Thus, meningiomas arising from PCP usually compress the PS

anteriorly and the CN III laterally or infero-laterally, and encase the

C1-2 segment of the ICA or its branches. The optic chiasm can be

even shifted superiorly or antero-superiorly as the tumor expands

anteriorly. Therefore, headache, visual disturbance, and diplopia are

common presenting symptoms. Huge PCMs also cause facial pain or

akinesia if the CN V or ICA perforators is involved (14).

The diagnosis of PCM can be challenging. Radiologically, the

“dural tail” sign is seldom detected since the tumor attachment at PCP
Frontiers in Oncology 0368
is very small. Owing to clinical and radiological similarities, some

PCMs are preoperatively misinterpreted as DS or upper clival

meningiomas, and may be even confused with anterior clinoid

meningiomas (ACM) and parasellar meningiomas. The direction of

ICA displacement may help in differentiating PCM from ACM, since

the ICA is often shifted posteriorly in the case of ACM but anteriorly

in the case of PCM (15).

Like most PCMs, the tumor in this case grew upwardly and

forwardly beyond the tentorial incisura and up-elevated the right

optic chiasma, which could account for progressively visual loss in

right eye. However, this case is unique in the tumor site presented

unlike those reported in previous studies. Intraoperatively, the tumor

was located between CN III and CN IV in the mediolateral direction.

Correspondingly, the origin of PCMwas found to occupy the junction

of the PCP and petrous apex. Thus, the protection of CN IV should

also be emphasized during surgery.
Current surgical strategies for PCM

The principles of PCM surgery are early devascularization of

tumor and careful dissection of tumor from ICA perforators, cranial

nerves, PS, and even hypothalamus (1). Several approaches have been
TABLE 1 Summary of reported cases of posterior clinoid meningiomas.

Authors Age
(years)

Sex Symptoms Surgical approach Extent of
excision

Complications Pathology

Horiguchi
et al. N =
5 (2)

N/D N/D N/D N/D Simpson G3
(3) Simpson

G4 (2)

Permanent hemiparesis (2), permanent CN
palsy (4), thalamic dementia (1), perforating

artery infarction (3)

N/D

Goto et al.
N = 5 (1)

Mean
age =
51.6

M
(3) F
(2)

N/D Presigmoidal transpetrosal (4)
Combined transpetrosal and

FTOZ (1)

Total (3) Near
total (1)
Partial (1)

None N/D

Ohba et al.
N = 1 (8)

60 M CN III palsy Transzygomatic Subtotal Hemiparesis, hydrocephalus, brainstem
infarction

Clear cell

Shukla
et al. N =
2 (3)

50 F HA, diplopia
(CN III)

Transzygomatic subtemporal Total None Transitional

41 F HA, diplopia
(CN III)

Transzygomatic subtemporal Partial Hemiparesis, hemianopsia, partial CN III palsy,
ACho infarction

Atypical

Sodhi et al.
N = 1 (4)

48 F HA, VD, HH FTOZ Near total Transient ptosis Meningothelial

Takase
et al. N =
2 (5)

54 F Ophthalamalgia FT Near total None Meningothelial

62 F Akinesia,
amnesia, VD,

HH

FTOZ Subtotal Transient hemiparesis, LSA infarction Meningothelial

Nanda
et al. N =
1 (7)

66 F Facial pain Retrosigmoid Total Transient hemiparesis N/D

Young
et al. N =
1 (6)

53 F N/D Orbitozygomatic transpetrosal Near total Mild CN III and IV palsy N/D

Present
case N = 1

67 F VD EF-SCITA Total None Meningothelial
ACho, anterior choroidal artery; CN, cranial nerve; EF-SCITA, endoscopic far-lateral supracerebellar infratentorial approach; FT, frontotemporal craniotomy; FTOZ, frontotemporo-orbito-zygomatic
craniotomy; HA, headache; HH, homonymous hemianopia; ICA, Internal carotid artery; LSA, lenticulostriate artery; N/D, not described; VD, visual deterioration.
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implemented to treat this lesion with acceptable risks, and many of

them represent variations of the classical pterional, subtemporal, or

presigmoid routes with modifications in bone resection. According to

surgical directions accessing the PCP, they could be classified into

anterolateral, lateral, posterolateral, and complex routes (Figure 4).

The transcavernous-transsellar approach was proposed for PCM

resection by Dr. Dolenc in 2003. During surgery, the sphenoid wing,

ACP, and the lateral wall of the optic canal are excised extradurally.

Then, with additional resection of the PCP and DS, the PCM could be

devascularized at the attachment and then excised (15). The classical

pterional approach allows early identification of ICA perforators and

renders direct access to the tumor through the optico-carotid and

carotico-oculomotor corridors. Common disadvantages for these

anterolateral routes include hindrance of direct approach to tumor

by anteriorly shifted ICA and risks to ICA perforators during

devascularization and debulking of the tumor through the narrow

spaces between them (5, 15). In addition, early detection of CN III is

difficult in the transcavernous-transsellar approach (15). Hence, only

soft or small PCMs might be treated with these approaches. So far,

only one case of reported PCM has been resected via fronto-temporal

craniotomy with wide splitting of the Sylvian fissure (5).

The inherent drawbacks of anterolateral approaches could be

circumvented by lateral or posterolateral approaches. In 2013, Shukla

et al. firstly reported two cases of PCM excision via transzygomatic
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subtemporal approach (3). This lateral approach is technically the

simplest approach for exposure of tentorial notch and upper clivus. A

further incision of the tentorium may be required for a wider

exposure. It is a better choice for early devascularization and

debulking, and allows for direct access to the PCP between the CN

III and posterior communicating artery after resection of small

compartment around these structures. Major disadvantages of this

approach are temporal retraction and injury to the vein of Labbe,

which might be avoided by placing a lumbar drain preoperatively (3).

In 2009, Goto et al. described their experience with five cases of

PCM resected via presigmoid transpetrosal approach. This

posterolateral route guarantees earliest coagulation of feeding

arteries of the PCM. Tracing the CN III from the normal proximal

side in the interpeduncular cistern to the involved distal side could

prevent unexpected injury of the nerve. This approach also enables

safe dissection of the antero-superiorly displaced ICA under direct

vision and provides direct exposure to the inferior surface of the optic

chiasm, PS, and hypothalamus from the posterolateral side. However,

burdensome bone drilling with related risks to hearing and facial

nerve function as well as cerebrospinal fluid leakage makes it

somewhat less desirable surgical choice. Operational complexity

also restricts the popularization of this technique (1). In 2017,

Nanda et al. reported a case of resection of a large PCM with

obvious brainstem compression via retrosigmoid approach.
FIGURE 1

Radiological evaluation of the retrosellar lesion preoperatively. (A) Preoperative CT image showing a hyperdense lesion on the right-sided of posterior
clinoid process. (B-E) Post-contrast (gadolinium-enhanced) axial (B), sagittal (C), and coronal (D, E) MRI images showing the thick enhancement of the
lesion as well as the relative position to surrounding neural structures. (F) Preoperative CT angiography images demonstrating the relative location of
tumor to the Willis’ circle and the dorsum sellae. The yellow arrows denote the posterior bend of caveronous carotid artery. The red arrow indicates the
posterior cerebral artery. The white arrow denotes the up-elevated right optic chiasma. The green arrow indicates the pituitary stalk. The blue arrow
indicates the dural detachment of the tumor on the posterior clinoid process.
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Although the most amazing finding was the extent of visualization

around the PCP region gained through this approach, the narrow

width and great depth of this working corridor pose significant risks

of neurovascular injury (7).

Size, consistency, and tumor micromorphology are the most

important determinants of the extent of resection and outcome of

PCM. Small, soft, and well-delineated tumors can be excised totally

with any of the above approaches without significant neurological

sequelae, while tumors with large size, hard texture, rich vascularity,

and multiple micro-lobules encasing perforators often result in

incomplete resection (3). Among the 19 reported PCM cases, total

resection was achieved in 9 patients (47.4%) (Table 1). It is worth

noting that removal of far anterior extension of PCM could not be

realized through lateral and posterolateral routes. Under this

condition, a basal frontotemporo-orbito-zygomatic orbitozygomatic

(FTOZ) approach with wide Sylvian fissure splitting has been

recommended. Compared with the classical frontotemporal

craniotomy, this approach provides additional anterior temporal or

subtemporal route. This surgical trajectory allows direct access to the

PCP posterior to the perforating vessels for tumor devascularization

and debulking without temporal retraction. Thereafter, the
Frontiers in Oncology 0570
devascularized tumor could be removed through the transsylvian

route (4, 5). For extremely huge and complex PCMs, a combined and

multi-staged surgical approach could be options of tailor-made

surgical strategy. In one reported case, a presigmoid transpetrosal

approach was recommended for the first stage combined with an

orbitozygomatic transsylvian approach for devascularized residual

tumor in the second stage (1).
EF-SCITA for suprasellar/retrosellar lesions

The ELSI approach was firstly described by Spetzler et al. in 2000 as

a distinct variant of the median SCITA approach for accessing the

posterolateral mesencephalon (16). Later, it proved its versatility and

clinical practicality in treating tumors residing in centrally-located

intra-axial structures like the splenium, pulvinar, brainstem, and

mesial temporal lobe as well as skull base extra-axial tumors like

petroclival meningiomas (9). With the rapid development of

neuroendoscopy, the infratentorial space has been recognized as

another optimal endoscopic operating area. Earlier anatomic studies

have addressed the possibility of endoscope-assisted or purely
FIGURE 2

Surgical procedure and nuances of the EF-SCITA approach for resection of posterior clinoid meningioma. (A) Endoscopic explorations in the lateral
supracerebellar infratentorial space and the exposure of CN IV after opening the arachnoid in the ambient cistern. (B) The exposure of the infratentorial
part of the tumor in the ambient cistern after incision of the tentorium cerebelli. (C) The exposure of the supratentorial tumor after up-elevating the
tentorium cerebelli. (D) The exposure of the PCA and CN III as well as the supratentorial tumor after debulking of the infratentorial tumor. (E) Dissection
of the supratentorial tumor from the ICA and the initial part of BV and the exposure of DS during tumor resection. (F) The exposure of PCP after total
tumor removal. BV, basal vein of Rosenthal (the initial part); Cer., cerebellum; CN III, oculomotor nerve; CN IV, trochlear nerve; CN V, trigeminal nerve;
DS, dorsum sellae; ICA, internal carotid artery; MTL, medial temporal lobe; PCA, posterior cerebral artery; PCP, posterior clinoid process; Ped.,
pedunculus cerebri; PS, pituitary stalk; SPV, superior petrosal vein; Tent., tentorium cerebelli. The black asterisks indicate the supratentorial part of the
tumor, the white asterisk denotes the infratentorial part of the tumor, and the yellow asterisks indicate the arachnoid in the ambient cistern.
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FIGURE 3

Radiological and pathological evaluation of the lesion postoperatively. (A-C) Postoperative post-contrast axial (A), sagittal (B), and coronal (C) MRI scans
performed one month after surgery showing total removal of the lesion. (D) Photomicrograph of hematoxylin-eosin staining showing typical features of
meningothelial meningioma. (E) Physical examinations at one month follow-up indicating no limitation in eye movements.
Pterional

Presigmoid transpetrosal

Retrosigmoid

EF-SCITA

Subtemporal

Dolenc

FTOZ

FTOZ

Anterolateral route

Lateral route
Posterolateral route
Complex routes

FIGURE 4

Schematic diagram of surgical approaches for resection of posterior clinoid meningiomas. Current approaches for resection of posterior clinoid
meningiomas include anterolateral approaches (the classical pterional approach and the Dolenc approach), the lateral approach (the subtemporal
approach), posterolateral approaches (the presigmoid transpetrosal approach, the retrosigmoid approach, and the EF-SCITA approach), and the complex
route (the FTOZ approach). FTOZ: frontotemporo-orbito-zygomatic orbitozygomatic approach; EF-SCITA: endoscopic far-lateral supracerebellar
infratentorial approach.
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endoscopic ELSI for accessing the posterior and posterolateral incisural

space (17–19). Clinically, endoscope-assisted or purely endoscopic ELSI

has been used for removal of supratentorial lesions, such as cavernous

malformation in the posteromedial temporal lobe and petroclival

meningiomas extending into the middle fossa, with the aid of

tentorium incision (10, 20). Based on these studies, we attempted to

treat central skull base lesions through this novel approach and have

succeed in resection of retroinfundibular CP in a recently reported case

(11). Herein, we represented a case of PCM resected via the EF-SCITA

approach. Despite with the longest working distance, endoscopy

extends our eye to see the central skull base and our hands to excise

lesions centering over the PCP.

This posterolateral approach necessitates tentorial disconnection

to traverse the tentorial incisura and arrive at the retrosellar space,

and requires working between neural structures for PCM removal in

the ambient cistern. The decompression of infratentorial tumor

facilitates the exposure and resection of the part in the

supratentorial space. As with transpetrosal approach, this approach

allows tracing the natural trajectory of CN III and IV for nerve

protection. Based on our prior experience in resection of

retroinfundibular CP, this approach also provides direct exposure

to the branches of ICA (including the PCA and anterior choroidal

artery), optic chiasm and PS from the posterolateral side (11). Thus,

this novel approach might be a promising alternative approach for

resection of suprasellar or retrosellar lesions.

Compared with the retrosigmoid view, the supracerebellar view

supplies the corridor from the medial to cranial nerves and

significantly reduces the manipulation of neurovascular complex

(21). By exploiting the natural infratentorial space, this corridor is

devoid of cortex retraction seen in frontotemporal craniotomy. This

approach also avoids other inherent shortcomings of above-

mentioned anterolateral, lateral, and posterolateral routes, such as

hearing loss, damage to the central skull-base bone, and injury of the

Labbe vein. In addition, this technique simplifies craniotomy

procedures, with a small incision that does not affects the

appearance of patients (11). Another important advantage of this

approach is high-definition wide-angle visualization and close-up

observation endowed with endoscopy, which further minimize

injury especially to various neurovascular structures behind the DS.

Concerning the small size of the tumor, only a forward viewing

endoscope was utilized in this case. The adoption of angled endoscope

will allow visualization of anatomical structures out of the axis of the

telescope and minimize the chance of tumor remnants under the

condition of large PCMs.

Despite these merits, we are clearly aware that it is not without

flaws. Firstly, endoscopy technique has difficulties when handling

deep bleeding and necessitates a steep learning curve. Secondly, it is

not entirely risk free because it may endanger the brainstem and

cerebellum, and has inherent shortcomings of suboccipital

craniotomy such as injury to the cerebrovenous system (including

the petrosal venous, transverse sinus, and sigmoid sinus). Thirdly,

unlike lateral and other posterolateral routes, tumor devascularization

could only be achieved after tumor removal owing to the final

exposure of PCP. Thus, bleeding control should be stressed

especially in resection of massive or easily bleeding tumors. Last but

not least, this case represented resection of a small PCM. Considering

the surgical corridor, it would be an ideal approach for PCMs with
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lateral extension to the temporal lobe or posterolateral extension to

the petroclival region, but may not be enough for complex PCMs with

extreme suprasellar extensions. In this situation, microscopic FTOZ

craniotomy may be needed either as an add-on or instead of the EF-

SCITA. We believe multi-corridor hybrid surgery via combined EF-

SCITA and microsurgical middle fossa approach might be an ultimate

piece of the surgeon’s armamentarium to improve outcomes in

patient with complex DS lesions.
Conclusion

To the best of our knowledge, this is the first case report describing

the EF-SCITA approach in the treatment of meningiomas situated over

PCP. Overall, this posterolateral approach is technically simple and

appears to be associated with less morbidity, which provides

neurosurgeons with a viable alternative to traditional approaches to

this kind of extremely rare lesions. However, the efficacy of this

approach for larger PCMs awaits further verifications.
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SUPPLEMENTARY VIDEO 1

Video legend This video shows technical specification of endoscopic far-lateral

supracerebellar infratentorial approach for resection of posterior clinoid
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meningioma. Firstly, endoscopic explorations in the lateral supracerebellar
space are facilitated by disconnection of the draining vein with bipolar

coagulator. Then, the ambient cistern could be exposed by opening ambient
cistern arachnoid membranes, and the CN IV and CN V could be revealed in this

process. Next, the tumor in the ambient cistern was exposed with the aid of

tentorium cerebelli incision, with special attention paid to CN IV protection. The
tumor was found to be divided into two parts by the tentorium cerebelli: the

infratentorial part and the supratentorial part. Before infratentorial tumor
debulking, tumor adhesions to residual ambient cistern arachnoid

membranes and the tentorial incisura were separated and removed. The CN
IV was found to be encased and compressed towards the tentorial incisura,

which was carefully separated from the tumor. In addition, the CN III and the P1

segment of posterior cerebral artery located medially to the lesion were
identified, and the tumor capsule was gently dissected away. Along with

tumor decompression of the infratentorial part, the supratentorial part
descended to the surgery field. During resection of the supratentorial tumor,

dense adhesions of this part to the internal carotid artery and the initial part of
the basal vein (BV) in front were found, which were carefully dissected from

these vital neurovascular structures. Finally, its dural attachment could be

detected at the right PCP and adjacent petrous apex after removal of residual
tumor, and the dural attachment was coagulated under direct vision.
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Introduction

Sinonasal malignancies represent 3% of the head and neck cancers and have an incidence

of 1/100,000 persons a year. Numerous epithelial and non-epithelial histologic subtypes are

described in this localization: squamous cell carcinomas in 50% of sinonasal tumors,

intestinal-type adenocarcinomas (ITAC) in 13%, mucosal melanomas in 7%, olfactory

neuroblastomas in 7%, adenoid cystic carcinomas in 7%, undifferentiated carcinomas in

3%, and other very rare histologies in 13% (1–3). Most sinonasal malignancies are locally

aggressive diseases. Five-year survival rates vary between 30–60%, with local recurrence as the

main cause of death. Oncologic outcomes indeed vary widely with histological subtype:

5-year overall survival rates are 50-66.2% for squamous cell carcinomas, 60.0-72.7% for

ITAC, 30.0%-35.7% for melanomas, 70.0-94.0% for olfactory neuroblastomas, 35.0-82.2% for

undifferentiated carcinomas, and 87.7% for adenoid cystic carcinoma (4).

The management of sinonasal malignancies has undergone several changes in recent

years. Surgery was initially performed through open approaches with complication rates of

33–42% and 4% of mortality. It has evolved toward minimally-invasive endoscopic surgery.

Such strategy has allowed non-inferior oncological local control (LC) and lower morbidity
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(about 7% of complications, overall) (5, 6). Endoscopic surgery is

now the mainstay of treatment in most sinonasal tumors.

Radiotherapy (RT) is often necessary as an adjuvant modality,

with or without chemotherapy, following surgery to optimize

local control. Such key decisions for the patients should be made

at multidisciplinary staff meetings before each important step

(surgery, radiotherapy, etc).

When a tumor involves the skull base and paranasal sinuses,

surgeons and radiation oncologists faced with several anatomical

challenges: 1) most of the anatomical landmarks are difficult to

identify on an CT imaging basis due to a soft-tissue CT density (but

also on MRI) and a combination of invasion and compression/

displacement of normal anatomical structures; 2) sinonasal tumors

are often pedicled, with a larger “polyp-like” intraluminal compartment

(i.e.: the portion of tumor which is growing in the sinonasal air spaces)

which is not invasive for surrounding structures; 3) postoperatively,

most of the anatomical landmarks are removed (e.g.: turbinates, sinuses

walls, crista galli…); 4) during RT administration, some changes in the

mucosal thickness and modification of collected fluid can contribute to

the amount of aeration inside the paranasal sinuses with a significant

impact on dose distribution on target volumes and organs at risk (7).

Of course, structures adjacent to sinonasal regions are also at risk and

need to be preserved. However, it is necessary to guarantee the

effectiveness of the treatment allowing good LC. Orbital preservation

best represents the compromise made to achieve acceptable oncological

results while maximizing functional outcomes (8). Therefore, sinonasal

tumors are indeed an example of multidisciplinarity and should be best

performed at high volume centers (9), a statement that of course is

challenged by the rarity of these tumors and their variable presentations

and histologies.
Interdisciplinary communication

Endoscopic surgery is a major change for radiation oncologists.

To that extent, it should be well documented and understood to

ensure tumor control. Mutual understanding of endoscopic surgery

might also be a great opportunity to not only reduce surgical

morbidity but also radiation-induced morbidity.

Planning post-operative radiotherapy (PORT) in sinonasal

malignancies is a complex task. It is inherently interdisciplinary,

requiring mutual understanding of the various reports made during

the course of treatment: the imaging report should be well

understood by the surgeon; in particular, MRI has been reported

to overestimate tumor extensions, suggesting that the surgeons

should be able to discuss with radiologists before surgery (10). It

also allows feedback from surgeons to radiologists based on

perioperative observations as a way to make imaging reports

more usable by the practicing surgeons, recognizing the

implications of imaging reports. Perioperative observations could

be enriched by neuronavigation images to correlate tumor areas

with radiologist’s assessment and also with radiation oncologists to

transpose operate findings onto postoperative the PORT planning

CT scanner.

Endoscopic endonasal resection led to tumor disassembling

into smaller tissue fragments, which may measure a few centimeters
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the surgeon (11). Standardization of oriented surgical sampling and

the way the anatomical areas are resected is key. Operative reports

may either refer to a graphical or textual list of the resected

anatomical structures. They are the basis for a common language

for all specialties involved in the management of patients with

sinonasal tumors. The pathologist can locate safe tissue fragments,

tumor sub-volumes, and can report on the quality of tumor margins

and additional surgical margins. Their analysis is essential to qualify

the quality of margins and further the dose defined by the

radiation oncologists.

Finally, historadiological correlations are needed to further

locate each fragment onto the successive planar images of the

planning radiotherapy scanner. The volumes to be irradiated are

usually determined from the imaging performed pre-operatively,

the operative and pathological reports and knowledge of anatomical

extensions. At the era of endoscopic surgery, communication

between the surgeon and radiation oncologist is critical to

accurate RT volume and dose definitions so as to ensure local

tumor control (12).

The whole process requires continuous interdisciplinary

communication. This is a strong prerequisite to further optimize

RT in a way that could reduce irradiation volumes, as local failure

cannot be an option when customizing treatments toward less

morbidity from RT.
Toward a better use of scheme
and navigation

A schematic anatomic 3D drawing was designed by Bastier and

de Gabory and validated as a tool to help clinicians to report the

surgical and pathological results of sinonasal malignancy removal

(11). Those not familiar with this figure may also use the

corresponding list table of anatomical fragments that is

necessarily report on the pathology report following surgical

minimally-invasive and annotated resection. It indicates the

extension of the surgical resection and locates all the histological

specimens. It helps in understanding the position and relationship

between each sample, which is very helpful since many fragments

are removed from the same anatomical structure during the surgery

for sinonasal malignancies. It demonstrates tumor invasion within

the resected structures and shows the free margins. The use of this

scheme makes it possible to improve the communication between

the various stakeholders and in particular the pathologist’s

understanding of the position of the various tumor portions and

the radiation oncologist’s understanding of the areas most at risk of

relapse. However, this scheme is a fragmented view of the sinonasal

anatomical spaces, which can make it difficult to represent tumors

especially in the borderline areas.

Advances in in-room imaging using surgical navigation systems

can help surgeons intraoperatively and might further improve the

rate of safe margins and may further improve oncologic outcomes

(13). The accuracy of new generation navigation systems is now

< 1 mm (14). Given the complex anatomical structures that lie in

close proximity to critical structures such as optic nerves, orbits and
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their content, optic chiasm, pituitary gland, internal carotid artery,

cranial nerves and brain, this tool helps to reduce morbidity of the

surgery. The use of surgical navigation also allows the surgeon to

combine the macroscopic view with a precise CT/MRI location as

well as to better understand the tumor implantation area. In the

future, data acquired during intraoperative navigation could be

coupled with the pre- and postoperative imaging to enhance

accuracy. The surgeon could then contour the area of the tumor

implantation during the surgery with a navigated pointer and this

contouring could automatically be transferred to the postoperative

imaging in order to facilitate understanding of the volumes at risk

by the radiation oncologist.
Radiotherapy planning

The low morbidity of endoscopic sinonasal surgeries can be

combined with modern irradiation modalities to promote

minimally invasive and maximally effective therapeutic options.

PORT planning of sinonasal malignancies, in its delineation step,

requires virtual geolocation transfer of sinonasal tumor from

preoperative views to postoperative axial CT in RT practice. This

is of pivotal importance not only for optimal delineation of the

initial macroscopical disease, but also for the selection, along with

histopathological data, target volumes at risk of harboring

microscopic disease.

Given that toxicities are cumulative between surgery and RT, these

findings point the opportunity to improve patient care and avoid

therapeutic escalation. Two trials are currently investigating de-

escalation in high-dose volumes. The French “SinocaRT” randomized

phase II trial compares dose-painting intensity-modulated radiation

therapy (IMRT) versus standard IMRT. The GORTEC 2016-02 phase

III SANTAL trial NCT02998385, investigates the use of cisplatin in

addition to PORT; it includes an arm with proton therapy. Accrual will

end in 2023 with more than 260 patients. An American trial

(NCT01586767) currently investigates the efficacy of proton therapy

on local control rate and the toxicity compared to IMRT in the treatment

of locally advanced sinonasal malignancy. Such precision RT includes

other constraints. Using minimally-invasive endoscopic technique, the

resected tumor and surrounding anatomical structures are small and

characterized by a complex shape. Therefore the dose distribution may

be geometrically complex with areas of steep dose gradients (in the order

of 1-2 Gy/mm). Complex dose geometry requires quality assurance

processes that consists in assessing whether an optimally planned

radiotherapy can indeed be delivered accurately as planned. Moreover,

the resected sinonasal areas have complex air-soft tissues/mucosae-bone

interfaces (regardless of the type of surgery). These interfacesmay change

from day to day because sinonasal cavities are variably filled in with

secretions. Secretions can change in quantity and density over the

treatment course along the beam paths and might result in inaccurate

dose delivery.

Improvements to facilitate dose-painting RT might come from

optimized reporting during the endoscopic surgery procedure. The

surgical navigation system using a digital pointer on CT images may

be exploited further by radiation oncologists when planning PORT.

If images and pointing information can be stored, these images may
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planning CT. 3D tumor reconstruction and printing might also

be another intriguing option. At present, it has been used only for

educational purposes with students or as some information aid for

patients (15, 16). It could provide a postoperative basis to improve

understanding of positive margins on the tumor anatomy

preoperatively. However, it is time consuming for the surgeons

and pathologists, and this may be selected for complex cases until

automated solutions will be available.

The sinonasal structures are anatomically complex and small and

therefore difficult to precisely delineate onCT by the radiation oncologist.

Due to the lack of specific sinonasal atlases identifying endoscopic

resection fragments, the anatomic uncertainties and the level of

confidence of using histosurgical mapping by radiation oncologists

may limit the use of dose-painting IMRT in daily practice (17). Even

more, this could be limiting for proton therapy due to the sharp dose

profiles usually achieved and a higher sensitivity to uncertainties

compared to IMRT, requiring caution to avoid unintended hot spots.

It is therefore necessary to create tools allowing radiation oncologists to

better navigate in postoperative imaging. Researches in this area should

focus on automatization of tumor and sinonasal anatomy representation

(e.g.: automatic recognition of anatomical spaces and segmentation on

CT/MRI images).
Conclusion

As surgery-related morbidity has been reduced over the years by

the contribution of endoscopic-assisted endonasal surgery, an

attempt should be made to limit postoperative sequelae of RT and

improve oncological outcomes by more precise targeting of areas at

risk of tumor extension. RT is associated with severe middle- and

long-term toxicities, suggesting efforts should be made by the

scientific community to reduce its morbidity. The first major

challenge, although there are no clinical studies on this point, is to

be able to reduce the irradiated volumes to reduce radiation-induced

morbidity and without taking an additional risk of local relapse.

Closer communication between surgeons, pathologists and radiation

oncologists, with the help of specifically designed tools, is mandatory

to achieve the next step in sinonasal malignancy management. This

may allow a better personalization of postoperative treatment to

improve LC and reduce the morbidity of combined surgical and RT.
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Advances and trends in
meningioma research over the
last decade: A scientometric and
visual analysis

Tingbao Zhang †, Yu Feng †, Kui Liu* and Zheng Liu*

Department of Neurosurgery, Zhongnan Hospital of Wuhan University, Wuhan, China
Objective: We conducted a scientometric and visual analysis of meningioma

studies in the past ten years and discussed the current status and trends of

meningioma research to provide a reference basis for conducting relevant

clinical practice or research.

Method: A search of the topic of meningioma in the Web of Science Core

Collection database was conducted for January 2012-December 2021. The

scientometric tools CiteSpace (version 5.8.R3), VOS viewer (version 1.6.17), and

the Bibliometrix package of R software (version 4.2.1) were used to visualize and

analyze the country of publication, institution, author, keywords, and cited

literature of meningioma.

Results: A total of 10,397 documents related to meningioma were collected, of

which 6,714 articles were analyzed. The annual analysis shows an increase in

published articles, with an annual growth rate of 8.9%. 26,696 authors from 111

countries or regions were involved in publishing relevant studies. The country

with the highest number of publications was the United States (1671), and the

institution with the highest number of publications was the University of

California, San Francisco (242). The keyword clustering of current studies can

be grouped into five groups: meningioma characteristics and basic research,

surgical treatment, radiation therapy, stereotactic radiosurgery, and

management of complications. Keyword trend analysis shows that

meningioma classification and molecular characteristics are emerging hotspots

for meningioma research in recent years.

Conclusion: The scientometric and visual analysis demonstrated the research

status and trends of meningioma. Over the past decade, meningioma research

has focused on managing meningiomas with a predominance of surgical

treatment and radiation therapy. At the same time, meningioma classification

and molecular characteristics are emerging as current and possible research

hotspots in the coming period.
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Introduction

Meningioma is one of the most common central nervous system

tumors, accounting for more than 30% of primary intracranial

tumors in adults, second only to glioma, and relatively rare in

children and adolescents (0.4% to 4.6%) (1, 2). Meningiomas

originate from the arachnoid cap cells in the dura mater’s inner

layer and grow more slowly; most of them are grade WHO I tumors

(2, 3). Meningioma management is primarily surgical resection and

most patients with gross total resection have a good prognosis (4).

As a result, meningioma research has not received enough attention

in the past compared to more malignant gliomas. Until the last

decade, there has been a growing interest in the study of

meningiomas, as evidenced by many studies and review articles

on the subject. For instance, many attractive new therapeutic targets

have been identified in the last decade (5). Various anti-angiogenic

drugs, genomic-targeted drugs, and immunotherapies have

performed exceptionally well in early trials (6, 7). However, a

comprehensive scientometric review of the latest research on

meningiomas is lacking. There are a few previous scientometric

articles on meningioma, including an analysis of the top 100 most

cited papers (8) and an analysis of stereotactic radiotherapy for

meningioma (9). Although these studies provide a preliminary

understanding of meningioma research, a more comprehensive

scientometric analysis of meningiomas is not available in

the literature.

The scientometric analysis is an emerging tool to quickly

explore the structure and trends of a topic or domain through

statistical methods and visualization (10–12). It can extract useful

information from a large amount of literature by identifying

relevant nodes. Currently, commonly used scientometric software

includes CiteSpace (13), VOS viewer (14), bibliometrix package of R

software (15), Science of Science (SCI2) and HistCite, etc. (16).

Among them, CiteSpace and VOS viewer are the most popular ones

due to their convenience and authority. CiteSpace is a scientometric

software developed by Professor Chaomei Chen, a leading

informatics expert at Drexel University, based on citation analysis

theory and using the Java language (17). It enables researchers to

find the most relevant topics and scientific literature in their field of

knowledge and to understand the most critical valid information.

Moreover, it clarifies the field’s development process and identifies

current research frontiers and trends. VOS viewer is a software

application for visual analysis of scientific literature developed by

Leiden University in the Netherlands to create, visualize and explore

information maps based on web data (18). VOS viewer is based on a

clustering analysis algorithm to realize scientific knowledge

mapping, showing the structure, evolution, cooperation and other

relationships in the knowledge domain. Moreover, its outstanding

feature is its graphic solid display capability and suitability for large-

scale data.

In this study, we used CiteSpace and VOS viewer in

combination with the bibliometrix package of R software for

scientometric and visual analysis of meningioma studies in the

past 10 years. Meanwhile, we used artificial statistical screening to

analyze keywords for meningioma classification, treatment, and

molecular characteristics based on scientometric analysis. The
Frontiers in Oncology 0279
combination of scientometric analysis and historical review will

identify key evidence and highlight emerging meningioma

research trends.
Materials and methods

Given that the Web of Science Core Collection (WoSCC), the

most commonly used database for scientific or scientometric

analysis, contains all the essential information used for the

analysis, we chose WOS as our data source (19). We use WoSCC

as our data source. All data were retrieved fromWoSCC on October

01, 2022, to avoid possible bias due to continuous database updates.

We used “meningioma*” as a subject search term and set the period

from 2012 to 2021, limiting the type of literature to articles. The

detailed search and analysis process is shown in Figure 1.

First, the collected data were scientometric analyzed using the

bibliometrix package of R software (version 4.2.1), including overall

characteristics, annual publications, topographic maps of national

collaborations, and trend maps of authors and keywords. Combined

with the scientometric results, bar charts of publications and

citations by country/region, institutions, authors and journals

were created using Origin 2022. Also, the H/G/M index was

added to the journal bar chart to analyze the scientometric results

on journal impact comprehensively. Then, a network graph of

country collaboration, a keyword co-citation trend graph and a

cluster analysis graph were visually analyzed using VOS viewer

(version 1.6.17). Different colors indicate the clusters in the graph,

and the collaboration or co-citation connecting lines are indicated.

The size of the circles indicates the number of documents,

references or keywords. Finally, a literature citation node analysis

was performed using CiteSpace (version 5.8. R3).to find the most

cited keywords. The parameter settings included time slices (2012-

2021) and selection criteria (cited more than 50). In addition, we

performed artificial statistical analysis of keywords based on

scientometric results to filter out the top 10 most cited keywords

in different directions and visualized and analyzed them using

Origin 2022.
Results

General characteristics and annual analysis

From 2012 to 2021, 10,397 documents were published on

“meningioma”, including 6,714 articles (Figure 2A). These articles

were published in 1217 journals by 26696 authors, with an average

of 6.94 co-authors per article; 87 of these articles were

independently authored, and another 17.32% were published in

international collaboration. 96,905 references were cited in these

articles, with an average of 11.99 citations per article. In addition,

these articles have been cited 80,501 times, with an average of 11.99

citations per article.

The annual number of publications in the last decade tended to

increase each year, especially from 2016 to 2017 (Figure 2B); the

annual number of publications increased nearly 1-fold from 483 in
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2012 to 935 in 2021, with an average annual growth rate of 8.91%.

Each country’s annual publication volume also shows a yearly

performance increase. The United States has the highest number

of publications (1671), with more than 1000, followed by China

with 928, Japan with 496, Germany with 489, and Italy with 339

(Figure 2C). Some countries, such as South Korea and France, have

concentrated their publications in the early years. In contrast, others

have concentrated in recent years, such as Denmark, Egypt, and

Saudi Arabia.
Analysis of the influence of countries/
regions and cooperation

A total of 111 countries/regions were involved in meningioma-

related research, and their differences in impact were related to the

volume of articles published (Figure 2D). The overall citation volume of

country articles was ranked the same as the volume of publications,

with the top five being the United States (27674), China (8427),
Frontiers in Oncology 0380
Germany (8293), Japan (4368), and Italy (4033). However, the

number of citations of a single article in different countries shows

varying levels. Switzerland has the highest number of citations for a

single article, with 22.64, followed by the UK with 17.96 and Germany

with 18.86. Although the US and China rank first and second in total

citations, they rank 4th and 14th in citations for a single article, with

16.56 and 9.08. The articles published in collaboration between

different institutions are mainly domestic but also partially (17.32%)

international (Figures 2E, F). The most significant inter-country

collaborations were in the United States, with China, Germany, and

Canada as the leading collaboration countries.
Analysis of institutions, authors, and
journals

These articles originated from 4835 institutions, with the top

10 publishing more than 100 articles (Figure 3A). Three of the top

five institutions are from the United States: The University of
FIGURE 1

Flowchart of Scientometric and Visual Analytics.
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California (242 articles), Mayo Clinic (208 articles), and Ohio

State University (178 articles); the other two institutions are from

China: Capital Medical University (205 articles) and Fudan

University (172 articles). The top 10 authors are shown in

Figure 3B, mainly from China (4), the United States (3), and

Germany (2), with the highest number of publications coming
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from WM (46), followed by DF from the United States and MC

from Germany (45). The distribution of the top 20 authors in

terms of publication volume is shown in Figure 3C. From the

figure, it can be seen that these authors have published at least one

article almost every year in the last ten years, with the highest

number of articles published in 2019.
A B

D

E F

C

FIGURE 2

General characteristics and annual, country and cooperation analysis. (A) General characteristics; (B) Annual analysis; (C) Publication volume and
trends in various countries; (D) Number of articles published and average number of articles cited in various countries; (E, F). Cooperation between
the various countries.
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The top 10 journals with the most articles related to

meningioma are listed in Figure 3D. The most published journal

is WORLD NEUROSURGERY (607 articles), accounting for about

one-tenth of the total number of articles, followed by the JOURNAL

OF NEUROSURGERY (265 articles) and JOURNAL OF NEURO-

ONCOLOGY (218 articles). The journals with more than 100

articles also include ACTA NEUROCHIRURGICA (194 articles),
Frontiers in Oncology 0582
CLINICAL NEUROLOGY AND NEUROSURGERY (150 articles),

and JOURNAL OF CLINICAL NEUROSCIENCE (142 articles).

However, the impact of these journals is not proportional to their

number of publications. H-index, g-index, and m-index are the

highest for JOURNAL OF NEUROSURGERY with 42, 62, and

3.818, respectively. Followed by NEURO-ONCOLOGY (36, 60,

and 3.273)
A B

D

C

FIGURE 3

Analysis of institutions, authors and journals. (A, B). The top 10 institutions and authors by published volume; (C) The time distribution of the first ten
authors’ published volume; (D) The number of articles published in the top 10 journals and their influence.
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Keyword clustering and trending analysis

The top 20 most frequently used keywords in this literature are

shown in Figure 4. As can be seen from the chart, the two most used

keywords are related to surgical resection, which are “resection” and

“surgical treatment”; the top 5 keywords are also “skull base

meningioma”, “mesenchymal meningioma”, and “gamma knife”.

Regarding period, the three keywords with the largest span were

“resection”, “mesenchymal meningioma”, and “literature”. The

keywords at the time of WOS inclusion were displayed according to

the utilization size (see Figure 5A). From the word cloud, it can be seen

that the top 5 most recorded keywords are: “tumor”, “surgery”,

“management”, “meningioma”, and “cancer”, in that order. VOS

viewer was used for co-occurring keywords, and it was found that

“classification” became a prominent new keyword around 2018

(Figure 5B). A temporal distribution of keywords using citations shows

that keywords related to tumor surgery, such as “surgery”, “resection”,

and “management”, have been used (Figure 5C). In addition, it can be

seen that the focus keywords used in the last 3 years, such as “cell”,

“microRNA expression”, and “ewelmer”, are related to basic research and

molecular characteristics of tumors. It indicates that the research hotspots

of meningioma in recent years have gradually favored basic research.
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At the same time, we also performed cluster analysis on the

keywords. The keywords with more than 50 citations were clustered

using VOS viewer (Figure 5D). We could see that these keywords

were clustered into 5 categories: (i) the red part with “meningioma”

as the main keyword was mainly related to the general

characteristics and basic research of meningioma; (ii)the green

part with “surgery” as the main keyword was mainly related to

the surgical resection treatment of meningioma; (iii)the yellow part

with “recurrence” and “radiotherapy” as the primary keywords is

mainly related to the radiotherapy treatment of meningioma. (iv)

the purple part with “stereotactic radiosurgery” as the main

keyword is mainly related to stereotactic radiosurgery for

meningioma; (v)the blue part with “intracranial meningioma” as

the main keyword is mainly related to brain edema and other

related complications.

In addition, we listed all keywords with more than 20 citations

and performed the artificial statistical analysis. First, considering

that “classification” became the most used keyword in 2018, we

screened the keywords related to meningioma classification

(Figure 5E). The figure shows that the main classifications include

those based on tumor site and pathological type. Secondly, the

keywords related to meningioma management were screened and
FIGURE 4

Top 20 keywords with the strongest citation bursts.
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summarized, and the first 10 keywords in the list are shown in

Figure 5F. As we can see from the figure, the primary treatment

modalities include surgical resection and radiotherapy or

stereotactic radiosurgery. The main content of the study is about

survival after treatment and its impact factors. Finally, considering
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that meningioma molecular characteristics research has gradually

become a hot spot in meningioma research in the past 3 years, we

screened the related keywords (Figure 5G). It can be seen that the

hot molecules in basic meningioma research include nf2, akt1, and

endothelial growth factor.
A B

D E

F G

C

FIGURE 5

Keyword clustering, trend analysis and manual analysis. (A) Keyword Cloud; (B, C) Keyword trend analysis; (D) Keyword clustering analysis;
(E) Keywords related to meningioma classification; (F) Keywords related to meningioma treatment; (G) Keywords related to meningioma
molecular characteristics.
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Discussion

Major findings

From the results of the scientometric analysis of the last 10 years

in this paper, it can be seen that: (i) in recent years, meningioma-

related research has increased annually and received attention from

various countries, with close cooperation among the countries or

regions involved in the research; (ii) some scholars and journals

have continued to focus on meningioma-related research and

achieve specific results and influence, but the influence is not

entirely consistent with the total number of articles issued; (iii) in

the last decade, the focus of related studies has been gradually

refined, with a shift from studies related to meningioma

management with surgical resection and radiation therapy as the

theme to a shift focusing on tumor differentiation and molecular

characteristics studies. In the following, we discuss three aspects of

meningioma class ificat ion, treatment , and molecular

characteristics, combining the results of this study with

related literature.
Meningioma classification

We can see from the scientometric results that in the keyword

trend analysis, “classification” was widely cited as a keyword in the

period centered on 2018. We believe this may be related to the

publication of the fourth edition of the WHO classification of

central nervous system tumors in 2016 (3). In this version of the

classification, the diagnostic terminology of “integration” with

histological and molecular information has been introduced to

improve the accuracy of diagnosis and patient treatment, which is

an essential guideline for the clinical diagnosis and treatment of

meningioma (20, 21). In the recent 2021 update of the WHO

Classification of CNS Tumors, the applicability of pathologic

histologic features to the staging of meningiomas was continued,

while the importance of biological markers for the classification of

different grades of meningiomas was emphasized (2). Therefore, in

our keyword trend analysis, we can see that meningioma-related

molecular characteristics have become a hot research topic in recent

years (see “Meningioma Related Molecular Characteristics” below).

We conducted an artificial screening and statistical analysis of

keywords related to meningioma classification. The results showed

that these keywords were mainly divided into two categories. One of

them is the anatomical classification, including skull base

meningioma (22), petroclival meningioma (23, 24), tuberculum

sellae meningioma (25), cavernous sinus meningioma (26),

olfactory groove meningioma (27) and cerebellopontine keratoma

(28), etc. The surgical approach and operative details of

meningiomas at different anatomic sites are also different. These

clinical studies mainly discuss the most suitable surgical approach

and operation for meningiomas in a particular anatomic site to

obtain better surgical prognosis for patients (29). The other

classification relates mainly to pathological features, including

malignant meningioma (30), atypical meningioma (31), anaplastic

meningioma (32), and asymptomatic meningioma (33), etc. This
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classification is primarily associated with treatment modalities and

prognosis, such as atypical and anaplastic meningiomas, which tend

to have a poor prognosis and require postoperative adjuvant

therapy (34, 35).
Meningioma treatment

The latest guidelines suggest that asymptomatic meningiomas

without occupying effects can be awaited by annual magnetic

resonance imaging (MRI) (4). However, growing or symptomatic

meningiomas with occupying effects should be treated by maximum

safe resection. Moreover, asymptomatic meningiomas managed by

observation usually show rapid growth, requiring a shift in

management to surgical resection to reduce the occupancy effect.

Most patients have a favorable outcome with maximal resection to

reduce the occupancy effect. However, the possibility of recurrence

exists for patients with incomplete resection or high-grade

meningiomas. And the higher the grade of meningioma, with

higher recurrence rates and worse survival rates (36). For

instance, compared to benign meningiomas, the 5-year recurrence

rate of total tumor excision for atypical meningiomas is 35% to 38%,

and the risk of recurrence is 7 to 8 times higher than that of benign

meningiomas (33). Therefore, postoperative adjuvant radiotherapy

or stereotactic radiosurgery should be considered for this group of

patients (34, 37).

As seen in the scientometric results of this study, meningioma

management occupies the most significant portion of meningioma

research in the last decade (38). Most studies related to meningioma

resection include surgery details, the extent of resection,

management of postoperative complications, and prognostic

factors influencing prognosis. Secondly, radiation therapy and

stereotactic radiosurgery are the other two primary management

modalities after surgical meningioma resection. Related studies

have included adjuvant therapy for specific types of meningiomas

(e.g., atypical meningioma and mesenchymal meningioma) and

their outcomes (5). In addition, we identified many studies on novel

drug treatments for meningiomas in our artificial screening and

statistical analysis of keywords. These drug treatments for

meningiomas are usually considered experimental and are used as

remedial treatments without further local treatment options (39–

41). For example, targeted drugs such as anti-angiogenic drugs are

used in the remedial treatment of meningiomas (42).
Meningioma molecular characteristics

We can see from our analysis of keyword trends that some

keywords related to meningioma molecular characteristics are

gradually increasing, such as NF2 and AKT1. The trends may be

related to the significant progress in research on meningioma

molecular characteristics in recent years. Studies have shown that

NF2 variants, including shift mutations, allelic inactivation, and

missense mutations, could be detected in approximately 60% of

meningiomas (2, 43). In addition to NF2, mutations were found in

TRAF7, SMO, KLF4, PI3K and AKT1 (44). Non-NF2 variants of
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meningiomas are more complex and include Hedgehog signaling

pathway variants (SMO, SUFU, PRKAR1A, PTCH1/2, etc.),

phosphatidylinositol 3-kinase (PI3K) signaling pathway variants

(PTEN, AKT1, PIK3CA, PIK3R1, etc.), chromosome remodeling

complex variants (SMARCB1, SMARCE1, ARID1A, PBRM1, etc.)

and other gene variants (KLF4, BAP1, POLR2A, DMD, etc.) (43).

Some molecular characteristics are associated with histological

subtypes of meningioma. For example, TRAF7 and KLF4 mutations

are molecular biological markers of secretory meningioma (43),

RAF7, POLR2A, and ATK1 mutations are markers of endothelial

meningioma (43, 45), SMARCE1 mutations are markers of clear cell

meningioma (46), and BAP1 and PBRM1 mutations are markers of

rhabdoid and papillary meningioma (47–49). Another part is

related to the degree of tumor malignancy, such as the deletion of

histone H3 K27me3 expression is closely associated with

meningioma recurrence (50–52), TERT promoter mutation and

CDKN2A/B pure deletion are molecular biological markers of CNS

WHO grade 3 meningioma (53, 54). In addition, changes in DNA

methylation levels or expression of specific genes (e.g., NRDG2,

MEG3, PDGFR, etc.) are also closely associated with the

development of meningiomas (46, 55). Based on DNA

methylation characteristics, meningiomas can be subtyped, with

differences in anatomic sites, driver genes, and clinical prognosis

among subtypes (56). The study of meningioma molecular

characteristics is beneficial for further typing of meningiomas and

diagnosing and treating tumors. It has been gradually becoming a

hot issue in meningioma research.
Conclusion

A scientometric and visual analysis of meningioma research

over the last decade demonstrates its current status and trends to

some extent. The main research direction is meningioma

management based on surgical resection, radiotherapy, or
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stereotactic radiosurgery. In recent years, with the progress of

basic meningioma research, meningioma classification and

molecular characteristics studies have gradually become hot spots

for research. In the future, research related to meningioma

molecular characteristics may further increase and significantly

influence molecular diagnosis and precision treatment

of meningioma.
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Introduction: The sellar region and its boundaries represent a challenging

area, harboring a variety of tissues of di�erent linings. Therefore, a variety of

diseases can arise or involve in this area (i.e., neoplastic or not). A total of three

challenging cases of “chameleon” sellar lesions treated via EEA were described,

and the lesions mimicked radiological features of common sellar masses such as

craniopharyngiomas and/or pituitary adenomas, and we also report a literature

review of similar cases.

Methods: A retrospective analysis of three primary cases was conducted at the

Università degli Studi di Napoli Federico II, Naples, Italy. Clinical information,

radiological examinations, and pathology reports were illustrated.

Results: A total of three cases of so-called “chameleon” sellar lesions

comprising two men and one woman were reported. Based on the intraoperative

finding and pathological examination, we noticed that case 1 had suprasellar

glioblastoma, case 2 had a primary neuroendocrine tumor, and case 3 had

cavernous malformation.

Conclusion: Neurosurgeons should consider “unexpected” lesions of

the sellar/suprasellar region in the preoperative di�erential diagnosis.

A multidisciplinary approach with the collaboration of neurosurgeons,

neuroradiologists, and pathologists plays a fundamental role. The recognition of

unusual sellar lesions can help surgeons with better preoperative planning; so

an endoscopic endonasal approach may represent a valid surgical technique to

obtain decompression of the optic apparatus and vascular structures and finally a

pathological diagnosis.

KEYWORDS

sellar region, oncology, neuroimaging, endoscopic endonasal surgery, pathology

1. Introduction

The sellar and the suprasellar regions represent a very complex area, harboring a

remarkable variety of tissues of different linings, and many diseases can arise from or

involve these areas, with a majority of them from hypophysis, both neoplastic or not (1).

Over 90% of sellar tumors are pituitary adenomas that are recently redefined as pituitary

neuroendocrine tumors (PitNETs) to underline their unpredictable behavior (2, 3). In

nearly 10% of cases, other etiologies are responsible for the mass effect in the sellar region

including gliomas, meningiomas, craniopharyngiomas, and Rathke’s cysts, and vascular
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lesions like aneurysms and cavernous angiomas may also be rarely

encountered in the sellar region (1). Rapid recognition of the

sellar masses is crucial to determine prognostic outcomes and

therefore guide management (4). Over the past century, we have

assisted a vivid development of endoscopic skull base surgery, along

with advances in diagnostic imaging techniques: The endoscopic

endonasal approach allows access to the multiple and various

lesions of the sellar–suprasellar areas that were previously accessible

only via the transcranial routes (5). The main advantage of the

endoscopic endonasal approach (EEA) lies in the possibility of

obtaining a close-up view of the neurovascular structures, reducing

overall tissue manipulation (6–8). The most common lesions

arising from this region have a distinctive radiological appearance;

however, in some cases, “unexpected” masses may mimic the

radiological characteristics typical of common sellar pathologies.

Neuroradiological detection of complex sellar–suprasellar lesions

can sometimes be extremely difficult. In recent years, the

advancement of neuroimaging has been investigated in order to

provide information to improve diagnostic accuracy, including a

description of tumor cell biology, cerebral blood perfusion, and

vascular proliferation characteristics. In this context, radiomics

has become an interesting and continuously evolving technique. It

represents a tool capable of building decision support models based

on conventional or functional imaging, thanks to the extraction of

large quantities of image features and quantitative data analysis (9).

Herein, we report three challenging cases of “chameleon”

sellar lesions treated via EEA that mimicked radiological features

of common lesions such as craniopharyngiomas and/or pituitary

adenomas, with the literature review of similar cases.

2. Illustrative cases

2.1. Case 1. Suprasellar glioblastoma

A 46-year-old man was admitted to our department with

a frontal headache and vomiting. Bitemporal hemianopsia,

spatial–temporal disorientation, and memory loss were detected

upon hospital admission. Laboratory examination revealed an

increase in the level of PIVKA (75 n.v.16–48 AU/mL). In 1996

and later in 2006, the patient underwent left and then right

orchidectomy for testicular seminoma. Brain MRI showed a

huge mass located in the median and paramedian portion

of the hypothalamus–chiasmatic region (Dmax 50 cm), with

irregular margins infiltrating the uncus–amygdaloid complex in

the hypothalamus region and the floor of the third ventricle; the

lesion presented a central colliquative necrotic component, and its

signal was relatively homogenous with slightly hypointense images

in T1 and hyperintense on T2-weighted images, with significant

heterogenous post-Gad enhancement. Signs of supratentorial

hydrocephalus were noticed. The first radiological impression

was compatible with a case of craniopharyngioma. An extended

suprasellar endoscopic endonasal approach was run for tumor

removal: Upon dural opening, the lesion appeared diffusely

infiltrating the infundibulum and third ventricle, and it presented

as a grayish-yellow tissue and was highly vascularized (Figure 2).

Intraoperative histological examination revealed the presence of a

malignant glial cell tumor. Further resection of the tumor was not

performed because the tumor adhered tenaciously to surrounding

structures. During the postoperative course, due to the presence

of supratentorial hydrocephalus, a biventricular peritoneal shunt

with a 130 cm H2O Codman programmable valve was positioned

in a second surgery. A path report revealed an IDH1-wild-

type glioblastoma. Adjuvant radio and concomitant chemotherapy

treatment were started immediately as per the STUPP protocol. The

patient died 1 year after the surgery due to the progression of the

disease (Figure 1).

2.2. Case 2. Sellar primary neuroendocrine
tumor

A 50-year-old woman with a history of cervix adenocarcinoma

was admitted to our department with a headache and visual

disturbance. MRI with enhancement post-contrastographic

revealed the presence of suprasellar mass (Dmax 3.9 cm)

with the third ventricle involvement with heterogenous

contrast enhancement compressing the optic chiasm. A

transtuberculum/transplanum endoscopic endonasal approach

was performed. A fibro-elastic and infiltrating lesion was

partially removed in order to obtain optic nerve decompression.

Intraoperative histological examination showed the presence of

atypical cells with a plasmacytoid appearance (Figure 2). The

lesion appeared very firmly adherent to surrounding structures, so,

after decompression of the optic chiasm, a small residual mass of

the tumor was left in place. Histology and immunohistochemical

staining ultimately confirmed the diagnosis of a primary

neuroendocrine tumor (Figure 3). Laboratory examination

revealed an increase in the level of neuron-specific enolase NSE

(68.7 mcg/L; v.n. <18.3). During the postoperative course, the

patient reported an improvement in visual acuity. Follow-up
18F-FDG-PET/CT revealed the absence of any localization of

the disease, while MRI showed the decompression of the optic

apparatus despite a large intra-suprasellar residual lesion.

2.3. Case 3. Suprasellar cavernous
malformations

A 21-year-old man was admitted to our department with a

headache and sudden visual loss. Ophthalmological examination

revealed 1/30 in RE with diffuse reduction of light sensitivity

and bitemporal hemianopia in LE. Endocrinological assessment

and lab essays revealed central hypercortisolism. Brain computed

tomography imaging demonstrated hyperdense large sellar and

suprasellar mass with extension into the third ventricle cavity

with the presence of calcifications. MRI showed a heterogenous

low signal in T1 images, an intermediate high signal in T2

images, and cystic with calcific components of the suprasellar

lesion. It measured ∼3 × 2, 4 × 3, and 3 cm in anteroposterior,

cephalocaudal, and transverse dimensions, respectively.

An extended endoscopic endonasal approach was performed.

During surgery, the evacuation of the intralesional blood

component of the neoformation localized inside the optic chiasm

and infundibulum of the third ventricle was performed, which
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FIGURE 1

Preoperative sagittal (A), axial (B) T2, and axial (C) T2-fluid-attenuated inversion recovery (FLAIR) sequences showed a huge mass located in the

median and paramedian portion of the hypothalamus-chiasmatic region (Dmax 50 cm), with irregular margins infiltrating the uncus-amygdaloid

complex in the hypothalamus region and the floor of the third ventricle; the lesion presented central colliquative necrotic component and its signal

was relatively homogenous with slightly hypointense in T1 and hyperintense on T2-weighted images, with significant heterogenous post-Gad

enhancement and peripherical vasogenic edema. (D) After dural opening, the lesion appeared di�usely infiltrating the infundibulum and third

ventricle, and it presented as a grayish-yellow tissue and was highly vascularized. (E) Further resection of the tumor was not performed because the

tumor adhered tenaciously to surrounding structures. (F) Histological examination revealed a highly cellular neoplasm having a fibrillary background,

composed of pleomorphic, medium-sized cells. Necrosis and microvascular proliferation were also seen (hematoxylin-eosin, original magnification

10x). (G) On immunohistochemistry, tumor cells were GFAP positive (immunoperoxidase staining, original magnification 10x). IDH1 immunostaining

was negative (not shown in the figure). ON, optic nerve; Ch, chiasm; T, tumor; Pg, pituitary gland.

appeared dislocated below; at the end of the procedure a

yellowish granulomatous formation was removed in fragments,

of dubious vascularization, but suspected of a possible, already

site of previous bleeding and adhering to the ventricular

walls. Considering its high vascularity and the difficulty of

dissection from the adjacent structures, a subtotal resection of

the lesion aiming at optic nerve decompression was achieved

(Figure 4). Histopathological examination was consistent with

cavernous malformation.

The patient’s visual acuity improved on postoperative day 3,

and MRI showed decompression of the optic apparatus despite a

large intra-suprasellar residual lesion. A second-stage surgery was

proposed to the patient to obtain a more radical excision, but

he refused. The neuro-oncological multidisciplinary team meeting
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FIGURE 2

Preoperative sagittal (A) and coronal (B), post-gadolinium MRI scan showing a suprasellar mass (Dmax 3.9 cm) with the third ventricle involvement

and heterogenous contrast enhancement compressing the optic chiasm. (C) After dural opening, (D) a fibro-elastic and infiltrating lesion was

partially removed in order to obtain optic nerve decompression.

discussed the case, and considering the patient’s decision, the

patient underwent stereotactic radiosurgery. At the follow-up visit

after 6 and 12 months, the residual lesion is stable, and the

patient did not develop any new neurological signs maintaining the

visual improvement.

3. Discussion

Tumors of the sellar region account for ∼10–15% of all

brain tumors, and a large variety of non-neoplastic, inflammatory,

vascular, or developmental lesions can be found in this region

(10, 11).

Pituitary adenomas constitute over 90% of sellar masses, while

the remaining 10% of the lesions includes pituitary-origin tumors,

such as craniopharyngiomas, Rathke’s cleft cysts, and astrocytomas,

and non-pituitary origin lesions, such as meningiomas, germ

cell tumors, chondrosarcomas/chordomas, giant cell tumors,

epidermoid cysts, and metastatic lesions (12).

According to previous data, rare sellar lesions represent a

heterogeneous group of non-adenomatous lesions that deserve

special care regarding their surgical and clinical management

(1, 13). A total of 2,452 consecutive patients were operated on

via an endoscopic endonasal approach for the removal of a

sellar/parasellar lesion at the Division of Neurosurgery of the

Università degli Studi di Napoli Federico II, Naples, between

January 1997 and January 2023; of them, a total of 118 rare sellar

lesions were identified (4.8%). Somma et al. (1) affirmed how

several signs (i.e., DI and ophthalmoplegia) and neuroradiological

features (i.e., intense and homogeneous contrast enhancement,

invasive aspect of the lesion) should induce suspicion of non-

adenomatous diseases. In the three cases reported, the suspicion

of rare/unexpected sellar lesions was low due to the non-

pathognomonic clinical presentation and radiological appearance.

Brain MRI is routinely adopted for diagnosis and proper

identification of sellar lesions details and features; however,

MRI appearance of different sellar/parasellar lesions can be

very similar though misleading (14, 15). The differentiation

between several tumor types based on radiological features can

sometimes be difficult on conventional radiological examinations

because of the overlapping MRI findings (16). Based on

recent studies, MRI imaging can provide information on the
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FIGURE 3

(A) Hematoxylin–eosin slides showed a hypercellular tumor composed of large, epithelioid, often nucleolated cells, with abundant cytoplasm,

arranged in a “vertebral-like” fashion (hematoxylin–eosin, original magnification 40x). (B) Tumor cells were positive for pancytokeratin (AE1/AE3;

immunoperoxidase staining, original magnification 10x). (C) Neuroendocrine markers were consistently positive, as for synaptophysin shown in the

figure (immunoperoxidase staining, original magnification 10x). (D) The cellular proliferation index Ki67 was nearly 70–80% (immunoperoxidase

staining, original magnification 10x).

consistency of macroadenomas, craniopharyngiomas, and germ

cell tumors (17); Khant et al. (18) demonstrated how the

TSE-ADC images may aid to differentiate craniopharyngioma

from pituitary adenomas, and DWI sequences should distinguish

craniopharyngiomas from germ cell tumors. Other imaging

modalities, such as somatostatin receptor scintigraphy, can

help in the differential diagnosis (19). Although the presence

of unusual sellar masses is rare, suspicion should always be

based on the history, clinical presentation, and radiological

appearance. The diagnostic workup and management in these

cases should require a specialized multidisciplinary team including

neurosurgeons, neuroradiologists, endocrinologists, oncologists,

and pathologists.

3.1. Glioma

Glioblastoma (GBM) is the most common adult brain

tumor, occurring in the subcortical white matter of the cerebral

hemispheres (20). From the literature review, only five cases

of sellar and suprasellar GBM have been reported. In all

cases, sellar GBM mimicked common sellar lesions, such as

pituitary macroadenoma and/or craniopharyngioma; four cases

underwent surgery via endoscopic endonasal surgery, and two

cases underwent transcranial surgeries. Lemm et al. (21) reported

two cases with preoperative suspect of craniopharyngiomas;

Mahta et al. (22) and Anvari et al. (23) reported in both cases

the preoperative workup pointed toward the suspicion of a

pituitary macroadenoma. The case reported by Deng et al. (24)

was a 42-year-old woman with an intra- and suprasellar not

well-defined lesion, presenting headache, amenorrhea, diabetes

insipidus, visual loss, and visual field defect. In five of six cases,

including our case (Case 1), the sellar GBM originated from the

hypothalamic/pituitary axis and from the pituitary gland. Thus, the

onset symptoms were endocrinological abnormalities and visual

and cognitive disturbances.

Sellar and/or suprasellar gliomas are usually low-grade

glioma, i.e., optic nerve pilocytic astrocytoma associated with

neurofibromatosis NF-1 (25). Appearance on MRI may vary;

glial lesions can appear hypodense or isodense and, in some

cases, hyperdense. The presence of calcifications is rare; in these

cases, the lesion appears isointense on T1 and lacks a cystic

component (26). The rarity of malignant gliomas lies in uncommon

localization in this region and in their heterogeneous presentation

on neuroimaging, making this diagnosis very challenging before

obtaining the tissue for histological analysis. Radiographically,

craniopharyngioma is characterized by heterogeneous solid tissue,

cystic regions, and calcification. In T2-weighted images, the cysts

are predominantly hyperintense, and the solid components present

a heterogeneous signal. Post-contrast, there is a heterogeneous

increase in contrast of the solid portions, as well as of the walls

of the cysts (27). The presence of protein, cholesterol, and/or
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FIGURE 4

Preoperative sagittal (A) axial (B) post-gadolinium, and sagittal (C) T2 MRI scan demonstrated a suprasellar mass with heterogenous low signal in T1

images and an intermediate high signal in T2 images, with cystic and calcific components of the lesion. Axial (D) susceptibility-weighted imaging

(SWI) showed signal dropout (hypointensity) in the sellar region. The lesion measured ∼3 × 2,4 × 3, and 3 cm on anteroposterior, cephalocaudal, and

transverse dimensions. (E) After dura opening, the evacuation of the intralesional hemorrhagic component localized inside the optic chiasm and

infundibulum of the third ventricle was performed, which appeared dislocated below; (F) at the end of the procedure, a yellowish granulomatous

formation was removed in fragments of dubious vascularization but suspected of a possible, already site of previous bleeding and adhering to the

ventricular walls. ON, optic nerve; T, tumor. *Calcification.
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methemoglobin may determine a high signal, which would bemore

likely encountered in craniopharyngioma.

Albeit gadolinium enhancement MRI is observed in both

craniopharyngioma and high-grade gliomas, the latter are less

likely to present cystic degeneration and calcifications (28). In the

differential diagnosis of lesions with central necrosis, the presence

of a brain abscess is also included. In this case, correlation with

clinical status, i.e., the presence of infectious signs like fever and

increased inflammatory indices together with diffusion-weighted

imaging (DWi), with diffusion restriction in the abscess, may help

in the differential diagnosis between these two rare entities.

3.2. Primary neuroendocrine tumor

Neuroendocrine tumor (NET) arises from the neoplastic

transformation of enterochromaffin cells (29). These epithelial

cells are usually found in all human organs, especially in the

gastrointestinal tract and respiratory system (29, 30). According

to the recent literature, two cases of sellar primary intracranial

NET have been reported (31, 32). Liu et al. (31) reported a

case of sellar/suprasellar NET. This is a case of a patient who

underwent a single nostril transsphenoidal approach to obtain

a gross tumor removal. The pathological diagnosis revealed

the presence of high-grade small cell NET, and the patient

died after 3 months of extensive metastases. Nasi et al. (32)

reported a successful case; after a subtotal resection by an

endoscopic endonasal approach, the patient underwent fractioned

stereotactic radiotherapy (total irradiation dose 43.1Gy) and

polychemotherapy (cisplatin, ifosfamide, and etoposide). Four

years later, the follow-up MRI showed a stable residual disease

without any neurological complications.

Usually, patients with NET do not have specific clinical features,

but in presence of functional tumors, they may develop endocrine

symptoms from secreting one or more hormones, while non-

functional tumors may affect pituitary gland function leading

hypopituitarism (33). In our case, the lesion invaded the suprasellar

region with compression of the optic chiasm and third ventricle

involvement, without endocrine dysfunction.

CT and MRI are not specific radiological investigations

for these tumors; as demonstrated by our case, NET presents

MRI findings similar and compatible with other more common

pathologies of the sellar region, such as pituitary adenoma,

meningioma, and metastases (34). It is known as NETs express

somatostatin receptor subtypes type 2 and 5; therefore, in these

cases, it would be useful for diagnostic purposes to perform a

somatostatin receptor scintigraphy. Scintigraphy may aid in the

differential diagnosis, as well as staging and monitoring of this

tumor (31, 33). It has been shown that a PET scan with 11C-5-

hydroxytryptophan can be effective in tracing small NETs, with

a significantly higher detection rate than somatostatin receptor

scintigraphy in most cases (30, 31, 34). On the contrary, since

NET is characterized by low cellular proliferative activity and high

differentiation rate, positron emission tomography scanning with

18F-labeled fluorodeoxyglucose is not a technique to detect this

tumor (35).

3.3. Cavernous malformation

The cavernous malformation (CM) can affect any cerebral

region, but it is more frequent as it tends to affect the subcortical

areas of the frontal and temporal lobes, while in the posterior

fossa, it tends to involve the pons and the cerebellar hemispheres,

however, medulla involvement is uncommon (36). However, in rare

cases, the sellar region is involved (37). Impaired vision and/or

cranial nerve palsies are common clinical findings, but all of these

manifestations cannot aid in differentiation since they are usually

present in other common pathologies (e.g., pituitary adenomas,

meningiomas, craniopharyngiomas, and Schwannomas) (38).

However, in the literature, some MRI features have been reported

that could raise the suspicion of CM of the sellar region. Indeed,

the presence of a hyperintense signal in T2 sequences associated

with delayed centripetal contrast enhancement on MRI images

could raise suspicion (39). Due to the high vascularity and profuse

bleeding of the lesion during surgical removal, a subtotal resection

to obtain neurovascular decompression followed by radiotherapy

might be considered the most effective strategy of treatment.

To date, only 16 operated cases were reported in the current

literature, and total resection was achieved in two cases (37, 40–

44). Multiple surgical approaches have reportedly been utilized

including pterional and subfrontal craniotomies or sublabial,

transseptal, and endoscopic endonasal transsphenoidal approaches.

Maximally safe resection should be performed, including

decompression of the optic apparatus and cavernous sinus.

Therefore, considering the nature of the lesion and its anatomical

extension, an endoscopic endonasal approach (EEA), which

allows easier access and feasible debulking of sellar masses,

is advocated (38, 45–52). In case of preoperatively suspected

and intraoperative confirmation of sellar CM via frozen section,

partial resection should be attempted, paying particular attention

to obtain complete hemostasis. Additional treatments, such as

stereotaxic radiosurgery, should be considered for the management

of the residual lesion, after histological confirmation, in order to

avoid further morbidity (25). Radiation therapy has been used

successfully both before and after surgery and is recently considered

an effective treatment with an average 54% reduction in tumor

volume (53). Given the excellent results of radiotherapy treatment

and the low possibility of obtaining a total resection, surgery

remains a controversial treatment modality, if not for biopsy.

4. Future perspectives

The recent advancement of the radiological technique is

increasingly used by the surgeon, to plan the type of approach

and the best treatment modality. Recent studies highlight how

machine learning can provide additional information to support

clinical decisions for neuroradiologists and neurosurgeons (40, 41).

Histogram analysis, as part of quantitative plot analysis, evaluates

the internal structure of tumors by analyzing the distribution

of pixels or voxels in the image, which may not be visually

perceptible to the human eye. Recent evidence suggests that it can

be used to predict, for example, the histopathological and genomic

characteristics of tumors and the response to treatment; it helps to

evaluate the consistency and therefore be able to identify the tumor
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before histological evaluation (41). The possible clinical application

of machine learning and radiomics of the sellar masses and other

brain neoplasms, in general, should be adapted in a clinical model.

Two systematic reviews performed by Saha et al. (54) and Qiao (55)

summarize the application of machine learning in imaging analysis

of the sellar lesion but only in pituitary adenomas. However,

further research is necessary to understand the correct model that

is most effective for the differential diagnosis and characterization

of sellar lesions.

Neurosurgeons should consider the “unexpected” lesions

of the sellar/suprasellar region in the preoperative differential

diagnosis. The multidisciplinary approach with the collaboration

of neurosurgeons, neuroradiologists, and pathologists plays a

fundamental role. The proper diagnostic assessment of the

sellar masses may help surgeons with better preoperative and

postoperative planning, and in this scenario, the endonasal

endoscopic approach could represent a fundamental surgical

technique to obtain both a proper neurovascular structures

decompression and a pathological diagnosis.

5. Conclusion

The presence of unusual sellar and suprasellar lesion features

at the MRI associated with a rapidly worsening clinical course,

altered hormonal profile, and cognitive disturbances should raise

the suspicion of uncommon sellar lesions. From a radiological

standpoint, the possibility of a malignant tumor diagnosis should

be considered in case of evidence of invasion and infiltration

of the surrounding tissues. Progress in imaging studies may

help differentiate among the variety of possible lesions involving

the suprasellar area. Further research and case series should be

carried out in order to improve diagnosis and provide a proper

strategy to ameliorate outcomes and ensure the overall survival of

these patients.
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Imaging biomarkers associated
with extra-axial intracranial
tumors: a systematic review

Navodini Wijethilake1*, Oscar MacCormac1,2,
Tom Vercauteren1 and Jonathan Shapey1,2

1School of Biomedical Engineering and Imaging Sciences, King’s College London,
London, United Kingdom, 2Department of Neurosurgery, King’s College Hospital NHS Foundation
Trust, London, United Kingdom
Extra-axial brain tumors are extra-cerebral tumors and are usually benign. The

choice of treatment for extra-axial tumors is often dependent on the growth of the

tumor, and imaging plays a significant role in monitoring growth and clinical

decision-making. This motivates the investigation of imaging biomarkers for these

tumors that may be incorporated into clinical workflows to inform treatment

decisions. The databases from Pubmed, Web of Science, Embase, and Medline

were searched from 1 January 2000 to 7 March 2022, to systematically identify

relevant publications in this area. All studies that used an imaging tool and found an

association with a growth-related factor, including molecular markers, grade,

survival, growth/progression, recurrence, and treatment outcomes, were

included in this review. We included 42 studies, comprising 22 studies (50%) of

patients with meningioma; 17 studies (38.6%) of patients with pituitary tumors;

three studies (6.8%) of patients with vestibular schwannomas; and two studies

(4.5%) of patients with solitary fibrous tumors. The included studies were explicitly

and narratively analyzed according to tumor type and imaging tool. The risk of bias

and concerns regarding applicability were assessed usingQUADAS-2. Most studies

(41/44) used statistics-based analysis methods, and a small number of studies (3/

44) usedmachine learning. Our review highlights an opportunity for future work to

focus on machine learning-based deep feature identification as biomarkers,

combining various feature classes such as size, shape, and intensity.

Systematic Review Registration: PROSPERO, CRD42022306922

KEYWORDS

extra-axial, intracranial, biomarker, marker, imaging, growth, tumor neoplasms
1 Introduction

Extra-axial brain tumors occur at anatomical sites external to the brain parenchyma

and account for approximately half of all adult intracranial neoplasms (1). The main

anatomical locations from which these tumors most commonly arise include the

supratentorial dural region, cerebellopontine angle (CPA) region, sellar and suprasellar

regions, pineal region, and intraventricular region (2).
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Neoplasms identified as extra-axial brain tumors include

meningiomas, metastases, vestibular schwannomas, solitary

fibrous tumors, and pituitary tumors. Meningiomas are the most

common supratentorial dural-based masses and most frequently

arise from the meninges overlying the cerebral convexities. Dural-

based metastases from other primary malignancies can also occur,

although they are much rarer. Vestibular schwannomas (VS) are the

most common tumor type found within the CPA. Meningiomas

and metastases also develop less frequently in the CPA region.

Pituitary adenoma is the most common tumor found in the sellar

region, and macroadenomas often extend into the suprasellar

region. Meningiomas are also found in the sellar region,

originating from the tuberculum sellae, although these are much

less common (2). Out of all primary brain and other central nervous

system (CNS) tumors, 39.2% arise from the meninges, while 18.1%

arise from the pituitary and craniopharyngeal ducts (1). Thus,

extra-axial tumors comprise over half of all brain and CNS

tumors in the USA, and behaviorally, most extra-axial tumors are

non-malignant (1).

Meningioma is the most common extra-axial intracranial

neoplasm, and 81.2% of meningiomas are located in the cerebral

meninges. Meningiomas are most common found in children aged

0–14 years, and incidence increases with age. This tumor type is

most common among adults over 65. Furthermore, meningiomas

are also more common in females compared to males and are

thought to arise from the arachnoid cap cells in the arachnoid layer

of the meninges (1). In the 5th edition of the WHO CNS tumor

classification, meningiomas are grouped into three main grade

categories (WHO grades 1–3) that involve 15 different

histological subtypes (3). However, a wide range of histological

patterns can be seen in meningiomas, and some exhibit mixed

patterns. WHO grade 1 tumors are generally slow-growing, whereas

grade 2 meningiomas typically demonstrate a higher rate of growth

and recurrence following resection (4). WHO Grade 3

meningiomas are the most aggressive, accounting for about 1.2%

of meningiomas in the US (5).

Pituitary region tumors are the second most commonly

reported brain and CNS tumor histology, with an incidence of

4.36 per 100,000 people. These tumors are also more frequently

reported in females than in males. Neoplasms located in pituitary

and craniopharyngeal ducts are the most common tumor among

children and adolescents (age 0–19 years) (1). Pituitary tumors are

not categorized into the WHO grading system; however, the WHO

has classified pituitary tumors (most of which are pituitary

adenomas) into subtypes based on the immunohistochemistry of

pituitary hormones and other molecular and pathological markers.

The transcription factors PIT-1, T-PIT, and SF-1 that are involved

in the development of pituitary tumors are closely assessed for their

characterizations (6). Importantly, these subtypes do not

characterize the invasion, recurrence, or aggressiveness of

adenomas. Nevertheless, the tumor size and its invasion into the

cavernous sinus demonstrated on imaging are considered indicators

of recurrence and aggressiveness. In addition, other subtypes that

have been shown to be more aggressive (known as high-risk
Frontiers in Oncology 0298
adenomas) include sparsely granulated somatotroph adenomas

(growth hormone-releasing tumors) and lactotroph adenomas

(prolactin-releasing tumors) in males (7).

Nerve sheath tumors are the third most common non-

malignant brain and CNS tumors, of which 75% occur in the

CPA (1). VSs arise from Schwann cells in the vestibulocochlear

nerve and have unpredictable clinical behavior (8). Approximately

95% of VSs are sporadic unilateral tumors. Bilateral tumors are

typically caused by a neurofibromatosis type 2 (NF2) genetic

alteration (9). However, the NF2 mutations can also cause

increased growth patterns in the sporadic VSs and can be

considered a marker of VS tumor growth (10).

Solitary fibrous tumor/hemangiopericytoma (SFT/HPC) are

rare intracranial extra-axial tumor types. These two types have

different origins and prognoses, with the SFT phenotype having

benign behavior while the HPC phenotype having a higher

recurrence rate and malignant behavior (11). However, the fifth

edition of the WHO Classification of Tumors of the Central

Nervous System (CNS) introduces a single term (‘solitary fibrous

tumor’) for both, rather than SFT/HPC, and a three-class CNS

grading scheme based on histological phenotype and mitotic

activity (3). Classic SFT phenotypes are considered WHO grade

1, and HPC phenotypes are considered grades 2 and 3 (12).

A biomarker is an indicator that can be either qualitative or

quantitative and can depict an underlying biological process, a disease

condition, the severity of the condition, or a response to a therapeutic

intervention (13). Traditionally, biomarkers are obtained using

molecular-level analysis of the disease. However, in the past couple

of decades, advancements in medical imaging have enabled the

obtainment of anatomic, functional, metabolic, and physiological

measurements that can reflect such molecular substrates of diseases.

These measurements are called imaging biomarkers—the features or

characteristics that can be determined using medical images such as

magnetic resonance imaging (MRI), diffusion-weighted imaging

(DWI), perfusion-weighted imaging (PWI), positron emission

tomography (PET), etc. (14).

Recently, there has been a growing interest in identifying

imaging biomarkers related to oncology due to the rising

emphasis on personalized cancer management, also called

precision cancer medicine (90 14). Imaging is used widely, from

tumor detection to staging, monitoring therapy, surgical planning,

and surveillance. Imaging biomarkers can therefore play a pivotal

role in optimizing patient management and outcomes. The non-

invasive behavior of imaging biomarkers has a great potential to

provide a comprehensive measurement over the other invasive

biomarkers, which only reflect a fragment of a spatially or

temporally heterogeneous tumor. Systematic reviews had been

conducted to explore the imaging biomarkers of various brain

tumors, including gliomas and neuro-oncology (15, 16). But to

the best of our knowledge, this is the first systematic review to focus

on intracranial extra-axial brain tumors.

This review guides the design of future studies looking at imaging

features or biomarkers that may be used as tools for developing

personalized treatments for extra-axial brain tumors. Early medical
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imaging research used basic statistical analysis to investigate

associations with tumor prognostic factors. Laterally, interest has

moved towards using machine learning and deep learning algorithms

for tumor segmentation and prognosis analysis (17, 18). This

motivated us to look at the imaging and analysis techniques used

to evaluate extra-axial tumors and how this work has evolved over

time to incorporate methodological advancements.

In this review, we summarize the imaging biomarkers

associated with the growth or poor prognosis of intracranial

extra-axial neoplasms.
2 Methods

The Preferred Reporting Items for Systematic Reviews and

Meta-Analyses (PRISMA) Statement and 2020 updated guidance

were used for the preparation of this manuscript (19). The study

was registered on PROSPERO, an international prospective register

of systematic reviews (CRD42022306922)1.
2.1 Search strategy

A structured search was performed on the Pubmed, Web of

Science, Embase, and Medline databases and included studies from

1 January 2000 to 7 March 2022. The following boolean search

criteria were applied:
1 h

Fron
1. (‘dural-based mass’ OR ‘extra-axial brain tumor’ OR

meningiomas OR ‘brain metastasis’ OR neurofibroma

OR ‘peripheral nerve sheath tumors’ OR schwannoma

OR ‘solitary fibrous tumor’ OR ‘hemangiopericytoma’ OR

epidermoid OR ‘pituitary adenoma’ OR ‘pituitary

macroadenoma’ OR ‘pituitary microadenoma’ OR

‘pituitary tumor’) AND

2. (imaging OR radiomics) AND

3. (biomarker OR marker) AND

4. (growth OR prognosis OR risk)
2.2 Study selection

The articles included in this systematic review were written in

English and were peer-reviewed. The eligibility criteria included:
1. the study must not be a case study or a review; and

2. an imaging technique was utilized; and

3. all the subjects used in the study had extra-axial tumors; and

4. the study used imaging feature(s); and

5. the study has assessed the association with growth or

growth-related factor.
ttps://www.crd.york.ac.uk/prospero.
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Full articles were obtained by the first author (NW) and further

assessed for eligibility by two independent reviewers (NW and

OM). Any discrepancy was resolved through mutual review with

the senior author (JS). Covidence was used as a supporting tool

throughout the filtering process2.

In total, 811 studies were filtered by searching databases. After

the removal of duplicates, 589 studies were screened by going

through the titles and abstracts. This was followed by full-text

screening of 49 studies. Six studies were excluded after applying the

eligibility criteria. A total of 43 studies satisfied the inclusion criteria

and were included in the descriptive analysis 1 (Figure 1).

In addition, we defined the outcomes the study should analyze.

Since our main aim of the study was to identify growth-related

imaging biomarkers, we defined the outcomes we included at the

eligibility stage. Studies that assessed imaging biomarkers related to

growth related molecular, histopathological, and other markers

were considered. Moreover, studies with tumor size monitored

before and after treatment, where other pre-treatment imaging

biomarkers were assessed, were included. Studies with outcomes

not related to growth were excluded.
2.3 Data extraction

The included studies were descriptively analyzed based on two

main, predefined categories:
2 h
1. type of neoplasm,

2. imaging tool used.
In the Results section, we discuss our observations in detail.
2.4 Quality assessment

The Quality Assessment of Diagnostic Accuracy Studies-2 tool

(QUADAS-2) was used to assess the methodological quality of all

included studies (20). A quality assessment was performed by the first
FIGURE 1

PRISMA flow diagram for the article selection.
ttps://www.covidence.org.
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author (NW). The risk of bias and applicability concerns were assessed.

The risk of bias assessment was performed using four QUADAS-2

criteria: i) patient selection; ii) index test; iii) reference standard; and iv)

flow and timing. All criteria were scored as ‘low risk,’ ‘high risk,’ or

‘unclear.’ Studies that failed to comment on the criteria or partially

commented on the criteria were considered ‘unclear.’
Fron
• For patient selection criteria to be ‘low’ risk, patient samples

should have been consecutively or randomly selected, and

inappropriate exclusions should have been avoided;

otherwise, studies were considered ‘high’ risk.

• For the index test, we considered imaging biomarker

extraction. If feature extraction was performed blinded to

the reference standard, the index test was assessed as ‘low’

risk. If not blinded, the risk of bias is considered ‘high.’

• For the reference standard, we considered outcome-related

measurements. In our study, this included histopathological

details such as tumor grade and mitotic index. We assessed if

this reference standard was acquired while blinded to the index

test. Studies fulfilling the criteria were assigned a ‘low’ risk, while

those that did not fulfill the criteria were assigned a ‘high’ risk.

• For the flow and timing criteria, we assessed if all the patients who

went through the index test received the reference standard and

whether they received the same reference standard. Studies

fulfilling the criteria were assigned a ‘low’ risk, while those that

did not fulfill the criteria were assigned a ‘high’ risk.
Study applicability was assessed on three criteria: (i) patient

selection, (ii) index test, and (iii) reference standard. The studies

were assigned ‘low,’ ‘high,’ or ‘unclear’ based on the conduct or

interpretation of each criteria related to the review question we

addressed (can be related, not related, or unclear).
3 Results

The imaging biomarkers of the included studies were extracted

using four main imaging tools: conventional MRI, DWI, PWI, and

PET. Further, the included studies have conducted the corresponding

analysis on three main tumor neoplasms: meningiomas, pituitary

tumors, and VSs, as we identified after the data extraction. In this

section, we explicitly describe the included studies in relation to the two

aspects mentioned above. Table 1 summarizes the included studies.
3.1 Imaging tools used in neuro-oncology

In this section, we discuss the imaging tools used in the studies

we included. Conventional MRI was often used, as it is also used

routinely in the clinical workflow of extra-axial brain tumor

management. Additionally, other tools such as DWI, PWI, and

PET were used in the studies we included.

3.1.1 Conventional MRI
MRI is considered the workhorse of brain tumor imaging. MRI

can provide macro-structural anatomical information for basic
tiers in Oncology 04100
diagnosis and screening of tumors and is routinely used for

conventional MRI sequences: T1-weighted MRI (T1) and T2-

weighted MRI (T2). Spin echo, fast-field echo, and turbo spin

echo are the main techniques used to acquire the above sequences

(65). Fluid-attenuated inversion recovery (FLAIR) is the third most

commonly used sequence, an inversion recovery sequence with a

long inversion time.

T1-weighted MRI may also be acquired after gadolinium

contrast agent injection. Contrast-enhanced MRI depicts certain

attributes related to the pathophysiology of the tumor by enhancing

morphological details within the tumor and also provides basic

indications of response to therapy treatments (66). However,

contrast agents also carry certain (albeit small) risks associated

with patient safety and are also costly compared to imaging without

contrast agents.

This imaging tool does not expose the patient to ionizing

radiation, posing a low risk. Due to its high sensitivity, MRI is

frequently used in brain tumor diagnosis and assessment. In

particular, FLAIR is used to detect tumor infiltration beyond the

limits of the identified mass (66).

Some advanced MRI techniques, such as DWI and PWI,

provide precise, visually differentiable information on

microstructural, biophysical, and cellular processes that are also

quantitative compared to conventional MRI sequences.

As mentioned above, the routine usage of MRI in clinical

workflow is the key motivation behind using conventional MRI in

most of the included studies (30). Conventional MRI is more

feasible than other advanced imaging techniques (36), and the

clear tissue differentiation seen with conventional MRI can

provide a region of interest for feature extraction from other co-

registered sequences such as DWI (55).

3.1.2 Diffusion-weighted imaging
DWI is extensively used to provide insight into the microscopic

tissue structure in neuro-oncology using qualitative and

quantitative measures. DWI measures the Brownian motion of

water molecules between the intracellular and extracellullar

spaces, as well as within the extracellular space. Thus, it is

sensitive to fine physiological changes that occur in the tissues

(67). DWI does not require the administration of contrast agents

and utilizes the conventional spin-echo T2 imaging sequence, in

which two additional gradient pulses are applied. When water

molecules are in low motion, DWI generates a high signal; this is

known as a restriction. The parameter controlling the diffusion

sensitivity of DWI, known as the “b value,” depends on the gradient

amplitude, duration of the applied gradient, and time gap between

two gradients. DWI is useful in tumor detection as it can

differentiate tumors as they are more cellular than normal tissue,

causing diffusion reduction/impairment (68).

The apparent diffusion coefficient (ADC) map provides a

measure of the diffusion magnitude from the DWI by eliminating

T2 weighting. ADC maps are frequently used as a visual, qualitative

measure. In addition, ADC values can be extracted for specific

regions of interest from the ADC map as a quantitative measure.

The microstructural information about cellular density is reflected

in the ADC measurements and has proven to be useful for
frontiersin.org
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Study Imaging Tool Feature Class Tool

Conventional
MRI

DWI PWI (DCE-MRI,
DSC-MRI)

PET Other Intensity/first
order statistics

Heterogeneity
and texture

Size, Shape, location
and Volume

Peritumoral
radiomics

Statistical
Analysis

Learning
Model M

Meningiomas

Takeda et al. (21) × × × ×

Ginat et al. (22) × × × ×

Tang et al. (23) × × × ×

Seystahl et al. (24) × × ×

Shi et al. (25) × × × ×

Gihr et al. (26) × × × × ×

Gihr et al. (27) × × × ×

Keil et al. (28) × × × ×

Bashir et al. (29) × × ×

Chen et al. (30) × × ×

Loewenstern et al.

(31)

× × × ×

Lu et al. (32) × × × ×

Bashir et al. (33) × × × ×

Bashir et al. (34) × × × ×

Hess et al. (35) × × × × ×

Park et al. (36) × × ×

Sun et al. (37) × × ×

Yu et al. (38) × × × × × ×

Bozdağ et al. (39) × × × × ×

Buizza et al. (40) × × ×

Feraco et al. (41)

Gill et al. (42) × × ×

Pituitary tumors

Pan et al. (43) × × × ×

Mahmoud et al.

(44)

× × × × ×

Zhang et al. (45) × × × ×

Heck et al. (46) × × × ×

Ceccato et al. (47) – – – – – × ×
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Study Imaging Tool Feature Class

Conventional
MRI

DWI PWI (DCE-MRI,
DSC-MRI)

PET Other Intensity/first
order statistics

Heterogeneity
and texture

Size, Sha
and

Tamrazi et al. (48) × ×

Alhambra-

Expósito et al. (49)

× ×

Galm et al. (50) × ×

Park et al. (51) × ×

Fan et al. (52) × × ×

Hasanov et al. (53) × ×

Ugga et al. (54) × × ×

Conficoni et al.

(55)

× × × ×

Park et al. (56) × × ×

Swanson et al. (57) × × ×

Lewis et al. (58) × ×

Zhang et al. (59) × × × ×

Vestibular schwannomas

de Vries et al. (60) × ×

Lewis et al. (61) × × ×

Lewis et al. (62) × ×

Solitary fibrous tumor

Mama et al. (63) × × ×

Li et al. (64) × ×
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histologic differentiation of meningiomas over conventional MRI

(69). This has been a key reason for using ADC maps for analyzing

meningioma-related grading and histopathologies in several

included studies (23, 26, 32, 39).

Diffusion anisotropy is unequal directional diffusion that occurs

due to the organization of cells and tissues and can be assessed using

DWI. This measurement helps clinicians identify the invasion of the

tumor to adjacent structures (e.g., white matter tracts) and the

malignancy of the tumor as the heterogeneity within the tumor

causes the diffusion to become isotropic (70, 71).

However, DWI has limitations, including a lack of

standardization in assessing and analyzing diffusion metrics. For

instance, most commercial software used in clinical practice does

not allow pre-processing of DWI by image registration and noise

filtration, which can significantly affect quantitative measurements.

In addition, post-processed DWI sequences might cause an overlap

between the ADC values of malignant and non-malignant

tissues (72).

3.1.3 Perfusion-weighted imaging
Perfusion refers to the delivery of blood to the end organ at the

level of the capillaries. PWI is a non-invasive MRI tool capable of

measuring cerebral perfusion using specific hemodynamic

parameters. Three types of PWI approaches have been developed

to acquire this information using both plain and contrast-enhanced

sequences. Dynamic susceptibility contrast (DSC-MRI) and

dynamic contrast enhanced (DCE-MRI) are the two types that

use contrast agents, while arterial spin-labeling (ASL) does not

require administration of exogenous contrast agents as it uses blood

as an endogenous tracer (73).

DSC-MRI is more specifically used in brain imaging, unlike the

other two types. This technique involves the rapid intravenous

injection of a bolus of a paramagnetic contrast agent while

obtaining a serial measurement of the signal change of the T2- or

T2*-weighted MRI. Subsequently, concentration time curves are

obtained that lead to the calculation of quantitative maps that depict

cerebrovascular hemodynamic parameters such as cerebral blood

volume and flow rate. Low spatial resolution and signal loss artifacts

due to the metallic surgical implants and other abnormalities such

as calcification and dense bones are several disadvantages associated

with DSC-MRI (74).

DCE-MRI is a standardized PWI technique that requires the

administration of a contrast agent; T1-weighted MRI images are

acquired dynamically before, during, and after the injection of the

bolus of contrast agent. The information obtained is interpreted as

permeability characteristics of the tissues based on tracer kinetic

modeling principles. These extracted features from regions of DCE-

MRI, such as Ktrans, Kep, Ve, and Vp, can describe the vascular micro-

environment, including angiogenesis in brain tumors. Angiogenesis

plays a pivotal role in the growth of sporadic VS, and that has been

the reason for using DCE-MRI in two of the three included VS

studies (61, 62). In high-flow lesions, including meningiomas, the

kinetic parameter Ktrans is permeability-limited (28). Therefore,

several included studies used DCE-MRI kinetic parameters to

analyze meningioma molecular markers (22, 25, 28).
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ASL is a PWI technique that uses magnetically labeled arterial

blood as an endogenous diffusible tracer to measure cerebral blood

flow. Thus, ASL is recognized as a completely noninvasive and safe

imaging tool that does not require the administration of contrast

agents and can be repeated for frequent assessments. This imaging

technique has limitations related to methodological shortcomings

and artifacts when imaging the posterior fossa (75).

3.1.4 Positron emission tomography
PET is an imaging tool where in vivo biochemical and

physiological processes, such as metabolism and blood flow, are

visualized using radioactive substances known as PET tracers,

providing unique functional information about the tumor (76).

PET tracers have been used on specific molecular targets during the

past few decades, but few have been demonstrated to be clinically

relevant. PET tracer traditionally used in tumor imaging is 18F-2-

fluoro-2-deoxy-D-glucose (18F-FDG). This tracer is use to

distinguish recurrent tumors from radiation necrosis (77). It is a

glucose analog that is actively transported into the metabolically

active cells, phosphorylated, and trapped intracellularly. Malignant

cells have an increased energy demand, resulting in high glucose

consumption and an upregulation of glucose transport compared to

other cells, resulting in increased accumulation of FDG (78).

However, FDG has shown limitations in brain tumor imaging

due to the high glucose consumption of the surrounding healthy

brain parenchyma, thus decreasing PET imaging sensitivity (78).

Another known PET tracer for brain tumor imaging is a nucleoside

analog called 3’-deoxy-3’-fluorothymidine (18F-FLT) (77). This

tracer can limit the uptake of 18F-FLT by healthy brain tissues.

Several included studies used 18F-FLT to find associations with the

progression of tumors. In meningiomas, a correlation was found

between the uptake of 18F-FLT and the Ki-67 molecular marker, in

addition to the association with the progression of the tumor

reported by Bashir et al. (33); Bashir et al. (29).

Consequently, amino acid PET tracers, such as 11C-methyl-L-

methionine (11C-MET), O-(2-[18F]fluoroethyl)-L-tyrosine (18F-

FET), and 3,4-dihydroxy-6-[18F]-fluoro-L-phenylalanine (18F-

FDOPA), have been used due to their high uptake in neoplastic

tissue and relatively low uptake in healthy brain tissues (78). Amino

acid PET has been used in several scenarios, including the detection

and precise delineation of neoplastic tissue when conventional MRI

is inconclusive and the determination of the post-radiation

treatment effects that yield progression and/or recurrence. Since

meningiomas have a strong expression of somatostatin receptor

subtype 2, PET with somatostatin receptor ligands (68Ga-

DOTATOC, 68Ga-DOTATATE) is used (78). In a few studies,

the uptake of 68Ga-DOTATOC was found to be related to

treatment outcomes and the VEGF molecular marker in

meningiomas (24, 34). This PET is reported to be useful for

differentiating the normal pituitary tissue from the pituitary

adenomas (79).

Standard uptake value (SUV) is a common metric taken from

PET imaging that depicts a relative measure of radiotracer uptake

(80). Other metrics, such as the tumor-to-blood ratio (TBR), that

correlate to the metabolic rate of the radiotracer, are used to
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overcome shortcomings such as time dependence and susceptibility

to errors caused by dose calibration and the scanner in the

SUV metric.

SPECT is a similar nuclear imaging technique to PET, but it is

less expensive and uses radiotracers. SPECT measures gamma-rays,

whereas PET uses positrons to measure the decay of the specific

radiotracers. PET is considered a more sensitive nuclear imaging

technique than SPECT (81).
3.2 Imaging biomarkers of different tumors

In this section, we discuss imaging biomarkers we identified

through this systematic review, categorized based on

tumor neoplasm.

3.2.1 Meningiomas
3.2.1.1 Imaging biomarkers associated with molecular and
histopathological markers

VEGF is a histopathological marker that correlates with tumor

vascularity, vascular permeability, malignancy, progression-free

survival, and overall survival of meningiomas (82–84). Hence,

non-invasive imaging tools such as SPECT, DSC-MRI, and DCE-

MRI have been used to find imaging biomarkers associated with the

VEGF marker. Takeda et al. (21) identified significant differences in

the Thallium-201 (Tl) uptake index of Thallium-201 chloride

single-photon emission CT (Tl SPECT) between VEGF weakly

and strongly positive tumors. In their study, they calculated the

Tl uptake index by dividing the mean value obtained from the

tumor region by the mean value extracted from the non-tumor

region. Similarly, the association between the VEGF biomarker and

a cerebral blood volume (CBV) marker extracted from dynamic

susceptibility-weighted contrast-enhanced perfusion MRI (DSC-

MRI) was assessed for meningiomas by Ginat et al. (22). This

study extracted the maximum CBV manually from the tumor

region, excluding areas containing necrosis, cysts, hemorrhage,

large vessels, or calcification. A relative CBV (rCBV) value was

computed as a ratio between the intratumoral maximum CBV value

and contralateral cerebral white matter CBV, which provides the

highest inter-/intra-observer reproducibility (85). They observed a

significantly positive correlation between rCBV and VEGF scores.

Keil et al. (28) assessed the ability to use the DCE-MRI kinetic

parameters for predicting the VEGF marker via linear regression

analysis. However, their results did not demonstrate a reliable

prediction of VEGF, concluding that the DCE-MRI-derived

kinetic parameters may not be able to be used as an imaging

biomarker for meningioma. In recent studies, research has

focused on finding associations with the PET-related metrics, and

Bashir et al. (34) demonstrated that the [68Ga]Ga-DOTA-TOC

PET metrics, the SUVmean and SUVmax, all positively correlate with

VEGF in meningiomas.

Ki-67/MIB-1 labeling index is a biomarker used to distinguish

proliferating and quiescent cells, with an elevated Ki-67 index

typically associated with a less favorable clinical outcome in many

tumors (86, 87). Tang et al. (23) used ADC values extracted from
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DWI to find a correlation with the Ki-67 proliferation index in

meningiomas. Regions of interest were annotated on the ADC

maps, excluding the cystic and necrotic areas, which were

identified using conventional MRI, and then the mean ADC

values were extracted. The observations suggest that the ADC

value inversely correlates with the Ki-67 index and, thus, can be

used to differentiate the aggressiveness of meningiomas. Later, this

was further proved by the work done by Lu et al. (32). Bozdağ et al.

(39) also demonstrated the negative correlation between ADC and

the Ki-67, additionally stating that meningiomas with necrosis have

a lower ADC compared to non-nectrotic meningiomas. However,

Lu et al. (32) found a positive correlation between ADC extracted

from the edema region and Ki-67. Moreover, Gihr et al. (26) have

assessed the correlation between the additional parameters

extracted from the ADC histogram profile and the Ki-67. A

positive correlation is identified between the entropy and the Ki-

67, revealing the entropy as a promising imaging biomarker for

presurgical grading. Takeda et al. (21) recognized a correlation

between the delayed Tl uptake index and the MIB-1 labeling index

with p<0.0001. In addition to these imaging tools, PET imaging has

been used to find a relation to the Ki-67 proliferation index. Bashir

et al. (33) have identified a correlation with the 3’-deoxy-3’-[18F]

fluorothymidine (18F-FLT) PET/MRI metrics, SUVmax

and SUVmean.

Microvessel density (MVD) is a surrogate marker used to

measure the angiogenesis and blood vessel formation of tumors.

Due to the rapid growth of malignant tumors, microvessel

formation is relatively low due to ischemia and hypoxia. Hence,

an association between MVD and prognosis has been analyzed in

many studies for different intracranial tumor types, including

meningiomas, gliomas, and pituitary tumors (88, 89). Jensen and

Lee (84) did not observe any statistical difference in MVD between

high- and low-grade meningiomas. However, contrary to this study,

Shi et al. (25) showed a significantly higher MVD value in benign

meningiomas compared to malignant meningiomas. Additionally,

they assessed the association of various PWI parameters with MVD

in meningiomas, demonstrating a statistically significant positive

correlation between rCBV and MVD.

Fibrotic tumor vessels (FTV) are another marker related to the

vessel environment and were identified to have associations with

the recurrence of tumors, vessel density, and VEGF in a study

conducted by Hess et al. (35). They further recognized FTV to have

associations with morphological characteristics on T1 post-contrast

MRI, disruption of the arachnoid layer, and irregular shape in

tumors, speculating that these imaging biomarkers might serve as

predictors of underlying histopatological markers of meningiomas.

3.2.1.2 Imaging biomarkers associated with
meningioma grades

In addition to finding associations between imaging markers

and the different invasive histopathological or gene markers such as

Ki-67 and VEGF, in the past decade research has been conducted to

find the association of imaging markers with different meningioma

grades, reflecting meningioma prognosis. Gihr et al. (26) used

histogram profiling of ADC maps to distinguish low- and high-
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grade meningiomas. In this study, they obtained the following set of

first and second order features: mean ADC, max ADC, min ADC,

percentile 10, 25, 75, and 90 ADC, median ADC, skewness, kurtosis,

and entropy, from the histogram profile of the ADC map of the

whole tumor. The results demonstrate that the percentile, mean,

and median ADC values are significantly lower in high-grade

meningiomas compared to those in the low-grade group. This

observation was further proved in later studies (38, 39). However,

the entropy was significantly higher in high-grade meningiomas

compared to low-grade meningiomas. More recently, Buizza et al.

(40) demonstrated that several other features extracted from DWI,

such as median ADC, water intrinsic diffusivity and radius, cell

volume fraction, and apparent cellularity, are significantly different

between high-grade (WHO grades 2 and 3) and low-grade (WHO

grade 1) meningiomas.

Later, Gihr et al. (27) extended their initial study (26) on

meningiomas to assess the ability to use post-contrast T1 instead

of DWI. They did not observe any significant difference in first

order characteristics between low and high grade meningiomas,

according to previous studies. However, they did observe a subtle

difference in second-order characteristics, such as entropy and

skewness, between both groups and suggested future research

with a larger patient cohort to achieve statistical significance. Park

et al. (36) assessed features that might explain complexity of

structures to predict meningioma grades using post-contrast T1.

They demonstrate that the fractal dimension may be used as an

imaging biomarker to predict the grade of meningiomas. Sun et al.

(37) analyzed tumor location on post-contrast T1 MRI to

differentiate the biological characteristics of meningiomas. Their

observations indicate that the grade 2 and 3 meningiomas present a

strong predominance in the frontal structures compared to the

grade 1 meningiomas. Subsequently, Yu et al. (38) also assessed

conventional T1 and T2 characteristics for different meningioma

grades. They observed that WHO grade 3 tumors have a large

maximum tumor diameter and a high area of peritumoral edema

compared to the lower grades (1 and 2). In addition, the

enhancement degree and pat terns (homogeneous or

heterogeneous), lobulation (shape of the tumor), flowing voids

(blood flow as a signal on MRI), and dural tail (indicating the

thickening of the dura adjacent to the tumor) were significantly

different between any two grades. In contrast to this study, Bozdağ

et al. (39) found no significant difference between the presence of

peritumoral edema on conventional MRI in low- and high-grade

meningiomas. Additionally, they also observed no significant

difference in the irregularity of the tumor margin and the

presence of bone invasion.

Recently, a machine-learning-based study has used imaging

features to classify meningioma grades. Chen et al. (30) extracted

texture features from post-contrast T1.

3.2.1.3 Imaging biomarkers associated with
clinical outcomes

Apart from assessing the grade of meningiomas, some studies

have also considered clinical outcomes such as complications,

operative time, tumor recurrence, and functional status [using the
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Karnofsky Performance Status scoring system (90)] to develop or

identify imaging biomarkers. Loewenstern et al. (31) evaluated the

relationship between peritumoral edema and clinical outcomes

quantitatively using conventional MRI, T1, and T2 MRI. They

obtained a measurement called the Edema Index, by dividing the

peritumoral edema volume by the whole tumor volume. This index

shows an association with functional decline after surgery in older

patients. This research group has extended this work by assessing

the association between the Edema Index and mutational burden

(42), observing that tumor edema is associated with brain invasion

and reduced overall survival. Subsequently, Bashir et al. (29) used

TBR metrics from the (18F-FLT) PET, observing increased (18F-

FLT) uptake in progressive asymptotic meningiomas.

Clinical outcomes of treatments such as proton therapy have

also been examined in the past few years. Buizza et al. (40) utilized

DWI to recover markers of tumor microstructure by longitudinal

analysis pre- and post-treatment. The increment in the values for

median ADC, water intrinsic diffusivity, and radius and the

decrement in the values for cell volume fraction and apparent

cellularity are observed in the post-treatment DWI for high-risk

meningiomas. Feraco et al. (41) also conducted similar research,

where they used the relative ADC mean (rADCm) to assess

longitudinal volume changes. Their results indicated a statistically

significant difference in rADCm between pre- and post-proton

therapy treatment, with significant, progressively increasing

rADCm values at each time point. Subjects that showed 20% or

more volume reduction after treatment had significantly lower pre-

treatment rADCm values.

Seystahl et al. (24) conducted a study to find the outcomes of the

somatostatin-receptor (SSTR)-targeted radionuclide therapy

treatment for meningiomas using the 68Ga-DOTATOC PET/CT.

The results demonstrate that the SUVmean and SUVmax is

significantly low in WHO grade 2 tumors, which had shown

progression after 6 months of the treatment. The multivariate

regression analysis has shown the high grade and the low

SUVmean are associated with the progression at 6 months, and

higher uptake is associated with longer progression-free survival.

3.2.2 Pituitary tumors
3.2.2.1 Imaging biomarkers associated with molecular and
histopathological markers

Similar to the case of meningiomas described in the previous

section, biomarkers such as VEGF, MVD, and Ki-67/MIB-1 may

also depict pituitary tumor progression and outcomes (88). In an

earlier study, Pan et al. (43) performed an analysis in which a

significantly higher Ki-67 was observed in the presence of invasion

on post-contrast T1 MRI compared to non-invasive pituitary

adenomas. Similar observations have been made in other studies

(53), with a higher Ki-67 index seen in invasive pituitary adenomas.

In recent studies, more imaging tools have been used to investigate

associations with the Ki-67 index. Conficoni et al. (55) utilized

conventional MRI and DWI to predict the Ki-67 index. They

observed a negative correlation between the enhancement ratio,

the ratio between the signal intensity in post-contrast T1 and pre-

contrast T1 within the solid region of the tumor, and the Ki-67
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index. Nonetheless, the mean ADC value showed a negative

correlation with the Ki-67 index. In other recent studies, the Ki-

67 labeling index was predicted using 1,128 quantitative imaging

features extracted from preoperative T2-weighted MRI (54). These

features include both first-order histograms and high-order textural

features, with and without various filters such as wavelets to derive

hidden textural features. However, Mahmoud et al. (44) have not

found a significant correlation between the ADC values and the

MIB-1 labeling index in pituitary adenomas; Tamrazi et al. (48)

have determined an inverse correlation between mean ADC values

and the MIB-1 labeling index in pituitary macroadenomas.

Pan et al. (43) also demonstrated higher MVD present in

invasive adenomas compared to non-invasive adenomas, which

has been confirmed later in other published research (45). Studies

also reveal that the invasion of adenomas is associated with VEGF

expression, another marker of less favorable outcomes for

tumors (43).

3.2.2.2 Imaging biomarkers associated with functioning/
non-functioning pituitary adenomas

Pituitary adenomas are also categorized based on various

hormone secretory functions. Mahmoud et al. (44) used

conventional T1 and T2 MRI along with DWI to differentiate

these different tumor categories. They observed a significantly

lower mean and minimum signal intensity on T2-weighted MRI

for growth hormone-secreting adenomas compared to others. Park

et al. (51) demonstrated significantly high ratios of tumor width/

anteroposterior diameter on conventional MRI in non-functioning

adenomas with hyperprolactinemia. These hormone-secreting

pituitary adenomas are typically considered benign based on

histology, but there is an underlying significant morbidity due to

direct mass effects such as defects in visual fields and/or hyper-

secretion of hormones, which results in a shortened lifespan

(91, 92).

According to the literature, sparsely granulated adenomas are

comparatively more aggressive, and therefore imaging biomarkers

related to granulation have also been analyzed in the past decade. A

higher T2 intensity was identified in sparsely granulated adenomas

compared to densely or intermediately granulated adenomas (46).

This observation has been confirmed in more recent studies (57,

58). Swanson et al. (57) also demonstrated size increment and

invasive behavior in sparsely granulated adenomas. Park et al. (56)

recently developed a machine-learning-based model to predict the

granulation pattern in growth hormone-secreting pituitary

adenomas using shape and first- and second-order features

extracted from the post-contrast T1 and T2 weighted MRI.

3.2.2.3 Imaging biomarkers associated with
clinical outcomes

Simultaneously, research has been conducted to find the

imaging biomarkers that can correlate with treatment responses,

recurrence, and outcomes. Heck et al. (46) have reported

homogeneity within the adenoma on the T2 MRI as a marker of

tumor size reduction after the somatostatin analog treatment. Galm

et al. (50) have extracted textural features, namely the mean,
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median, maximum, and minimum intensities of the tumor

region; skewness; measure of asymmetry of the intensity

distribution; kurtosis; and degree of peaking in the intensity

distribution, from the T1-weighted MRI. Cox proportional

hazards regression analysis subsequently showed that the mean,

median, minimum, and maximum pixel values of pituitary

adenomas were all associated with recurrence and progression

following surgery. Fan et al. (52) have used T1, T2, and post-

contrast T1-weighted MRI to predict the responses to

radiotherapeutic treatments for acromegaly patients. They

extracted 1,561 imaging features from the tumor region, including

first-order, textural, wavelet features, size, and shape features. The

final radiomic signature developed for response prediction includes

one shape, two textural, and three wavelet features, selected using

the leave-one-out cross-validation technique. In another recent

study by Zhang et al. (59), the same radiomic features were

extracted from post-contrast T1 MRI and machine learning was

used to predict the recurrence of pituitary macroadenoma within 5

years. They concluded that the combination of clinicopathological

features and images is useful for recurrence prediction and is

superior to prediction using only clinical features.

Ceccato et al. (47) observed that radiological invasion is

typically present in aggressive pituitary adenomas. Hasanov et al.

(53) demonstrated that invasion of the cavernous sinus is associated

with recurrence. Thus, these studies verify that tumor invasion can

be considered an imaging biomarker in pituitary tumors related to

prognosis. Some studies have also searched for other imaging

biomarkers associated with the invasiveness characteristic of

pituitary tumors. Alhambra-Expósito et al . (49) also

demonstrated that hyperintense adenomas are more invasive than

hypointense adenomas.

3.2.3 Vestibular schwannoma
3.2.3.1 Imaging biomarkers associated with molecular and
histopathological markers

The study of imaging biomarkers in VS has included the

evaluation of biological processes such as cell proliferation and

vessel density, including Ki-67 and microvessel density markers. de

Vries et al. (60) obtained size measurements (the largest tumor

diameter), an evaluation of tumor density (homogeneous,

inhomogeneous, and cystic), and a tumor growth index (maximal

tumor diameter/age of the patient) using post-contrast T1 and T2

images. They reported no relation between these features and the

Ki-67 index. In their results, MVD shows a significantly positive

correlation with tumor size and tumor growth index.

3.2.3.2 Imaging biomarkers associated with tumor growth

Some studies identified imaging biomarkers associated with

tumor growth. Lewis et al. (61) utilized both PET with the 11C-(R)-

PK11195 tracer and DCE-MRI to investigate the relationship

between inflammation and tumor growth in sporadic VS. The

results demonstrated the binding potential of 11C-(R)-PK11195,

and that values were significantly higher in growing tumors relative

to static ones. In another study, Lewis et al. (62) assessed the

relationship between diffusion metrics (e.g., mean diffusivity and
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fractional anisotropy) extracted from the DCE-MRI and tumor

growth rates in both NF2 and sporadic VS. They demonstrated that

and tissue extravascular–extracellular space ve, increased with the

increasing tumor size in both types.

3.2.4 Solitary fibrous tumors
The identification of imaging biomarkers has been conducted,

focusing on the phenotypes and the grading of SFT. Grade 2 and 3

SFTs are classified based on mitotic activity, and thus, the studies

have been conducted to predict the grade before surgery using

imaging biomarkers. Therefore, the imaging features associated

with the Ki-67 index have been assessed in several studies. Lu

et al. (32) identified a statistically significant negative correlation

between the ADC of the lesion and the Ki-67 in grade 2 SFT. This

was also later observed by Li et al. (64). Moreover, Lu et al. (32)

found a significantly positive correlation between ADC extracted

from the edema region and Ki-67. These observations were on par

with their observations of meningiomas in the same study.

Mama et al. (63) have identified imaging features related to the

HPC phenotype using conventional MRI and ADC maps. They

observed that the grade 2 HPCs had higher ADC values, whereas

the grade 3 values (which were more aggressive and malignant than

the grade 2 HPCs) were slightly lower. Li et al. (64) also verified

these observations, with significantly different ADC values between

grade 2 and 3 SFTs.
4 Discussion

4.1 Critical assessment of the
included studies

There were certain biases in patient selection in the included

studies. Most of the studies used relatively small datasets, usually

because of the limited availability of clinical data, likely resulting in

selection bias (29, 30). Consequently, the sample populations and

the target populations varied significantly, which may limit the

ability to generalize the observations and findings from these

studies. For example, Ugga et al. (54) excluded patients with

extensively necrotic and hemorrhagic lesions from the study.

Furthermore, 75% of the included studies did not clearly mention

if patients were selected consecutively. Approximately 12% of the

studies were considered to have a ‘high’ risk of bias as they did not

mention the time period in which patients were enrolled, the

exclusion criteria, or whether a consecutive or random sample

was used. Approximately 14% of the included studies clearly

mentioned all the above factors and satisfied the criteria. Those

were considered to have a ‘low’ risk of bias in patient selection.

Hasanov et al. (53) extracted tumor size from the MRIs but did

not clearly mention the feature extraction process or whether it was

done automatically or performed manually by an expert. This made

it unclear whether the index test had caused a risk of bias. Yu et al.

(38) extracted MRI characteristics to find associations with the

WHO grades of meningiomas. However, they did not mention if

the feature extraction and the labeling of WHO grades were done by
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independent experts, which made the risk of bias unclear. Similarly,

50% of the included studies did not mention the independent and

blinded extraction of the features, i.e., the index test, and were thus

considered to have an ‘unclear’ risk of bias. Ceccato et al. (47)

mentioned that they used radiological images but did not specify

which imaging type was used and were thus excluded, leading to

reporting biases in the index test. Lewis et al. (61) clearly mentioned

that their study was unblinded. Therefore, both of those studies

(6.8% of the included studies) were considered to have a ‘high’ risk

of bias in the index test. Approximately 43% of the included studies

interpreted the index test results without knowledge of the results of

the reference standard.

In this review, we considered several types of adverse outcome-

related factors, such as molecular and histopathological markers,

progression, invasiveness, recurrence, and grading of tumors. For

these different outcomes, the studies used appropriate reference

standards to categorize the patients. Bashir et al. (29) used the trial

end-point criteria from the Response Assessment of Neuro-

Oncology (RANO) workgroup (93) and considered the tumor to

be progressing when there is a 25% increment in the product of two

maximal perpendicular diameters (2D) of the tumor in comparison

to the baseline. Therefore, the standard reference interprets the

target condition, i.e., progression, appropriately. Similarly,

appropriate and standardized reference standards were used in

38% of the included studies, which were interpreted without the

knowledge of the index test.

The concerns regarding applicability were low, with almost all

the included studies aligning with the review question we address.

Details of the QUADAS-2 assessment are summarized

in Figure 2.
4.2 Overall assessment

In this systematic review, we identified studies that investigated

imaging biomarkers of extra-axial intracranial tumors. Included

studies predominantly focused on the association and correlation of

imaging biomarkers with tumor growth. Others relate to the

association of imaging biomarkers with molecular or

histopathological tumor markers.

With the advancement of high-throughput technologies during the

past decade, research was conducted to find the molecular markers of

all types of tumors. Acquisition of molecular markers requires

biological samples obtained using an invasive approach (biopsy or

surgery). Surgical biopsy always provides the most definitive means of

diagnosis, but it is associated with surgical risk and additional costs.

Heterogeneity within the tumor also means that different areas may

yield different molecular results. However, for diagnosis and screening,

imaging tests such as MRI that are already obtained as part of the

routine clinical workflow present an opportunity to recognize

underlying molecular markers without the need for an invasive

biopsy. Moreover, imaging biomarkers can also overcome the intra-

tumor heterogeneity, providing consistent predictions. This can lead

clinicians to take critical decisions at the right time, ultimately

optimizing the personalized management of tumors.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1131013
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Wijethilake et al. 10.3389/fonc.2023.1131013
For meningiomas, the majority of studies assessed imaging

biomarkers that depict the underlying molecular or histopathological

biomarkers such asMVD, Ki-67 index, and VEGF. Since theWHOhas

given a grading system based on aggressiveness and histopathology,

several other included studies have assessed imaging biomarkers that

relate to the grade or aggressiveness of the meningioma.

In addition, we observed PET imagingmetrics showing relationships

to different underlying molecular markers with different PET tracers for
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meningiomas. Bashir et al. (33) demonstrated a correlation between Ki-

67 and 18F-FLT PET/MRI metrics, while in another study by Bashir

et al. (34), where he used the [68Ga]Ga-DOTA-TOC PET tracer, no

correlation with Ki-67 was found. Furthermore, in Bashir et al. (34), they

found a correlation between [68Ga]Ga-DOTA-TOC PET metrics and

VEGF, but this was not observed with the 18F-FLT PET tracer.

For pituitary tumors, most studies focused on the correlation

between the tumor invasion of surrounding structures and the
B

C

A

FIGURE 2

Summary of the QUADAS-2 assessments of the included studies. (A) Graphical representation of included studies (in percentages) in each key
domain in terms of the risk of bias. (B) A graphical representation of the included studies (in percentages) in each key domain in terms of the
concerns regarding their applicability. (C) A tabular representation of the assessments assigned for each included study. QUADAS-2: Quality
Assessment of Diagnostic Accuracy Studies-2.
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underlying histopathology. In particular, aggressiveness is often

correlated to how invasive the lesion is found to be, either intra-

operatively or on diagnostic imaging (47). The fourth edition of the

World Health Organization (WHO) classification of pituitary tumors

recommends evaluation of tumor proliferation and invasion to

identify aggressiveness (94). Zhang et al. (45) further distinguish

the invasive adenomas as having significantly greater tumor

diameters and volumes. In pituitary adenomas (PA), invasiveness

has been shown to be the main contributing factor to recurrence

and poor prognosis (95). Most of the early studies focused on using

the invasiveness of the lesion as an imaging marker for prognosis;

however, subsequent to this, other imaging biomarkers that can be

extracted from more modern imaging techniques were assessed with

increasing interest.

An imaging-based grading system based on the invasion of

pituitary tumors was proposed by Knosp et al. (96). In this grading

system, grades 0 and 1 mean no invasion, grade 2 is assigned when

there is a probable invasion, and grades 3 and 4 indicate a cavernous

sinus invasion. The majority of studies that assessed invasion as an

imaging biomarker used this grading system (43, 58). As well as the

Knosp system, a scoring system proposed by Cottier et al. (97) has

also been used in a few studies (45). This scoring system assesses the

percentage of the intra-cavernous internal carotid artery encased by

the adenoma.

For VS, there were a very limited number of studies that assessed

imaging biomarkers. Conventional MRI was used only in a single

study where they found an association with histopathological

markers of VS (60). Limited availability of patient cases with serial

MRI scans restricted them from analyzing imaging biomarkers

associated with the tumor growth in depth.

To clearly distinguish between two and three SFTs, surgery is

necessary. Since both of these types are also malignant, research has

been conducted to identify the tumor grade using pre-operative

medical images, which can allow clinicians to formulate

personalized treatment plans. However, the number of patients

used in all the included studies on SFTs is limited due to the low

incidence rate.
4.3 Future directions

Considering the included extra-axial brain tumor studies, the

majority of the studies extracted features by determining the region

of interest manually (54, 59). This is a time-consuming task that

requires clinical experts. Future work can focus on automating the

segmentation task using deep learning. This will lead to more deep

feature extraction and analysis. Moreover, automated feature

extraction, unlike manual feature extraction, is likely to result in

reduced inter-observer variability. In the future, such techniques

may be adapted to analyze the growth or progression of extra-axial

tumors too. This has the potential for more personalized and

standardized management of extra-axial tumors. To assess the

impact of such automated methods, it would be worthwhile to

test their use in simulated clinical workflows before assessing their

effectiveness in the clinic.
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4.4 Limitations

As we recognized through this review, the major limitation is

the limited usage of machine learning, and in particular deep

learning. The major reason behind this may be the lack of large-

scale annotated datasets. Most of the included studies used private

single-institutional datasets (27, 30; 612 59). These datasets could be

made public for common use. This might lead to better

reproducible and transparent research. Further, multi-institutional

datasets will produce more persistent results.

The present systematic review was limited by various factors.

Firstly, given the variety of ways data were presented and the

relatively small number of available studies, it was not possible to

perform a meta-analysis and quantitatively analyze the data.

Consequently, we could not draw any firm conclusions concerning

the effectiveness of the described imaging techniques and biomarkers.

Secondly, the studies were of mixed methodological quality, reporting

a variety of imaging biomarkers, limiting our discussion to qualitative

and narrative discussion.
5 Conclusions

A limited number of studies have assessed imaging biomarkers

related to intracranial extra-axial tumors. Future work should focus

on using serial images and longitudinal patient data to develop

composite imaging and clinical imaging biomarkers capable of

predicting tumor behavior and growth. Such work would be

particularly beneficial for the management of extra-axial tumors,

pathologies that are typically benign and where surveillance

management is commonly employed. This review provides a

guide to the features researchers can utilize for developing

reproducible and standardized imaging biomarkers.
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Association of extent of
resection on recurrence-free
survival and functional outcome
in vestibular schwannoma of
the elderly

Sophie Shih-Yüng Wang1*, Kathrin Machetanz1, Florian Ebner2,
Georgios Naros1† and Marcos Tatagiba1†

1Department of Neurosurgery and Neurotechnology, Eberhard Karls University Tübingen,
Tübingen, Germany, 2Department of Neurosurgery, Alfried Krupp Hospital, Essen, Germany
Background: Despite the ongoing debate on the risk–benefit ratio of vestibular

schwannoma (VS) treatment options, watchful observation and radiation are usually

favored in the elderly (>65 years). If surgery is inevitable, a multimodal approach after

deliberate subtotal resection has been described as a valid option. The relationship

between the extent of resection (EOR) of surgical and functional outcomes and

recurrence-free survival (RFS) remains unclear. This present study aims to evaluate

the functional outcome and RFS of the elderly in relation to the EOR.

Methods: This matched cohort study analyzed all consecutive elderly VS patients

treated at a tertiary referral center since 2005. A separate cohort (<65 years)

served as a matched control group (young). Clinical status was assessed by the

Charlson Comorbidity Index (CCI), the Karnofsky Performance (KPS), and the

Gardner and Robertson (GR) and House & Brackmann (H&B) scales. RFS was

evaluated by Kaplan–Meier analysis using contrast-enhanced magnetic

resonance imaging to identify tumor recurrence.

Results: Among 2,191 patients, 296 (14%) patients were classified as elderly, of

whom 133 (41%) were treated surgically. The elderly were characterized by a

higher preoperative morbidity and worse gait uncertainty. Postoperative

mortality (0.8% and 1%), morbidity (13% and 14%), and the functional outcome

(G&R, H&B, and KPS) did not differ between the elderly and the young. There was

a significant benefit in regard to the preoperative imbalance. Gross total

resection (GTR) was accomplished in 74% of all cases. Lower grades of the

EOR (subtotal and decompressive surgery) raised the incidence of recurrence

significantly. Mean time to recurrence in the surgELDERLY was 67.33 ± 42.02

months and 63.2 ± 70.98 months in the surgCONTROL.

Conclusions: Surgical VS treatment aiming for complete tumor resection is

feasible and safe, even in advanced age. A higher EOR is not associated with

cranial nerve deterioration in the elderly compared to the young. In contrast, the

EOR determines RFS and the incidence of recurrence/progression in both study
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cohorts. If surgery is indicated in the elderly, GTR can be intended safely, and if

only subtotal resection is achieved, further adjuvant therapy, e.g., radiotherapy,

should be discussed in the elderly, as the incidence of recurrence is not

significantly lower compared to the young.
KEYWORDS

acoustic neuroma, neuro-oncology, skull base, geriatric, elderly, vestibular schwannoma
Introduction

Among benign nerve sheath tumors, the vast majority are

vestibular schwannomas (VSs) with a reported incidence rate of

1.52 per 100,000 (1, 2). They account for 80%–90% of all tumors in

the cerebellopontine angle and approximately 6%–8% of all primary

intracranial neoplasms (3, 4). Historically, surgical removal has

been an appreciated treatment of choice as complete resection

represents maximal tumor control (5). However, due to the

anatomical relationship of the VS to multiple cranial nerves

(CNs), a great deal of precision and delicacy is required in

surgical management (1, 6). Several studies have documented

severe clinical consequences of postoperative CN function decline

for VS patients (1, 7). Thus, other treatment options including

watchful observation (i.e., wait-and-scan, WaS) and radiation (i.e.,

stereotactic radiosurgery, SRS) have been claimed (8). Ever since,

there is an ongoing debate on the risk–benefit ratio of these

treatment options on tumor control and function preservation

considering different factors such as tumor size, initial CN

function, and/or patient’s age (9).

In contrast to other patient cohorts, there seems to be a general

agreement that watchful observation and radiation treatment

should be favored in the elderly (>65 years of age) assuming a

higher operative morbidity and lower life expectancy (10, 11).

However, surgical intervention is sometimes inevitable, even in

this patient cohort (e.g., large VS compressing the brainstem). In

these particular cases, a multimodal therapy approach [i.e.,

deliberate subtotal resection (STR) with adjuvant SRS] has been

suggested as a valid option recently in order to reduce perioperative

morbidity (9). The level of evidence, however, is remarkably low (9).

However, creating clinical evidence in VS management, the

elderlies (>65 years of age) is of paramount importance, as an

incidence peak is described in this specific patient group (9). In

detail, there are three evidence gaps for the elderly patient cohort.

Firstly, the few existing small-sized studies on surgical morbidity in

the elderly describe the outcome of surgeries performed several
CDC, Clavien–Dindo

ose, and throat; EOR,

House and Brackmann;

tion; KPS, Karnofsky

/A, not applicable; SRS,

ibular schwannoma.

02114
decades ago (10–12) and surgical techniques have evolved reducing

surgery time and improving functional outcome since then (8, 13).

Thus, it remains unclear whether the surgical morbidity of the

elderly differs from the young in the environment of contemporary

neurosurgery. Second, as deliberate STR or decompressive surgery

(DS) could be a valid option in this specific subgroup, the relation of

surgical morbidity to the extent of resections (EORs) in the elderly

should be investigated. Third, there is no data on the relation

between the EOR on tumor control as in long-term recurrence-free-

survival (RFS) (i.e. progress-free-survival in subtotal resection) in

the elderly. Notably, most studies provide follow-up data of <5 years

(10, 11).

Thus, the aim of this study is to evaluate (1) the patterns of VS

management in a tertiary neurosurgical center, (2) the onco-

functional outcome, and (3) the incidence of recurrence in

relation to the EOR in a large cohort of elderly patients compared

to a matched-control cohort.
Methods

Study design and patient cohort

This retrospective blinded cohort study analyzed all consecutive

(elderly) patients (>65 years) with unilateral VS treated at a German

academic, tertiary referral center between April 2005 and October

2020. Patients were referred to non-surgical (i.e., WaS, stereotactic

radiosurgery; nonsurgELDERLY) or surgical treatment

(surgELDERLY) depending on tumor size, the presence of

hydrocephalus, clinical presentation, and a patient’s individual

preference. A separate cohort of patients with <65 years of age,

who underwent elective VS surgery, served as a matched control

group (surgCONTROL) to specifically compare surgical treatment in

the elderly and the young (Figure 1). Pairing was based on the EOR,

surgical approach (semi-sitting or prone position), gender, and tumor

size (closest match). All patients were treated by the retrosigmoid

approach with intraoperative neurophysiological monitoring. Large

VS (e.g., Koos °III–°IV) were generally treated in the semi-sitting

position, while small VS (e.g., Koos °I–°II) in the prone position (14).

VS associated with neurofibromatosis was systematically excluded

from this study. Same was applied to the previously treated VS (by

surgery or radiotherapy). All histopathological examinations of

surgELDERLY and surgCONTROL were graded as schwannoma by

a board-certified neuropathologist. The study population was
frontiersin.org
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identified through a prospective registry. The local ethics committee

approved data collection and post-hoc analyses.
Data collection

Medical records of each patient were reviewed, and various

demographic, tumor, and treatment variables were recorded.

Magnetic resonance images (MRIs) were retrospectively analyzed

to determine the tumor size according to the Koos grading system in

a blinded fashion (14). The EOR was determined by postoperative

MRI (3months postoperatively) and classified by gross total resection

(GTR), STR (i.e., residual tumor exclusively in the internal auditory

canal), and DS (i.e., residual tumor beyond the internal auditory

canal) (Figure 2). MR-graphic tumor progression/recurrence was

defined as tumor progress or new tumor recurrence during MR-

graphic surveillance with gadolinium contrast. Symptom-affected

everyday-life dependency was acquired with the Karnofsky

Performance Score (KPS) (15). Pre- and postoperative symptoms

were recorded including tinnitus, functional hearing loss in Gardner–

Robertson (GR) classes (16), gait uncertainty, vertigo, trigeminal

affection (neuralgia or hypesthesia), double vision, swallowing

deficit, headache, gustatory deficit, hydrocephalus, and facial palsy.

Facial nerve function was reported using the House and Brackmann

(H&B) scale pre- and postoperatively, as well as after a follow-up of 3

months and 1 year (17). Recorded patient comorbidities were

assessed using the Charlson Comorbidity Index (CCI) (18).
Frontiers in Oncology 03115
Adverse postoperative events were classified according to the

Clavien–Dindo Classification (CDC) (19).
Statistical analysis

Statistical analysis was performed in R Studio (Version 1.2)

using descriptive statistics. To compare nonnumeric parameters of

both groups, the chi-square test and Fisher’s exact test were applied.

For numeric parameters, Welch’s two-sample t-test was used.

Recurrence-free and overall survival were estimated using the

Kaplan–Meier method and compared between cases and controls

using a log-rank test. The length of follow-up for recurrence-free

survival was calculated from the date of surgical intervention to the

date of either recurrence or the last clinical visit. Significance was

defined as the probability of a two-sided type 1 error being <5% (p <

0.05). Data are presented as mean ± standard deviation (SD) if not

indicated otherwise. Due to the low incidence of complications and

perioperative morbidity, for its analysis and comparison dependent

on the EOR, DS and STR were grouped together.
Results

Study cohorts

Among 2,167 patients with VS, 296 patients (14%) were of >65

years of age at date of diagnosis and classified as elderly (Figure 1).

Mean age was 71.1 ± 5.0 [range 65–89] years in all elderly patients.

Tumor size was equally distributed across Koos grades (°I: 69/296, 23%;

°II: 86/296, 29%; °III: 80/296, 27%; °IV: 61/296. 21%). The majority of

elderly patients (163/296, 55%) was managed non-surgically

(nonsurgELDERLY) by either SRS (45/163, 28%) or watchful

observation (118/163, 72%). 133/296 (45%) of elderly patients were

treated microsurgically (surgELDERLY) via a retrosigmoid approach.

A separate cohort of patients younger than 65 years (N = 133) served as

a matched control group (surgCONTROL). The mean age of the

surgCONTROL cohort was 46.3 ± 11.9 years (Table 1).

The most common initial symptom in the elderly was functional

hearing loss in 172/296 (58%) cases, followed by vertigo in 117/296

(40%) patients. Tinnitus and gait uncertainty were similarly common

with 84/296 (28%) cases and 85/296 (29%) cases, respectively. Facial
B CA

FIGURE 2

Extent of resection (EOR). (A) shows gross total resection (GTR), (B) subtotal resection (STR), and (C) shows a schematic representation of
decompressive surgery (DS) with no decompression of the tumor in the internal auditory canal.
FIGURE 1

Flow chart on the study population.
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palsy was a leading initial symptom in only 27/296 (9%) cases in the

elderly. Trigeminal affection and swallowing deficits were very rare

clinical symptoms with 24/296 (8%) and 5/296 (2%) cases,

respectively. No patient presented with double vision (Table 1).

When comparing surgELDERLY with the younger surgCONTROL

cohort, they presented with a worse initial KPS (81.1 ± 8.4 and 85.4 ±

6.5, respectively; p < 0.001) poorer preoperative comorbidity status

(e.g., the incidence of myocardial infarction, congestive heart failure,

diabetes, and malignant tumors), yielding in a significantly higher CCI

in the surgELDERLY compared to the surgCONTROL group (0.6 ± 1.1

and 0.1 ± 0.4, respectively; p < 0.001) (Tables 1, 2). However, there was

no significant difference in the following VS-associated morbidities:
Frontiers in Oncology 04116
initial incidence of facial palsy, functional hearing loss, vertigo,

trigeminal affection, swallowing deficit, headache, gustatory deficit,

and hydrocephalus. surgELDERLY had a higher incidence of pre-

operative gait uncertainty (p < 0.001), but complained of less tinnitus

than their controlled matches (p = 0.016).
Non-surgical vestibular schwannoma
management in the elderly

The surgELDERLY and nonsurgELDERLY cohort did not differ

in age, gender, the clinical status in KPS. The incidence of cystic
TABLE 1 Patient demographics, tumor characteristics, and initial clinical presentation.

nonsurgELDERLY surgELDERLY surgCONTROL p-value**

No. of cases 163 133 133 N/A

Demographics

Age 71.9 ± 5.1 70.2 ± 4.6 46.3 ± 11.9 0.002/<0.001*

Female 95 (58) 72 (54) 61 (46) 0.717/0.220

Tumor size

Koos°I 67 (41) 2 (2) 2 (2) <0.001*/1

Koos°II 64 (39) 22 (16) 22 (16) <0.001*/1

Koos°III 27 (17) 53 (40) 53 (40) <0.001*/1

Koos°IV 5 (3) 56 (42) 56 (42) <0.001*/1

MR-graphic tumor progression 30 (18) 31 (23) 25 (19) 0.371/0.081

Cystic tumor 5 (3) 12 (9) 8 (6) 0.052/0.486

KPS score 82.9 ± 10.2 81.1 ± 8.4 85.4 ± 6.5 0.105/<0.001*

Initial neurological symptoms

Facial palsy 6 (4) 21 (16) 10 (8) <0.001*/0.056

Tinnitus 45 (28) 39 (29) 59 (44) 0.840/0.016*

Functional hearing loss 71 (53) 93 (70) 101 (76) <0.001*/0.334

Gait uncertainty 33 (20) 52 (39) 18 (14) <0.001*/<0.001*

Vertigo 62 (38) 55 (41) 40 (30) 0.644/0.073

Trigeminal affection 4 (2) 20 (15) 22 (17) <0.001*/0.867

Swallowing deficit 0 (0) 5 (4) 3 (2) 0.041*/0.719

Headache 0 (0) 1 (1) 0 (0) N/A/0.316

Other 0 (0) 0 (0) 2 (2) N/A/0.478

Comorbidities

Charlson Index 0.45 ± 0.90 0.6 ± 1.11 0.1 ± 0.44 0.176/<0.001*

0 123 (75) 94 (70) 126 (94) 0.360/<0.001*

1 18 (11) 13 (10) 2 (2) 0.870/0.045*

2 12 (7) 16 (12) 4 (3) 0.243/0.011*

>3 10 (7) 10 (8) 1 (1) 0.646/0.014*
(**) p-values indicate significant differences comparing (i) nonsurgELDERLY vs. surgELDERLY and (ii) surgELDERY vs. surgCONTROL cohorts. Values are presented as the number of patients
(%) unless indicated otherwise. Significant p-values (<0.05) are highlighted in bold. p-values are indicated as nonsurgELDERLY vs. surgELDERLY/surgELDERLY vs. surgCONTROL.
N/A = Not applicable. "*" signifies a statistical significant value.
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morphology andMR-graphic progression was higher in the surgically

treated but did not reach statistical significance in this cohort.

However, nonsurgELDERLY were characterized by a significant

smaller tumor size (p < 0.001). The nonsurgELDERLY cohort had

less initial severe CN deficits (facial palsy, functional hearing loss, gait

uncertainty, trigeminal affection) than surgELDERLY. The CCI was

not significantly different in both cohorts (Table 1).
Surgical vestibular schwannoma
management in the elderly

The surgCONTROL was younger than the surgELDERLY cohort

but did not differ in other patient demographics or tumor

characteristics (Table 1). surgELDERLY presented with a worse

initial KPS then their younger surgCONTROL cohort (81.1 ± 8.4

and 85.4 ± 6.5, respectively; p < 0.001). There were no significant

group difference in the initial incidence of facial palsy, functional

hearing loss, vertigo, trigeminal affection, swallowing deficit,

headache, gustatory deficit and hydrocephalus in a matched control

comparison (“surgELDERLY” vs. “surgCONTROL”). Remarkably,

surgELDERLY had a higher incidence of gait uncertainty but

complained of less tinnitus than their controlled matches.

Additionally, surgELDERLY had a poorer preoperative comorbidity

status (e.g., the incidence of myocardial infarction, congestive heart

failure, diabetes, and malignant tumors), yielding in a significantly

higher CCI in the surgELDERLY compared to the surgCONTROL

group (0.6 ± 1.1 and 0.1 ± 0.4, respectively; p < 0.001) (Tables 1, 2).
Surgical data and surgical complications

Surgery was performed by a retrosigmoid craniotomy in all cases

using either a semi-sitting (221/266, 83%) or prone position (45/266,

17%) in both surgical study groups. Mean operating time (skin to skin)
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was noted similarly at 248.0 ± 75.2 minutes in the surgELDERLY and

240.0 ± 82.1 minutes in the surgCONTROL (p = 0.398).

The incidence of perioperative complication was comparable in

the surgELDERLY (17/133, 13%) and surgCONTROL group (19/

133, 14%) (p=0.858). Larger tumors (Koos °III and °IV) more often

yielded in postoperative complications (surgELDERLY: °II: N = 3; °

III: N = 2; °IV: N = 12 and surgCONTROL: °I: N = 1; °II: N = 2; °III:

N = 8; °IV: N = 8). Postoperative hemorrhage, venous thrombosis

and symptomatic pneumoncephalon occurred more frequently in

the surgELDERLY, but this did not reach any statistical significance.

In contrast, younger patients were more prone to postoperative CSF

leakage. Overall, the complication rate in the surgELDERLY cohort

was not significantly raised. One patient suffered a postoperative

hemorrhage and treatment was terminated after the patient’s

presumed will, yielding in a mortality rate of N = 1 (Table 3).

The CDC Index of complication severity is summarized in Table 4.

Discharge modality (home, rehab, and other hospital) was

significantly indifferent in both groups.
Functional outcome

Postoperative KPS did not differ between surgELDERLY and

surgCONTROL patients (78.1 ± 9.3 and 78.8 ± 4.9; p = 0.409). There

was no significant difference in discharge modality (p = 0.377).

Impeccable facial function (H&B = 1) was completely unaffected by

the surgery in 38/112 (34%) and 53/123 (43%) in surgELDERLY

and surgCONTROL, respectively (p = 0.096). After surgery-related

deterioration, facial function recovered to a favorable outcome (i.e.,

H&B°I and H&B°II) in 45/75 (60%) and 46/70 (65%)

surgELDERLY and surgCONTROL patients, respectively

(Table 5). Therefore, overall favorable facial function outcome

after 1 year was 70% (93/133) in the elderly and 76% (102/133)

in the young. Hearing preservation was insignificantly better in

surgELDERLY at 84% (27 out of 32 with functional hearing) than in
TABLE 2 Patients’ comorbidities (surgELDERLY vs. surgCONTROL).

Comorbidities surgELDERLY surgCONTROL p-value

Myocardial infarction 9 (7) 0 (0) 0.007

Congestive heart failure 6 (5) 0 (0) 0.039

Peripheral vascular disease 1 (1) 0 (0) 0.316

Cerebrovascular disease 8 (6) 3 (2) 0.218

Dementia 1 (1) 0 (0) 0.316

Peptic ulcer disease 1 (1) 0 (0) 0.316

Mild liver disease 2 (2) 0 (0) 0.478

Diabetes, uncomplicated 6 (5) 0 (0) 0.039

Hemiplegia 1 (1) 1 (1) 1

Renal disease 2 (2) 0 (0) 0.478

Tumor without metastasis 15 (11) 4 (3) 0.017

Metastatic tumor 3 (2) 0 (0) 0.245
fron
Values are presented as the number of patients (%) unless indicated otherwise. Significant p-values (<0.05) are highlighted in bold.
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surgCONTROL at 71% (28 out of 39 with functional hearing) with

p = 0.164. New trigeminal deficit was observed in 2%. Of the 20

patients suffering from preoperative trigeminal affection

(hypesthesia or neuralgia), 17 patients recovered clinically in the

surgELDERLY group (85%); the same was observed in 20/22

patients (90%) in the surgCONTROL group (p = 0.277). New

postoperative gait uncertainty was observed in N = 4 in the

surgELDERLY but none in the younger surgCONTROL group.

Postoperative recovery of symptomatic gait uncertainty was

observed in 71% (37/52) and 76% (12/16) of the surgELDERLY

and surgCONTROL, respectively (p = 0.382). The recovery of

vertigo symptoms was observed in N = 40/55 (71%) of all

surgELDERLY presenting with preoperative vertigo; this rate was

higher in the surgCONTROL cohort with N = 37/40 (90%) (p =

0.013). The incidence of new postoperative vertigo was N = 0 (0%)

in surgELDERLY but N = 8/91 (9%) in its control cohort.

Considering new postoperative tinnitus, the incidence was higher

in the young (N = 1 in surgELDERLY and N = 9 in surgCONTROL),

whereas the postoperative improvement of known tinnitus was

similar at 14% and 16%, respectively (surgELDERLY and

surgCONTROL) (p = 0.585).
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Extent of resection and
recurrence-free survival

GTR was achieved in the majority of surgELDERLY cases (99/

133, 74%). When taking the EOR into account, there was no

significantly higher postoperative CN affection (facial, trigeminal,

and vestibulocochlear) in surgELDERLY associated with GTR and

STR/DS (Table 6). However, the rate of permanent facial

deterioration within patients treated with GTR remained

significantly higher in the surgELDERLY compared to the

surgCONTROL (p = 0.035). Addit ional ly , within the

surgCONTROL group, STR/DS was associated with a significantly

higher incidence of permanent facial deterioration (p = 0.036)

compared to GTR.

STR/DS was significantly associated with the incidence of

recurrence compared to GTR in both subgroups (surgELDERLY:

p = 0.015; surgCONTROL: p = 0.003). The incidence of recurrence

was statistically insignificant in surgELDERLY compared to

surgCONTROL, when treated with GTR (p = 0.621). Mean time

for surveillance was 38 ± 36 months in surgCONTROL (median: 25

months) and 31 ± 37 months (median: 34 months) in
TABLE 3 Incidence of perioperative complication surgELDERLY and surgCONTROL.

Incidence of complications following VS surgery surgELDERLY surgCONTROL p-value

Mortality 1 (0.8) 0 (0) 0.316

Postoperative neurological complications (including secondary to infarction or hemorrhage) 4 (3) 0 (0) 0.131

Hydrocephalus 4 (3) 1 (1) 0.366

CSF otorrhea/rhinorrhea 7 (5) 15 (11) 0.119

Ventriculostomy placement 2 (1) 1 (1) 0.562

Facial nerve reconstruction 4 (3) 1 (1) 0.366

Symptomatic pneumencephalon 3 (2) 0 (0) 0.245

Sinus thrombosis 1 (1) 3 (2) 0.614
fron
Values are presented as the number of patients (%) unless indicated otherwise.
TABLE 4 Complication severity according to the Clavien–Dindo Classification.

Clavien–Dindo Classification surgELDERLY surgCONTROL p-value

0 116 (87) 114 (86) 0.685

1 1 (1) 1 (1) 1

2 1 (1) 3 (2) 0.290

3 14 (11) 14 (11) 1

3a 5 (36) 10 (71) 0.065

3b 9 (64) 4 (29)

4 0 (0) 1 (1) 0.158

4a 0 (0) 1 (100) 0.158

4b 0 (0) 0 (0)

5 1 (1) 0 (0) 0.301

Total incidence 17 (13) 19 (14) 0.858
Values are presented as the number of patients (%) unless indicated otherwise. Significant p-values (<0.05) are highlighted in bold.
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surgELDERLY. The overall incidence for recurrence was 5/133 (4%)

and 10/133 (8%) after neurosurgical tumor resection in the

surgELDERLY and surgCONTROL, respectively, with no statistical

significance (p = 0.143). Mean time to recurrence was 67.33 ± 42.02
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months in surgELDERLY and 63.2 ± 70.98 months in

surgCONTROL. Kaplan–Meier analysis on RFS depending on the

EOR is shown in Figure 3. The EOR was significantly associated

with RFS in both surgELDERLY and surgCONTROL cohorts (p <
TABLE 5 Functional outcome.

surgELDERLY surgCONTROL p-value

KPS at discharge 78.05 ( ± 9.25) 78.79 ( ± 4.93) 0.409

Shunt dependency 8 (6) 2 (2) 0.104

Tumor recurrence 5 (4) 10 (8) 0.288

Initial House–Brackmann 1.28 ( ± 0.74) 1.14 ( ± 0.55) 0.075

H&B I 112 (84) 123 (92)

H&B II 10 (8) 5 (4)

H&B III 8 (6) 3 (2)

H&B IV 1 (1) 1 (1)

H&B V 2 (1) 1 (1)

H&B VI 0 (0) 0 (0)

Postoperative House–Brackmann 2.64 ( ± 1.37) 2.39 ( ± 1.44) 0.150

H&B I 38 (29) 53 (40)

H&B II 27 (20) 28 (21)

H&B III 26 (20) 13 (10)

H&B IV 31 (23) 26 (19)

H&B V 9 (7) 12 (9)

H&B VI 2 (1) 1 (1)

House–Brackmann 1 Year follow-up 1.98 ( ± 1.29) 1.71 ( ± 1.11) 0.061

H&B I 73 (55) 88 (66)

H&B II 20 (15) 14 (10)

H&B III 16 (12) 19 (14)

H&B IV 18 (13) 10 (8)

H&B V 5 (4) 2 (2)

H&B VI 1 (1) 0 (0)

Initial Gardner–Robertson Grade

I–II (serviceable) 32 (24) 39 (29) 0.209

III–IV (non-serviceable) 101 (76) 94 (71)

Postoperative Gardner–Robertson Grade

I–II (serviceable) 27 (20) 28 (21) 0.843

III–IV (non-serviceable) 106 (80) 105 (79)

Discharge to

Home 126 (95) 131 (98) 0.376

Rehab 3 (2) 1 (1)

Other hospital 3 (2) 1 (1)

Death 1 (1) 0 (0)
fron
Values are presented as the number of patients (%) unless indicated otherwise. Significant p-values (<0.05) are highlighted in bold.
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0.001). Mean time to recurrence in surgELDERLY was 67 ± 53

months and 79 ± 71 months in surgCONTROL.
Discussion

The present study aimed to evaluate the management of VS in the

elderly (>65 years) in a tertiary neurosurgical center and to assess the

oncological and functional outcome of this particular cohort in

comparison to matched young controls and in regard to the EOR.

The elderly represented approx. 14% of all VS patients in our cohort. The

majority was eligible for non-surgical treatment. Patients were allocated

for surgical treatment due to large tumor size affecting the brainstem and

worse preoperative clinical symptomatology (e.g., the presence of vertigo

and imbalance). In comparison to a matched-control cohort, elderly

selected for surgery were characterized by a worse preoperative clinical

condition (KPS and CCI). Despite this, postoperative mortality,

morbidity and functional outcome did not differ between both surgical

groups. These data suggest that the retrosigmoid approach for VS

resection is safe in the elderly >65 years of age. Patients significantly

benefit in regard to preoperative imbalance. GTR was accomplishable in

the majority of patients. Notably, the EOR determined RFS.
Patterns of care and clinical characteristics

In the present population of surgically treated elderly

(surgELDERLY), preoperative CN deficits (facial function,
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hearing, gait, and trigeminal affection) were distinctively more

severe than in the conservatively managed (nonsurgELDERLY).

Same was described in a nationwide registry study in Sweden with

58 elderly patients and by a series of surgically managed elderly

patients by Samii et al. (12, 20). When comparing the nuances of

clinical deficits, surgELDERLY rarely presented with tinnitus but

suffered from gait uncertainty more often than their matched and

younger cohort. Interestingly, preoperative functional hearing was

similar in both groups and not decreased in the elderly, even though

presbyacusis is a common phenomenon in the general elderly

population (21). This observation suggests that symptoms leading

to the diagnosis of VS most likely are not hearing function but other

vestibulocochlear (gait and vertigo), facial, or trigeminal symptoms.
Microsurgical care

Microsurgical tumor resection of VS by a retrosigmoid

craniotomy was safe and did not yield in a higher risk for

postoperative CN deficits in the elderly in comparison to the

matched surgCONTROL cohort. Even with a highly significant

incidence of relevant comorbidity (i.e., higher CCI and worse

KPS), perioperative complication rates and morbidity are

statistically comparable. Perioperative complications in the elderly

have been described by current literature from 20% to 57% (1, 3,

10). In contrast, the present population showed an incidence of

perioperative complication of 13% and 14% in the elderly and the
TABLE 6 Comparison between the extent of resection.

GTR (N = 99)
[surgELDERLY/surgCONTROL]

STR & DS (N = 34)
[surgELDERLY/surgCONTROL]

p-value
[surgELDERLY/surgCONTROL]

Recurrence 1 (1)/3 (3) 4 (12)/7 (21) 0.015*/0.003

Complications 13 (13)/14 (14) 4 (12)/4 (12) 1/1

Hearing loss 4 (4)/10 (10) 0 (0)/1 (3) 0.572/0.288

New tinnitus 1 (1)/8 (8) 0 (0)/1 (3) 1/0.447

Temporary facial deterioration 24 (24)/30 (30) 10 (29)/8 (24) 0.649/0.515

Permanent facial deterioration 33 (34)/19 (19) 8 (24)/13 (38) 0.389/0.036
Values are presented as the number of patients (%) unless indicated otherwise. Significant p-values (<0.05) are highlighted in bold.
A B

FIGURE 3

Recurrence/Progression-free-survival (RFS) (A) shows RFS dependent on the EOR in surgELDERLY and (B) surgCONTROL. GTR, gross total resection;
STR, subtotal resection; DS, decompressive surgery.
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young, respectively. Due to a higher case load of elderly VS patients

in the past 15 years (i.e., nine cases per year) in comparison to

previous studies (approx. two to three per year) (3, 10), our

department was able to acquire and develop a surgical routine

and protocols for VS surgery in this patient cohort. The operative

experience of the surgical team has been described as an important

factor affecting onco-functional outcome in VS management, and

therefore, treatment in high-volume centers has been recommended

(9). The distribution of complications is different in both cohorts

with a higher prevalence of CSF leakage and venous thrombosis in

the younger population, while the elderly more often suffered from

postoperative hemorrhage and symptomatic pneumocephalus,

which has been described in the literature before (1, 10, 12, 22).

Previous studies have mixed surgical approaches (translabyrinthine,

middle fossa, and retrosigmoid) (23). This is the first comparative

series to describe a large elderly cohort treated exclusively by a

microsurgical, retrosigmoid approach. Thus, lower perioperative

morbidity of the present study might be partially attributed by

differences in the surgical approach.
Postoperative functional outcome

There were no differences in general functional outcome or the

independency score (KPS) comparing the surgELDERLY to the

surgCONTROL. In contrast, the surgELDERLY cohort showed a

significant improvement of gait/vertigo after surgery. Tinnitus was

improved in 13%–14% of all surgically treated. Postoperative hearing

loss was not worse but significantly better in the surgELDERLY. In

approx. 60% of the patients, facial function normalized within 3

months, making postoperative functional deterioration temporary.

There was no difference in facial nerve outcome between the

surgELDERLY and the surgCONTROL group. While observing a

remarkable transient functional deterioration right after surgery, of

which the majority recovers, these numbers should not be compared to

direct results after other non-surgical treatment options (e.g.,

radiotherapy or radiosurgery). The rate of permanent facial

deterioration was significantly higher in surgELDERLY compared to

surgCONTROL in the GTR group suggesting decreased postoperative

rehabilitation potential in facial function with advanced age (24).

The explanation for the inversely proportional relationship of

permanent facial deterioration and GTR vs. STR/DS in the elderly

(more facial deterioration in GTR) and the young (more facial

deterioration in STR/DS) could be attributed to the actual

intention-to-treat. In the young, we usually intend GTR unless

there is a deterioration of the intraoperative neuromonitoring (e.g.,

facial motor–evoked potentials). This approach explains the GTR

rate of 74% in the present study. However, in a larger cohort of the

same group, GTR was even higher with approx. 93% (25). This fact

shows that we are more aggressive in the young than in the elderly

to achieve GTR explaining the higher rate of unfavorable rates in

the Young STR/DS subcohort. In turn, the present analysis has

shown that surgical management strategy in the elderly is more

careful compared to the young.

Long-term results should be chosen to compare functional

outcome between such different treatment modalities as
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radiosurgery and microsurgery, e.g., in hearing outcome.

Watchful observation (“WaS”) abandons CN function (hearing

and vestibular, more prominently then facial and trigeminal

function) to the natural history of VS and tumor dynamic. Thus,

it has been shown that 12% lose functional hearing in the course of

the VS natural history (26). In line with this, SRS has been shown to

result in a long-term hearing preservation of only 35%–51% (27)

and therefore similarly to surgical treatment. Additionally, it is well

known that hearing function dramatically decreases within the first

decade after SRS (8, 13, 27). Additionally, tinnitus and imbalance

are shown to increase and facial nerve dysfunction (e.g.,

hemispasm) might appear after SRS (28). Finally, little is known

about radiation-associated tumor malignization (11, 29). The

present study design, however, does not allow a direct

comparison of functional outcome between radiotherapy

and surgery.

It is not to be forgotten that functional outcome, as physicians

and/or treating surgeons may define it, does not necessarily transfer

to quality-of-life in the patients’ eyes in a proportional way. Leaving

residual tumor behind or treating the tumor by non-invasive

treatments such as SRS can impact mental health or illness

perception (30).
Extent of resection and
recurrence-free survival

Due to the study design (matched by tumor size and the EOR),

this analysis does not allow any general statement considering the

frequency of the achieved EOR in the elderly compared to the

young alone. However, when put into context with another series

published and treated by the same group and institution with N =

572 primary VS patients, the rate of GTR was significantly higher

among a general VS patient cohort of any age. Therefore, we can

assume that the management of elderly patients with VS is carried

out more conservatively—even in regard to the surgical EOR (25).

Mean time to recurrence was >5 years in both groups,

proposing that long-term follow-up in VS patients should be

carried out regardless of age. Still, the overall incidence of and

mean time to recurrence were statistically insignificant in the elderly

compared to the young concordant to previous matched cohort

studies with distinctly smaller patient numbers (3, 10). In large VS,

where surgery is inevitable, tumor mass reduction with SRS or

observation could be suggested to avoid functional deterioration

(9). In our cohort, microsurgical care followed by observation was

the only treatment (no adjuvant SRS) carried out. Even though the

number of STR- and DS-resected patients was low, the risk for

tumor recurrence within 5 years was significantly increased in STR

and DS. Thus, a deliberate DS as a standard treatment strategy in VS

must be critically analyzed, especially in a setting of DS with

observation alone (9). Therefore, if DS is inevitable, adjuvant

therapy, e.g. SRS, should be evaluated for long-term tumor

control. However, our study design does not allow any direct

comparison between surgical GTR and DS plus SRS. This issue

has yet to be investigated. Still, our results imply that if surgery is

indicated in VS—even in patients with advanced age—GTR (or
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near-total tumor resection) should be the intention of surgery to

ensure maximal tumor control. Also, our data imply that subtotal

VS resection without adjuvant therapy is not recommended.

The EOR is significantly associated with RFS in both groups

independent of age with noted early tumor recurrence in DS

compared to STR and GTR. Pre-existing data show that the

volume of residual tumor correlates with the incidence of

recurrence (31, 32). GTR—whenever safely feasible—should be

the primary intention-to-treat, and this study confirms the

beneficial aspect in the tumor control of GTR compared to STR/

DS even in an elderly cohort. We reckon the fact that STR is defined

more strictly (minimal residual only in the IAC and complete

removal of the tumor in the CPA) in this presented study than in

previously published studies by other groups. Therefore, we suggest

that the EOR must be defined homogenously to truly convey this

observed relationship of the EOR, recurrence, and functional

outcome to clinical day-to-day care in the form of intention-to-

resect to patients’ benefit.

A definite statement on surgical treatment of VS is generally very

difficult to acquire due to several reasons: (1) the level of evidence:

there are no published randomized controlled clinical trials or even

prospective studies on surgical resection in the current literature (11),

(2) heterogenicity in surgical modality (e.g., approaches) by a

heterogenous groups of specialists (neurosurgery and ENT), and 3)

the lack of agreement of an EOR classification. To address these

issues, an interdisciplinary network should be encouraged and a

clinically relevant EOR classification should be enforced (including

GTR, NTR, STR, and DS) to homogenously evaluate RFS and

perioperative morbidity in larger multicenter settings. Such detailed

distinction between the EORmight appear overelaborate, however, as

tumor recurrence has shown to be dependent on the residual tumor,

the idea of exact EOR classification has shown promise in other brain

tumor entities already (33, 34).
Limitations of this study

It is apparent that the retrospective nature of this study bears its

limitations and biases. Firstly, this is a single-center study.

Therefore, the generalizability and reproducibility of the results

may be limited to specialized centers with a comparative caseload in

VS. Furthermore, although the number of patients classified as

elderly may be regarded as the largest cohort compared to

previously published studies (3, 10), still, the patient number and

its value have to be put into its statistical context. Moreover, detailed

subgroup analysis cannot be carried out (e.g., tumor size and cystic

morphology) due to this cohort size.
Conclusion

The evidence level of VS management is remarkably low, and

the debate on the risk–benefit ratio of surgical treatment is still

ongoing, especially in the elderly. The present matched-cohort

study shows that the microsurgical tumor resection of VS is safe

and does not bear additional perioperative morbidity or worse
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functional outcome in the elderly as compared to a young control

group. The overall incidence and of recurrence was statistically

insignificant in the elderly compared to the young. When treating

with surgery alone, the EOR determines RFS and the incidence of

recurrence/progression in both study cohorts. For maximal tumor

control, GTR should be intended. As incidence of recurrence is not

significantly lower compared to the young. Postoperative follow-up

should be carried out as mean time to recurrence was > 5 years in

both groups. If leaving relevant tumor residual is inevitable,

adjuvant therapy, e.g. SRS, should be evaluated in the Elderly.
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The skull base is an anatomically and functionally critical area surrounded by vital

structures such as the brainstem, the spinal cord, blood vessels, and cranial

nerves. Due to this complexity, management of skull base tumors requires a

multidisciplinary approach involving a team of specialists such as neurosurgeons,

otorhinolaryngologists, radiation oncologists, endocrinologists, and medical

oncologists. In the case of pediatric patients, cancer management should be

performed by a team of pediatric-trained specialists. Radiation therapy may be

used alone or in combination with surgery to treat skull base tumors. There are

twomain types of radiation therapy: photon therapy and particle therapy. Particle

radiotherapy uses charged particles (protons or carbon ions) that, due to their

peculiar physical properties, permit precise targeting of the tumor with minimal

healthy tissue exposure. These characteristics allow for minimizing the potential

long-term effects of radiation exposure in terms of neurocognitive impairments,

preserving quality of life, and reducing the risk of radio-induced cancer. For these

reasons, in children, adolescents, and young adults, proton therapy should be an

elective option when available. In radioresistant tumors such as chordomas and

sarcomas and previously irradiated recurrent tumors, particle therapy permits the

delivery of high biologically effective doses with low, or however acceptable,

toxicity. Carbon ion therapy has peculiar and favorable radiobiological

characteristics to overcome radioresistance features. In low-grade tumors,

proton therapy should be considered in challenging cases due to tumor

volume and involvement of critical neural structures. However, particle

radiotherapy is still relatively new, and more research is needed to fully

understand its effects. Additionally, the availability of particle therapy is limited

as it requires specialized equipment and expertise. The purpose of this

manuscript is to review the available literature regarding the role of particle

radiotherapy in the treatment of skull base tumors.

KEYWORDS

particle radiotherapy, proton radiotherapy, carbon ion radiotherapy, skull base tumors,
pediatric tumors, sellar tumors
frontiersin.org01124

https://www.frontiersin.org/articles/10.3389/fonc.2023.1161752/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1161752/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1161752/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2023.1161752&domain=pdf&date_stamp=2023-06-07
mailto:alberto.iannalfi@cnao.it
https://doi.org/10.3389/fonc.2023.1161752
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2023.1161752
https://www.frontiersin.org/journals/oncology


Iannalfi et al. 10.3389/fonc.2023.1161752
Introduction

The skull base is an anatomically complex and functionally

critical area. Because of their anatomical location, the management

of skull base tumors is challenging for both neurosurgeons and

radiation oncologists.

Surgery is often the first step in therapeutic management to obtain

pathologic sampling, improvement of symptoms, and cytologic

reduction. Due to the proximity of critical vasculo-nervous structures,

total removal of the tumor is often not possible or could be achieved at

the price of potentially life-threatening complications (1, 2).

Maximum safe surgical resection, usually followed by radiation

therapy (RT), represents the standard of care for many skull base

tumor histologies, both malignant and benign.

Improvements in RT technology, such as intensity-modulated

radiotherapy (IMRT) or volumetric arc therapy (VMAT), have

allowed precise delivery of RT doses to skull base lesions.

However, due to the proximity to some organs at risk (OARs),

such as the brainstem and the optic pathways, and the need to

deliver very high doses (even over about 70 Gy) for radioresistant

histologies, RT with photons may not be sufficient to obtain good

control of disease without side effects.

Particle radiotherapy (PRT) using protons or heavy ions is

probably currently the most advanced form of RT and offers new

opportunities for improving cancer care and research.

Protons and heavy ions, such as carbon ions, can potentially

improve dose sparing of normal tissues through the exploitation of

the Bragg peak phenomenon, resulting in an increase in energy

deposition with penetration depth up to a sharp maximum followed

by a rapid decrease at the end of the penetration range (3). These

features permit more precise and conformal dose localization to the

target compared with conventional photon RT (Figure 1).

Moreover, considering carbon ions, other biological advantages

are provided in addition to the improved physical dose distribution,

owing to the high relative biological effectiveness (RBE) of radiation

with high linear energy transfer (LET) (4).

RBE is the parameter that expresses quantitatively the biological

effect of PRT, which is the ratio between the reference photon

radiation and the PRT that produces the same biological effect.

Because carbon ion beams have a high LET, they can create

clusters of DNA damage that cannot be repaired. Carbon ions are

more effective than protons and photons for the treatment of hypoxic

cells, with fewer variations in radiosensitivity related to the cell cycle.

Currently, according to the Particle Therapy Co-Operative

Group (PTCOG) website, there are 115 particle therapy facilities

clinically active: 101 proton centers, eight carbon ion centers, and

six centers with both carbon ions and protons (5).

This review summarizes published literature and assesses the

present status regarding the role of proton (PT) and carbon ion

(CIRT) therapy in skull base tumors.
Chordomas

Chordomas are rare primary bone tumors arising from

notochord remnants, with an incidence of 0.8–1 case per 1 million
Frontiers in Oncology 02125
population/year (6). These tumors arise mostly in the axial skeleton,

with the midline clivus involved in approximately one-third of cases.

Currently, the World Health Organization (WHO)

histologically defines three types of chordoma: conventional

chordoma, dedifferentiated chordoma, and poorly differentiated

chordoma (7). Chordoma is immunopositive for epithelial

markers such as cytokeratins (CKs) and endothelial membrane

antigen (EMA) and can also be positive for S-100 and vimentin (8).

Brachyury was recognized as the diagnostic hallmark for chordoma

staining to discriminate chordomas from histological entities with

similar morphological characteristics (7). In poorly differentiated

chordomas, tumor cells are positive for broad-spectrum CKs and

brachyury; they show loss of SMARCB1/INI1, and the S100 protein

is rarely expressed (9).

Chordomas are locally aggressive and invasive and generally

slow-growing; therefore, they are often clinically silent until the late

stages of the disease. Clinically, patients mostly present with

headache and cranial nerve deficits (especially diplopia, vision

impairment, and trigeminal neuralgia), sensorimotor deficits,

pituitary dysfunction, and hydrocephalus (10). Metastases are rare

at the time of diagnosis and can occur in the lung, liver, bone, lymph

nodes, and other sites, but the prognosis is more related to the local

aggressiveness of chordoma than to its potential to metastasize.

The large tumor burden at the time of diagnosis and the

surrounding critical structures, such as the brainstem, cavernous

sinus, and optic apparatus, could often preclude a gross total

resection (GTR). Surgery should aim towards maximum tumor

resection combined with preservation of neurological function and

quality of life, decompressing the brainstem and optic pathway, and

reducing the volume of disease to enhance the effectiveness of

subsequent RT (11–13).

Due to the low radiosensitivity of chordomas, different studies

have reported that a dose escalation to at least 70 Gy is needed to

improve tumor control rate, even though these doses are often

difficult to achieve with conventional photons due to directly

adjacent vital structures (14, 15).

Advances in RT technology with the introduction of PRT have

led to higher doses of radiation delivered to the target volume with

minimal injury to the surrounding tissue and improved

radiobiological effects (7).

Both PT and CIRT have been successfully used in the treatment

of skull base chordoma, and good results have been reported with

limited severe acute and late toxicity and a high probability of local

control (LC). Because protons have a longer treatment history and

have been applied in multiple centers over the past 25 years, their

series are larger than carbon ions (16–23) (Table 1).

Five-year LC ranged between 59% and 84%, whereas 5-year

overall survival (OS) rates ranged from 72% to 83%. The largest

published study reported 10-year LC and OS rates of 54% and 75%,

respectively (18).

Some prognostic factors for LC have consistently been reported

to be of predictive value, whereas others have only been sporadically

discussed. Regarding the influence of residual tumor volume after

surgery, many series have reported the residual tumor volume to be

a prognostic factor for LC, with different cut-off points ranging

from 10 cc to 75 cc (18–22, 24).
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Furthermore, the presence of low-dose regions and dose

inhomogeneity within the gross tumor volume (GTV) is a

primary reason for local recurrence. The underdosing of a

tumor’s portion may increase the risk of local recurrence, but

on the other hand, some portions of the target are underdosed to

meet constraints on critical normal structures; this critical

situation is intrinsically due to the occurrence of disease in

very close proximity to or involving brainstem or optic

pathways (22). The prognostic factors emphasize the

importance of the combination strategy of maximally safe

resection followed by PRT, which permits high biologically

effective doses. In the event that that the surgeon determines

that a maximally safe resection is not feasible, a debulking

“space” surgery that creates distance between tumor and organ

at risk should be considered to favor the delivery of a high RT
Frontiers in Oncology 03126
dose in the most optimal way by PRT. In this perspective, the

sharing of combined treatment planning strategies between the

surgeon and radiation oncology is crucial to obtaining the most

favorable clinical outcomes within the framework of the

network, which includes highly specialized centers for the

management of skull base tumors.

Although Munzenrider et al. raised the issue of female patients

having decreased local control rates (17), this data was not

confirmed by other series, and, according to a recent retrospective

analysis of 238 patients with skull base chordomas, sex was not

found to have a predictive value (24).

Moreover, except for Jahangiri and colleagues, who identified

tumor localization in the middle and lower third of the clivus as

other risk factors for recurrence, no relation between the site of

residual tumor and LC was reported in other series (25).
A

B

FIGURE 1

(A) Bragg Peak Curve Plot; (B) Example of particle radiotheraphy plan for skull base tumor.
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In primary PRT, the target volume delineation should be

primarily based on the concept of risk-based volumes,

considering preoperative disease extension, potential

dissemination ways, data emerging from a detailed surgical report

(as dural infiltration), and post-operative changes (12, 22).

Loco-regional relapse is a relatively common pattern of

recurrence following initial treatment of chordoma patients and

includes progression of the treated primary tumor, lesions recurring

near surgical margins, or lesions developing because of iatrogenic

seeding along a biopsy or surgical tract (26, 27). Salvage treatment

choices represent a major clinical challenge and can include surgery

and/or RT, balancing morbidity and expected disease control.

The choice of the best treatment strategy between surgery alone,

surgery plus RT, and RT alone must be based on an individual case

evaluation. Potential eligible patients for a complete surgical re-

intervention are patients presenting isolated disease, a long disease-

free interval, good performance status, and a reasonable likelihood

of acceptable morbidity (26).

Uhl et al. (27) reported outcomes regarding reirradiation (re-

RT) with carbon ions performed on 25 patients with locally

recurrent skull base chordoma (n = 20) or chondrosarcoma (n =
Frontiers in Oncology 04127
5). Fourteen of the patients underwent PRT (CIRT/PT) as previous

RT, with a median dose of 60 GyE (range: 42–72 GyE), while 11 of

them had photon therapy with a median dose of 66 Gy. The median

applied total dose of re-RT with carbon ions was 51 GyE (range: 45–

60 GyE) in five to six fractions of 3 GyE per week, and it was

reported as correspondence to a median equivalent dose of 63.8

GyE (range: 56.2–75 GyE) calculated for a fraction dose of 2 Gy

(EQD2 Gy) and an alpha/beta ratio of 2. The 2-year local

progression-free survival (PFS) probability was 79.3%. Five cases

of recurrence occurred in chordomas, but only one in

chondrosarcomas. A planning tumor volume (PTV) of <100 ml

or a total dose of >51 GyE was correlated with an improved LC rate.

Low acute toxicity was described: one patient developed grade (G) 2

mucositis during therapy, while three patients had hypoacusis

related to a new onset of temporary middle ear effusion (G2).

Furthermore, five patients developed an asymptomatic temporal

lobe reaction after treatment without the need for surgical

intervention (G1). Only one patient had a G3 osteoradionecrosis

in the treatment area 1 month after irradiation, which required

surgery. In 84% (21/25) of patients, the tumor-associated symptoms

were stable or had decreased after therapy (27).
TABLE 1 Patients and treatment description of chordomas irradiated with proton or carbon ion (selected series).

Study Particle Patients
(number)

Follow-up
(months)

RT Dose
(GyRBE)

LC
(%)

OS
(%)

Severe late toxicity

Hug, 1999
(16)

P 33 33
(median)

TD: 65–79
Dpf: 1.8–2

5-y:
59

5-y:
79

7%

Munzenrider,
1999 (17)

P + ph 169 41
(median)

TD: 66–83
Dpf: 1.8–1.9

5-y:
73

10-y:
54

5-y:
80

10-y:
54

Disaggregated data not reported or limited cohort
followed-up
for toxicity outcomes

Uhl, 2014
(18)

C 155 72 (median) TD: 60
(median) Dpf: 3

5-y:
72

5-y:
85

0%

Weber, 2016
(19)

P 151 50 (mean) TD: 72.5 (mean)
Dpf: 1.8–2

7-y:
70.9

7-y:
72.9

8%

Fung, 2018
(20)

P + ph 106 61 (mean) TD: 8.4–73.8
Dpf: 1.8

5-y:
75

5-y:
88

7%

Koto, 2019
(21)

C 34 108 (median) TD: 60.8
(median)
DpF: 3.8
(median)

5-y:
77

5-y:
93

11%

Iannalfi,
2020
(22)

P 135 49
(median)
whole series

TD: 74
(median) Dpf:

1.8–2

5-y:
84

5-y:
83

12%
(2% expected for tumor very close to optic nerve and/or pre-
existing severe deficit). No G3 brain necrosis.

Iannalfi,
2020
(22)

C 65 49
(median)
whole series

TD: 70,4 Dpf:
4.4

5-y:
71

5-y:
82

12%
(2% expected for tumor very close to optic nerve and/or pre-
existing severe deficit).
No G3 brain necrosis.

Mattke, 2022
(23)

P 36 36 (median) TD: 74
(median) Dpf:

1.8-2

5-y:
61

5-y:
92

13%
(cumulative rates of brain injury)
G3 toxicity reported, but
disaggregated data for G3 not reported

Mattke, 2022
(23)

C 111 52 (median) TD: 66 5-y:
65

5-y:
83

13%
(cumulative rates of brain injury)
G3 toxicity reported, but
disaggregated data for G3 not reported
P, proton; C, carbon; RT, radiotherapy; TD, total dose; Dpf, dose per fraction; LC, local control; y, years; OS, overall survival.
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In the case of recurrent disease after previous RT, a re-RT can be

indicated only in the following situations: re-RT can be delivered

without exceeding the estimated dose tolerance limits on OARs, and

appropriate dose coverage of target volumes can be obtained.

Conversely, other treatment strategies should be preferred.

Currently, the cumulative dose tolerance for the most critical

OARs and the degree of recovery of healthy tissue receiving

radiation dose after the first course of RT and its potentially

protective role are still widely preliminary and very difficult to

estimate (26, 28).

In the case where a complete macroscopic resection of a recurrent

lesion cannot be likely obtained and proximity to critical structures

does not permit adequate RT coverage of target volumes, debulking

“space” surgery may be an adequate solution to create a distance

between the critical structures and the residual recurrent tumor,

thereby allowing delivery of a tolerable radiation dose (26).

The radiation oncologist must be develop the radiation plans

based on an accurate reconstruction of the previous RT dose

distribution and taking into account expected morbidity of

second radiation. If a re-RT can be delivered without exceeding

the estimated dose constraints on OARs, the patient should be

treated with the same intent and approach as a RT naïve recurrence.

When this goal is not achievable, sufficient data are not available to

recommend an optimal dose and fractionation scheme for radiation

in this setting and radiation oncologists should develop a treatment

plan for obtaining the best balance between the higher RT dose with

adequate target volume coverage and respecting dose

constraints (26).

In cases of tumor seeding in the surgical pathway, the site of

recurrence is often “out of field” regarding the previously irradiated

volume, and the relapsed site can be adequately and easily treated by

RT at higher curative doses. Low-dose re-RT with palliative intent

can be appropriate in selected cases, but only if it can be performed

with a negligible risk of toxicity. The use of high-LET radiation,

such as CIRT, may be estimated as a more effective option against

the radioresistant clones that may have been selected by the first

treatment (26).

Due to the lack of sufficient data to assess dose tolerance in

relation to toxicity in the re-RT of chordomas, the dose/

fractionation schemes for re-RT cases have remained

heterogeneous and based primarily on qualitative evaluation of

the prior treatment plan. Caution is warranted in re-irradiating the

carotid artery because of life-threatening complications such as

carotid blowout (CBO) syndrome that have been reported in

patients treated with re-RT for head and neck cancer (28).

In a recently published review, it emerged that a higher risk of

CBO is likely awaited when a higher cumulative dose than 120 Gy is

delivered to the carotid artery in received RT courses (28). The risk

of CBO represents consequently a critical concern, often limiting

the indication of the re-RT option for skull base chordomas,

considering the high dose required in radiation treatment of

chordomas in both primary RT and re-RT settings (26).

When re-RT, especially with carbon ions, represents the

required main salvage treatment option, in the case of high-risk

patients for threatened or impending CBO in the current practice,
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the multidisciplinary team should carefully evaluate the best

preventive strategy for CBO (surgical ligation, stenting, or

occlusion), similarly to how much is suggested for head and neck

tumors (28).

In RT treatment of chordomas located in the lower third of the

skull base and extended to the cervical spine, metal implants (e.g.,

for cranio-cervical stabilization) can make RT delivery more

complicated by creating artifacts in radiological imaging and

interfering with precise delineation of target and OAR, especially

in the spinal canal. Furthermore, these artifacts affect the range

calculation for PRT, determining additional uncertainty in the

delivered dose (12, 26). Theoretically, the presence of metal

implants should be considered a critical factor in deciding not to

deliver curative RT or in deciding to deliver it with photons, which

are less sensitive to artifacts compared to particles.

Especially in the setting of patients with newly diagnosed skull

base chordomas invading the cranio-spinal junction and extending to

the cervical spine, a multidisciplinary assessment involving a surgeon

and radiation oncologist is mandatory to plan a better combined

strategy. In many cases, this problem can be resolved in the current

practice by sharing the best geometric arrangement of craniocervical

metal implants and screw fixation to obtain stabilization and be

compatible with the particle beam geometry assessment estimated

based on disease extension on pre-surgery imaging. In other cases, the

shared decision by surgeons and radiation oncologists to postpone

stabilization after PRT can represent the best option.

In the case of treatment of recurrent disease with metal implants

previously positioned, especially if a debulking or separating surgery

is planned, the possibility of modifying, removing, or substituting

metal implants with non-metal implant devices (carbon fiber

devices) should be considered to enable radiation with potentially

curative intent; however, this represents an appropriate choice only

in very well selected cases after an accurate multidisciplinary

evaluation (26). It is important to underline that in craniocervical

junctions, in current practice, the required curvature of bars is very

often not compatible with the availability of carbon fibers (or other

non-metal based) devices.
Chondrosarcomas and
other sarcomas

Chondrosarcomas are a heterogeneous group of slow-growing

neoplasms originating from cartilage-producing cells in enchondral

ossification areas, with an incidence of 0.2 per 100,000 cases (29). At

the base of the skull, common sites of involvement are usually

represented by the temporo-occipital junction, parasellar area,

spheno-ethmoidal complex, and clivus.

WHO grading of chondrosarcomas is essential and useful in

predicting histological behavior. Chondrosarcomas are divided into

three grades based upon their histopathology: grade I, considered to

be low-grade and usually indolent with minimal malignant

potential regardless of their location and presentation; grade II;

and grade III (30). A fourth group considered grade IV, makes up
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10% of all chondrosarcomas and, by definition, is a high-grade

neoplasm with an inferior prognosis (31).

Histological subtypes include the following: classical/

conventional (85% of all chondrosarcomas), mesenchymal, clear

cell, and dedifferentiated (10, 31).

Skull base chondrosarcomas are slow-growing tumors that

gradually progress at the base of the skull structures from

abutting or encasing them to subsequently invading critical

organs. Most patients are asymptomatic or develop symptoms at

a later stage of the disease as a result of infiltration and compression

of the surrounding neural structures (headache, diplopia secondary

to abducens nerve palsy, lower cranial nerve deficits) (32).

The dominant failure pattern after treatment for a skull base

chondrosarcoma is local recurrence, and surgery is the cornerstone of

the primary management of this disease. However en bloc resection/

GTR with sufficient surgical margin is universally challenging due to

the complexity of the anatomy. In 2009, a systematic literature review

demonstrated a significant reduction in the 5-year rate of local

recurrence from 44% after surgery alone to 9% after RT (29).

However, to achieve adequate LC, high radiation doses are

necessary due to relatively high radioresistance. Given the need for

high doses and the sparing of the OARs, PRT has been used in the

treatment of skull base chondrosarcomas to accomplish this goal.

The review by Amichetti et al. reported 5-year and 10-year LC

rates after PRT in patients with chondrosarcomas of the skull base

of 75% to 99% and 98%, respectively (33).

In Table 2, clinical outcomes of the largest series of skull base

chondrosarcoma treated with PRT are summarized (16, 34–36).

Chondrosarcoma is perhaps the most common histotype of

sarcoma starting at the skull base, but it is not the only one.

Literature on the use of PRT for the treatment of the base of skull

sarcomas other than chordoma and chondrosarcoma, which are

usually more aggressive, is scarce (37, 38).

Few data concerning other types of skull base sarcomas are

reported in case series or in inclusive studies of different

sarcomatous histologies, such as the study by Yang and colleagues

published in 2020. In this study, the authors reported the clinical

outcomes of 62 patients with skull base bone or soft-tissue sarcomas
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(chordoma excluded) treated with PRT (both proton and carbon

ion) as primary RT or re-RT for relapse (38).

Among the 45 radiation-naïve patients in this study, 2-y PFS

and OS were 62.9% and 80.2%, respectively (38).

However, for a rare condition such as skull base sarcoma, it

will be difficult to perform prospective randomized trials

concerning PRT for each histological subtype of the disease

because patients’ treatment in terms of surgery and chemotherapy

varies substantially.
Meningiomas

Meningiomas are the most common primary intracranial

tumor, with an incidence rate of 37.6% (39).

The WHO 2021 classifies meningiomas into three different

histopathological types: grade I (benign), which has a low

recurrence rate and accounts for 80% of cases; grade II (atypical),

which comprises 20%–30% of patients and has a recurrence rate of

30%–40%; and grade III (anaplastic), which is found in 1%–2% of

patients and almost surely recurs (40).

The diagnosis of meningioma is most common in middle and

old age. The frequency increases with age, and women are twice as

likely to be diagnosed as men (39, 41, 42).

The occurrence risk of a meningioma is linked to previous cranial

exposure to ionizing radiation and previous brain RT in childhood.

Furthermore, the risk is associated with a genetic condition called

type 2 neurofibromatosis (NF2). In fact, NF2 patients are more likely

to develop WHO 2–3 or multiple meningiomas (39).

Finally, growing data suggest an association between the

prolonged exposure of women to endogenous or exogenous sex

hormones and meningioma. An association with breast cancer and

a higher incidence in reproductive age (increasing during

pregnancy and decreasing after delivery) and in menopause is

reported. Progesterone receptor expression may be involved in

the occurrence of meningiomas (43).

With the increase in neuroimaging availability, incidental

meningioma diagnoses have increased. The 1% of the general
TABLE 2 Patients and treatment description of chondrosarcomas irradiated with proton or carbon ion (selected series).

Study Particle Patients (number) Follow-up (months) RT Dose (GyRBE) LC (%) OS (%) Severe late toxicity

Hug, 1999
(16)

P 25 33
(median)

TD: 69.3 (mean)
Dpf: 1.8

5-y: 75 5-y: 100 7%

Weber, 2016
(34)

P 77 69.2 (mean) TD: 70.0
(mean)
Dpf: 1.8–2

8-y: 89.7 8-y: 93.5 8%

Mattke, 2018
(35)

P 22 30.7
(median)

70 (median) 4-y: 100 4-y: 100 0%

Mattke, 2018
(35)

C 79 43.7
(median)

60 (median) 4-y: 90.5 4-y: 92.9 0%

Riva, 2021
(36)

P 32 31 (median) TD: 74 (median) Dpf: 2 3 y LC: 100% – 6%

Riva, 2021
(36)

C 16 66 (median) 70.4
Dpf: 4.4

3 y LC: 94% – 12%
P, proton; C, carbon, RT, radiotherapy; TD, total dose; Dpf, dose per fraction; LC, local control; y, years; OS, overall survival.
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population that undergoes a brain magnetic resonance imaging

(MRI) presents an incidental meningioma (39).

Surgically accessible meningiomas that can be safely removed

have indications for surgical resection. The cornerstone of

symptomatic or growing meningiomas is maximal surgical

resection, minimizing morbidity and preserving neurological

functions. However, as happens with skull base tumors located

close to the cavernous sinus, total removal is rarely achieved

without a planned subtotal resection. Incomplete surgical removal

is associated with an increased risk of progression. Afterward,

according to grade, residual meningioma can be monitored or

treated with postoperative RT. The interval from surgery to

progression can be long, and the timing of RT after incomplete

surgery or when meningioma relapses remains questioned (2).

External beam RT improves LC, and new advanced radiation

techniques can provide excellent target dose coverage, precise target

localization, and accurate dose delivery. Photon-based RT is usually

recommended as adjuvant therapy or as the primary treatment for

meningioma. Several RT techniques have been developed: IMRT,

VMAT, and stereotactic irradiation modalities (i.e., Gamma Knife,

CyberKnife) (39, 44).

PRT is an option in meningioma management as an alternative

to photon RT. PT is the most common PRT used in clinical practice

(40, 42). Another option is represented by CIRT, whose use is

reserved especially for re-RT after disease progression (41).

PT has a radiobiological superior advantage over photon RT

due to the capability to deposit most of the particle energy at the end

of their trajectory with a very little exit dose beyond the target,

sparing surrounding healthy tissues. Furthermore, PRT is

characterized by a RBE equal to 1.1 and 1.5–3.0 for proton and

ion-carbon, respectively (45).

Consequently, for patients with potentially long-term survival,

PT may be proposed for skull base meningiomas, especially in cases

of complex shapes and larger volumes.

Moreover, a better profile of dose distribution decreases the risk

of treatment-related side effects (i.e., radionecrosis and

neurocognitive impairment) and the risk of potential radiation-

induced secondary malignancy (2). In the dedicated paragraph

below, selection criteria for PRT in low-grade skull base tumors

are discussed. In a smaller portion of the patients, the meningiomas

with skull base location present higher-grade types (WHO II–III),

which required a higher dose level. For this reason, the achievement

of the most favorable ratio between optimal coverage of treatment

volume with a therapeutic higher dose and the sparing of tolerance

dose to critical structures can further represent a critical advantage

of PT in the treatment of higher-grade skull base meningiomas,

especially in cases with the closest proximity of tumors with

brainstem and/or optic pathways.

PT is successfully utilized for meningioma (skull base and other

localizations) treatment, with both a good achievement of LC and a

few reports of acute and severe toxicities. Characteristics of the

principal studies of PT for meningioma are summarized in Table 3

(46–54).

Meningiomas often recur over time, regardless of the initial

extent of surgery, and repeating surgery with/without the use of

adjuvant therapeutic options may be necessary. PT may be a
Frontiers in Oncology 07130
treatment option when surgery is not feasible. In fact, due to its

higher RBE, it is feasible to treat more radioresistant diseases, such

as a recurrence of pre-irradiated meningioma, with a lower burden

of side effects.

Champeaux-Depond et al. reviewed 193 cases of recurrence or

progression of meningioma that underwent PT (55).

Five-year PFS was 71.5% (95% CI 64.4–79.4), 55.6% (95% CI

32.5–95), and 35.6% (95% CI 12.8–98.9) for WHO G1, G2, and G3

meningiomas, respectively. Five-year OS rates were 93% (95% CI

88.7–97.4), 76.4% (95% CI 51.4–100), and 44.4% (95% CI 16.7–100)

for WHO G1, G2, and G3 meningiomas, respectively (55).

Recurrences after RT in patients with meningiomas generally

represent a very challenging clinical situation: prior RT has often

completely saturated the margin of radiation tolerance of critical

organs, and for this reason any additional RT must be performed

using highly advanced RT modalities. Skull base location represents

a very critical feature, which further contributes to the high degree

of difficulty in performing effective re-RT. In terms of treatment

alternatives, the risk of neurosurgical intervention can be associated

with high rates of treatment-related sequelae.

El Shafie et al. (56) published the results of 42 patients treated

with PRT for recurrent intracranial meningioma after previous

irradiation. The location was the skull base in 73.8% of patients.

Concerning dose received in previous RT, the median dose was 52.9

Gy (range 12.1–62.4 Gy) for IMRT (n = 16 patients), while the

median dose for 3-dimensional conformal RT (n = 16 patients) was

54 Gy (range 50.5–55.8 Gy); seven patients received stereotactic

radiosurgery (SRS) at a median dose of 12.1 Gy (range 12.0–17.0

Gy), and one patient received fractionated stereotactic RT (FSRT) at

a cumulative dose of 58.8 Gy. One patient had previously received

radiopeptide therapy with Y-90 DOTATATE at 4.39 GBq,

corresponding to an approximated local dose of 10 Gy, whereas

another patient previously received previous CIRT due to tumor

progression. The patients were treated with PT in 19% of cases (n =

8) and CIRT in 81% of cases (n = 34). The median total dose of PRT

was 51 Gy (RBE) [range 15–60 Gy (RBE)]. Four patients received

bimodal treatment with a carbon ion boost and a photon base plan:

15 Gy (RBE) (n = 1) or 18 Gy (RBE) (n = 3), applied after 50–52 Gy

of photon irradiation. For CIRT, most commonly, a dose per

fraction of 3 Gy (RBE) was applied, as well as a dose per fraction

of 3.3 Gy in one case. For PT, smaller doses per fraction, such as 1.8

Gy (RBE) or 2 Gy (RBE), were used. Different fractional schemes of

PRT were applied depending on the previous treatment dosimetry,

and the goal was to deliver a dose upward of 50 Gy (RBE) for

WHO-1 tumors and upward of 54 Gy (RBE) for higher-grade

tumors. The PFS after 12 months accounted for 71% and 56.5%

after 24 months, and the OS was 89.6 and 71.4%, respectively.

Histology impacted PFS significantly for high WHOG2/G3 tumors;

the median PFS was 25.7 months, while the median PFS was not

reached for WHO 1 tumors due to a limited number of events. No

significant difference in PFS could be detected between WHO G2

and G3 meningiomas. Notably, it is relevant that the tumor volume

treated was large: the mean GTV was 51.3 ml, while the median

GTV was 18.1 cc. The OS after re-RT was 89.6% after 12 months

and 71.4% after 24 months, with a median OS of 61 months (95%

CI 34.2–87.7). The WHO grading had a relevant effect, as the
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median OS for low-risk patients was not reached, whereas for high-

risk patients it was 45.5 months. Treatment was performed safely

without interruption, and no G4 or G5 toxicities were observed. In

total, three patients developed radiation necrosis; two required

surgeries (G3), and one was treated with corticosteroid

administration (G1) (56).

Imber et al. (57) reported a review of 16 patients who received PT

re-RT for recurrent meningiomas. The location was the skull base in

69%. At diagnosis, 44%, 50%, and 6% of patients presentedWHOG1,

G2, and G3 tumors, respectively. The median dose received with

prior RT was a median of 54 Gy (range 13–65.5). The median time

between the prior RT and the PT re-RT was 5.8 years (range 0.7–

18.7). The median PT dose was 60 Gy (RBE) (range 30–66.6), and the

median PTV was 76 cm3 (range 8–249). The median follow-up was

18.8 months. At the last follow-up (range 1.2–41.5 months), 44% of

intracranial recurrences and 19% of disease-related deaths were

found. The median cohort PFS was 22.6 months, with 1- and 2-

year PFS of 80% and 43%, respectively. Median OS was not achieved,

with 1- and 2-year OS of 94% and 73%, respectively; all deaths were
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attributed to being related to meningioma. Patients with initially

WHOG1 tumors presented significantly improved PFS versus higher

grades with 1- and 2-year PFS estimates of 100% versus 71% and 75%

versus 29%, respectively. Longer intervals between prior RT and PT

also predicted improved PFS (P = .03) and OS (P = .049). Overall, the

late G ≥3 toxicity rate was five out of 16 patients. The most common

post-treatment complication was new or worsening hydrocephalus in

three patients. A review of the imaging acquired to plan PT re-RT

suggested that all three patients had some degree of baseline

radiological evidence of ventriculomegaly. Two patients (13%)

developed radionecrosis at 6 and 16 months after PT; only one was

symptomatic (57).
Craniopharyngiomas

Craniopharyngiomas (CPs) are rare, histopathologically

neuroepithelial tumors arising from the embryological remnants

of the primitive craniopharyngeal duct, or Rathke’s pouch. Despite
TABLE 3 Patients and treatment description of meningiomas irradiated with proton or carbon ion (selected series).

Study Site WHO
grade

Particle Patient
(number)

Follow
up

(Month)

RT dose
(GyRBE)

LC (%) OS (%) Toxicity

Gudjonsson, 1999
(46)

Skull base 15 (G1)
4
(Unknown)

P 19 36 (at
least)

TD: 24
DpF: 6

3-y: 100 / No severe
toxicity

Vernimmen, 2001
(47)

Skull base 23 (G1) P 23 40 (mean) TD: 54-61.1
Dpf: 16-27

5-y: 88 / Late toxicity
(any grade):
11%

Weber,2004
(48)

Skull base +
Other sites

11 (G1)
2 (G2)

P 13 34
(median)

TD: 56
(median)
Dpf: 1.8-2

3-y: 100 3-y: 84 Late toxicity
(any grade):
19%

Halasz, 2011
(49)

Skull base +
Other sites

50 (G1) P 50 32
(median)

TD: 13
DpF: 13

3-y: 94 / /

Weber, 2012
(50)

Skull base +
Other sites

23 (G1)
9 (G2)
2 (G3)
5
(Unknown)

P 39 54.8
(median)

TD: 56
(median)
Dpf: 1.8–2

5-y: 84.6 5-y: 82 Late toxicity
(any grade):
41%
Severe late
toxicity: 13%

Combs, 2013
(51)

Skull base 71 (G1)
36
(G2-3)

P ± C
boost

107 12
(median)

TD P: 52.2–
57.6
TD C: 18

LC at the end of
FUP WHO G1: 100
2-y WHO G2–3:
33%

3-y: 100 /

Murray, 2017
(52)

Skull base +
Other sites

61 (G1)
35
(G2–3)

P 96 56.9
(median)

TD WHO G1:
54 (median)
TD WHO G2-
3: 62
Dpf: 1.8–2

5-y WHO G1: 95
5-y WHO G2: 69

5-y
WHO
G1: 92
5-y
WHO
G2: 80

Late toxicity
(any grade):
45%
Severe late
toxicity: 10%

Vlachogiannis,2017
(53)

Skull base +
Other sites

170 (G1) P 170 84 TD: 14–46
Dpf: 3–8

5-y: 93 / Late toxicity
(any grade): 9%

El Shafie, 2018
(54)

Skull base 60 (G1)
7 (G2)
1 (G3)
42
(Unknown)

P +/- C
boost

110 46.8
(median)

TD P: 54
TD P+C: 50 P
+ 18 C

5-y: 96.6 5-y: 96.2 Severe late
toxicity: 3.6%
WHO, World Health Organization; P, proton; C, carbon; RT, radiotherapy; TD, total dose; Dpf, dose per fraction; LC, local control, y, years, OS, overall survival.
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their histopathologically low-grade classification, these patients

frequently experience profound disabilities that affect their quality

of life and instrumental daily activities. CPs present two classically

distinct subtypes in adults: adamantinomatous (ACP) and papillary

(PCP). In children, ACP is nearly total. The overall incidence of CPs

is reported as 0.13–0.16 in 100,000, constituting 5%–10% of

pediatric and 1%–4% of adult brain tumors, respectively (58).

The age distribution was bimodal, with one peak in 5- to 9-year-

olds and another in 55- to 69-year-olds. Compared with ACP, PCP

only represents 5.5% of the histologically diagnosed CPs in 0- to 29-

year-olds (58).

Primarily in children affected by CPs, several studies supported

the idea that the pre-operative hypothalamic involvement should

address treatment strategy towards a conservative surgical approach

followed by RT aimed at hypothalamic damage sparing (59–64).

In a recent consensus paper regarding surgical management of

CPs in adult patients published by EANS (European Association of

Neurosurgical Societies), it was recommended performing a GTR

when there is no infiltration of the hypothalamus, while performing

subtotal resection (STR) coupled with adjuvant RT when

hypothalamic infiltration is confirmed (hypothalamic-sparing

resection). Furthermore, the authors recommended the use of

traditional endonasal trans-sphenoidal approaches for purely

intrasellar CPs and suggested performing an expanded endonasal

trans-sphenoidal approach as a first-line surgical approach for

midline and retro-chiasmatic CPs without lateral extension (65).

The endoscopic endonasal approach (EEA) series can achieve

high rates of GTR (68.9%) and satisfactory clinical outcomes:

64.3%–78.9% GTR rates for purely infra-diaphragmatic CPs and

66.3% GTR rates in lesions involving the supradiaphragmatic space

(66). The main advantage of endoscopic EEA has been observed in

more complex supradiaphragmatic lesions, which can be treated

effectively and safely with this approach (67). When both

approaches are feasible, the endoscopic endonasal approach has

been found to be significantly associated with better surgical

outcomes compared with transcranial approaches in terms of

GTR rates and visual outcomes. Furthermore, favorable results

for EEA have been related, though not significantly, to

complications such as panhypopituitarism and diabetes insipidus.

No significant rates of meningitis have been recorded between the

two surgical approaches, although TCA showed a significantly

lower risk of CSF leakage (68).

Furthermore, the endoscopic endonasal can be an effective

approach for midline CPs in children (69). The largest adult CP

meta-analysis reviewing 22 unique studies providing data for 759

cases with 68.9-month average follow-up, reported recurrence rates

among adult CPs of 17% after GTR, 27% after STR + RT, and 45%

after STR. The risk of recurrence after GTR vs STR + RT did not

reach significance (70).

In their systematic review, Clark et al. found that also in

pediatric CPs, there is no difference in 1- or 5-year PFS between

the groups who underwent GTR and STR combined with radiation

(5-year PFS: 77 vs 73%, respectively) (71).

Hypothalamic damage presents a detrimental impact on long-

term co-morbidities, even to a severe degree, potentially impacting

long-term survival and quality of life (62, 72). Hypothalamic
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preservation represents an important goal in driving surgical

management and a comprehensive treatment strategy both for

adults and children (60, 62, 65).

In patients with hypothalamic involvement, it is generally

recommended a treatment strategy based on the combination of

maximal resection with hypothalamic sparing and following

radiotherapy on residual disease (60, 62, 65).

RT can be delivered as postoperative treatment in cases of

residual disease or recurrence, and depending on the surgical

strategy based on pre-operative hypothalamic involvement. Many

advanced radiation techniques are available nowadays: SRS/

hypofractionated stereotactic RT (HFSRT), FSRT, IMRT, and PT.

LC rates ranged from 65% to 100%, with the same efficacy expected

in terms of LC across different advanced radiation modalities

adopted, with a range between different series due mainly to the

prevalent retrospective nature of published series and the wide

heterogeneity of their populations (73–82).

For example, the presence of cystic disease negatively impacts

tumor control. Greenfield et al. for pediatric series with IMRT

reported 5- and 10-year cystic disease PFS rates of 70.2% and 65.2%,

while the 5- and 10-year solid disease PFS were the same at

90.7% (79).

Bishop et al. for pediatric series treated with IMRT or PT

reported that 3-year cystic failure-free survival (CFFS) and nodular

failure-free survival (NFFS) rates for the entire group were 75.5%

and 95.0%, respectively, with no significant differences for

disaggregated analysis for two different techniques (75). The doses

adopted were 11–13 Gy in radiosurgical series and 45–54 Gy in

conventionally fractionated series (1.8–2 Gy per fraction) (73–82).

The choice of RT dose schedule comes before the choice of

radiotherapy modality/technique, as we will discuss widely in the

paragraph below on selection criteria for PRT in low-grade skull

base tumors. In CPs, the choice of fractionation depends first on the

distance of the tumors from the optic pathways (76).

Conventional fractionation is adopted in cases of tumors very

close (within 3 mm) or touching/compressing optic pathways, while

the radiosurgical/hypofractionated schedule requests at least 3 mm

of tumor distance from optic pathways. Furthermore, the larger

volume (>3 cm) and complex shape of the tumor, especially in the

case of cystic tumors, can influence the choice of conventional

fractionation. Regardless of the patients’ age, the PT in patients

affected by CP is usually delivered with conventional fractionation

of dose (1.8–2 Gy per fraction, 45–30 fractions, total dose 45–54 Gy)

(75, 80–82). PT represents an elective option for children and

adolescents with brain tumors to spare cognitive function and

adaptive performance and ultimately to preserve quality of life (8,

83–93).

Particularly, CPs represent one of the pediatric brain tumor

types historically most investigated, related to, and most indicated

for treatment with PT (8, 83–85, 93). Dosimetric studies in CPs

have shown significant better sparing of healthy tissues, especially

brain volumes involved in cognitive performance as hippocampi,

comparing PT with photon RT, especially delivered with the IMRT

modality (83–85). Furthermore, studies with diffusion tensor

imaging (DTI) have been conducted because of its sensitivity to

RT-induced alterations in the structural integrity of white matter.
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Uh et al. found that in patients with CPs, deep white matter

structures developed an early decline during the first year after PT

but subsequently recovered, and that surgical defects observed in

the corpus callosum before irradiation seemed to prevent complete

recovery. These findings can be considered in RT planning to

enhance the recovery of white matter (94).

In the second study, the authors found that below-average

baseline neurocognitive performance in patients with CPs before

PT seems to be related to structural degradation of white matter

tracts. Surgery, obstructive hydrocephalus, and preoperative

hypothalamic involvement seem to be the main features of these

degradations. Longitudinal DTI showed improving trends over 5

years after PT in global integrity and efficiency measures,

particularly in children in whom a smaller brain volume was

irradiated (95).

In an old clinical series of patients treated with protons, LC rates

were 93% at 5 years (96, 97).

Fitzek et al. delivered combined photo-proton RT in 15 patients

with a median dose of 56.9 cobalt Gy equivalent (CGE; 1 proton Gy

1⁄4 1.1 CGE) (96). The median PT dose component was 26.9 CGE.

Luu et al. treated 16 patients entirely with PT with a daily dose

of 1.8 CGE for a total CGE of 50.4 to 59.4 (97).

In these old-dated series, higher radiation therapeutic doses

than those currently adopted and considerations useful for current

practice cannot be drawn (96, 97).

Nevertheless, Fitzek et al. reported no treatment-related

neurocognitive deficits were recorded within the follow-up period,

and functional status, academic skills, and professional abilities

were unaltered after PT (96).

In Table 4, we summarized selected published series of patients

affected by craniopharyngiomas and treated with PT (75, 80–82).
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Recently, Jimenez et al. published a series on 77 patients affected

by CP and treated with PT (from 2002 to 2018) with a median RT

dose of 52.2 Gy. Of 77 patients, 76 (97%) received passively

scattered protons and 1 (1%) received pencil beam scanning

protons, which represent the current standard in PT delivery. The

median age at radiation was 9.6 years. The most common

presenting symptoms before were headache (58%), visual

impairment (55%), and endocrinopathy (40%). Patients

underwent a median of two surgical interventions (range, 1–7)

before PT. At a median of 4.8 years from RT (range, 0.8–15.6), six

local failures were observed, and the 5-year local failure estimate

was 9.9%, while the 5-year OS was 97.7%. Only 4% developed acute

G3 toxicity. Concerning visual function, the authors observed no

patients with new cases of visual impairment after PT. The majority

(68%) of patients with pre-existing visual impairments presented

stability, with 10% improving and 10% worsening. Among those

patients with worsening vision after treatment, six out of the eight

patients presented documented pre-treatment poor vision,

including three who presented defect severity compatible with

blindness. This finding suggests that pre-treatment impairments

may make patients more susceptible to additional damage, and

specific attention should be focused on these patients to minimize

any additional radiation exposure to the optic chiasm and optic

nerves. Concerning cognitive function, the Full Scale Intelligence

Quotient, Processing Index, and verbal and visual memory scores

were stable and did not significantly change. Only adaptive skills

showed a statistically significant decrease in mean score at follow-

up compared with baseline, but clinically, this decrease was not

considered significant as scores remained within the average range

for patients. Five patients out of 77 (6%) developed moyamoya

syndrome. New endocrinopathies were reported in 7%; among pre-
TABLE 4 Patients and treatment description of craniopharyngiomas irradiated with proton radiotherapy (selected series).

Study Patient characteristics
(number and age group)

Follow up
(Months/Years)

RT dose
(GyRBE)

LC (%) Late Toxicity

Bishop, 2014
(75)

21
(children, median age 9.1 y)

33 months
median

TD: 50.4–54
Dpf: 1.8

3-y NFFS rates:
91.7%
3-y CFFS rates:
67.0%

10% vascular toxicity
5% vision toxicity
19% hypothalamic
morbidity
76% endocrinopathy

Ajithkumar, 2018
(82)

16
(13 patients <18 y;
median age 10.2 y

32.6 months
median

TD: 54
Dpf: 1.8

94% No high grade
toxicity

Rutenberg, 2020
(81)

14
(adults,
median age 28 y

29 months median
(clinical)
26 months
median
(radiographic)

TD: 52.2–54
Dpf: 1.8

100% at 3 years Endocrinopathy G2
(29%)
Insomnia G2 (7%)
No high grade toxicity
No vision loss or
Optic neuropathy

Jimenez, 2021
(80)

77
(median age 8.6 y)

4.8 years TD: 54 (median)
Dpf: 1.8

92% Visual impairment:
(no new cases; worsened: 10%)
No cognitive changes;
moyamoya syndrome: 6%
Endocrinopathy
(new cases: 7%
worsened: 47%)
RT, radiotherapy; TD, total dose; Dpf, dose per fraction; LC, local control; y, years; cystic failure-free survival (CFFS) rates; nodular failure-free survival (NFFS) rates.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1161752
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Iannalfi et al. 10.3389/fonc.2023.1161752
existing cases, they worsened in 47%, were stable in 49%, and

improved in 4%. Notably, diabetes insipidus was reduced from 36%

pre-PT to 12% post-RT (80).

Bishop et al. reported the outcomes of a clinical comparison study

between PT (n = 21) and IMRT (n = 31) in children. The clinical

outcomes measured in terms of LC, cyst dynamics after RT, and late

toxicity did not show statistically significant differences between the

two techniques. Nevertheless, the main parameters testing the critical

differences between these radiation modalities were not investigated:

the RT dose-volume parameters for supratentorial brain and

hippocampi and the neurocognitive outcomes. The 3-year CFFS

and NFFS rates for the entire group were 75.5% and 95.0%: 3-year

CFFS rates were 67.0% for PT and 76.8% for IMRT, but the biological

significance of cyst growth is undefined; 3-year NFFS rates were

91.7% for PT vs. 96.4% for IMRT. The 3-year OS rate was 96% (94.1%

PT vs. 96.8% IMRT). The proton cohort presented the following late

toxicity profile: 10% of vascular morbidity (versus 10% in the IMRT

cohort), 5% of vision morbidity (versus 13% in the IMRT cohort),

19% of hypothalamic obesity (versus 29% in the IMRT cohort), and

76% of endocrinopathy (versus 77% in the IMRT cohort) (75).

In a mixed series with pediatric and adult patients, Ajithkumar

et al. reported the early clinical outcomes of 13 children of 16

patients included in a registry study. The control rate was 93%: five

patients remained in complete remission, four were in partial

remission, and seven had stable disease. There were no treatment-

related grade 3 toxicities (82).

Endocrinopathy is a very common clinical morbidity in all

patients with CPs, regardless of age, due to disease or treatment.

Endocrine outcomes of protons series are comparable with those of

other RT techniques considered relevant, with differences in

reporting this outcome between different published reports (75, 80).

In the evaluation of the endocrine toxicity rates of the RT series,

it should be considered that the pituitary gland is included within

the target volume for these tumors. Vascular morbidity and

moyamoya syndrome represent a serious concern for the

treatment of CPs, especially in children, with 6%–10% rates

reported in the above-mentioned proton series (75, 80). Recent

studies have reviewed 644 pediatric patients at a single institution to

estimate the rate of and identify risk factors for vasculopathy after

PT in pediatric patients with central nervous system and skull base

tumors (98). The three most common histologies were

craniopharyngioma (n = 135), ependymoma (n = 135), and low-

grade glioma (n = 131). The authors found the 3-year cumulative

rates of any vasculopathy and serious vasculopathy were 6.4% and

2.6%, respectively, and that a maximum dose exceeding or equal to

54 CGE to the optic chiasm was significantly associated with the

development of any vasculopathy (13.1% vs 2.2%; P <.001) and

serious vasculopathy (3.8% vs 1.7%; P <.05). Interestingly, Lucas

et al. found in their phase II prospective study that postsurgical, pre-

PT vasculopathy, and PT dose to unperturbed vessels were

predictive of vascular stenosis, while the effect of PT on stenosis

was negligible within the surgical corridor (99). In the radiation

treatment of CPs, the cystic dynamic represents a frequent and

critical point in the clinical management of patients during

treatment and follow-up. The cyst growth was observed in 13%–

40% of cases; adaptive replanning was necessary because cyst
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growth was beyond the original treatment fields in 12%–24% of

cases (75, 80, 100). Bishop et al. observed immediately after RT that

17 patients (33%) had cyst growth (transient in 14) and 27%

experienced late cyst growth, with intervention required in 40%.

Bishop et al. recommend that if there is asymptomatic early cyst

growth immediately after RT, interventions should be avoided and

the patients closely monitored. They emphasize the need for close

observation and intervention for continued cyst expansion. Bishop

et al. reported that cyst growth was related to visual and

hypothalamic toxicity (P = 0.009 and 0.04) (75).

Winkfield et al. recommend surveillance imaging be performed

at least every 2 weeks during PT to avoid marginal failure, while

cases with large cystic components or enlargement during

treatment might require weekly imaging (100). Regarding adults

affected by CPs, the potential range of applications for PT is more

selective. Rutenberg et al. reported in their series of 14 patients with

exclusion that 3-year LC and OS rates were 100%. There were no G3

or greater acute or late radiotherapy-related side effects. There was

no RT-related vision loss or optic neuropathy. No patients required

intervention or treatment replanning due to tumor changes during

RT (81). Ajithkumar et al. reported a series of 16 CPs treated with

PT, on which three were adults. The patients received 54 Gy (RBE)

of PT and a follow-up of 25 months. The three patients exhibited a

complete radiological response (82).

In adult patients, the PT finds its potential application in

patients not suitable for SRS and requiring conventional

fractionation for larger/giant tumor volumes (maximum diameter

>3 cm) and tumors with proximity to or involvement (abutting/

compression) of optic pathways. The PT should be chosen among

available high-precision radiotherapy modalities (such as intensity

modulated techniques and fractionated stereotactic radiotherapy)

that permit treatment with conventional dose fractionation when

this schedule should be preferred, as discussed widely in the

paragraph dedicated to clinical selection criteria for PT in skull

base low-grade tumors.
Pituitary adenomas

Pituitary adenomas are usually low-grade tumors but have a

significant impact on the daily quality of life of patients and health

care systems. Increased availability of MRI has resulted in an

increase in incidentally found pituitary lesions and clinically

relevant pituitary adenomas.

Epidemiologic studies show that pituitary adenomas are

increasing in incidence (between 3.9 and 7.4 cases per 100,000

per year) and prevalence (76 to 116 cases per 100,000 population) in

the general population (approximately one case per 1,000 of the

general population) (101).

Approximately 50% are microadenomas (<10 mm); the

remaining are macroadenomas (≥10 mm) and giant adenomas

(≥40 mm). Pituitary carcinomas with distant metastases are rare,

occurring in 0.1% to 0.2% of cases. About two-thirds of pituitary

adenomas may secrete excess hormones (102).

In 2022, the 5th Edition of the WHO Classification of

Endocrine and Neuroendocrine Tumors was published. Regarding
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the section dedicated to the pituitary gland, the new classification

clearly distinguishes the anterior lobe (adeno-hypophysis) from

posterior lobe (neuro-hypophysis) and hypothalamic tumors. In the

anterior lobe, tumors were well-differentiated adenohypophyseal

tumors that are now classified as pituitary neuroendocrine tumors

(PitNETs; formerly known as pituitary adenomas). The routine use

of immunohistochemistry for pituitary transcription factors (PIT1,

TPIT, SF1, GATA3, and ERa) is included in this classification. The

major PIT1, TPIT, and SF1 lineage-defined PitNET types and

subtypes have distinct morphologic, molecular, and clinical

differences. The “null cell” tumor, which is a diagnosis of

exclusion, is reserved for PitNETs with no evidence of

adenohypophyseal lineage differentiation. The term “metastatic

PitNET” is advocated to replace the previous terminology of

“pituitary carcinoma” (103). The treatment options include trans-

sphenoidal surgery, medical therapies, and radiotherapy. Trans-

sphenoidal surgical resection of adenomas represents the initial

treatment option for all tumors except prolactinomas, for which

medical therapy represents the first-line option (103).

Endoscopic transsphenoidal surgery in comparison with

microscopic trans-sphenoidal surgery is associated with a higher

GTR, no significant effect on the risk of cerebrospinal fluid leak, a

reduction in the risk of diabetes insipidus, and a significantly reduced

risk of septal perforation (104). SRS represents an effective treatment

option regardless of the fractionation dose schedule adopted for both

non-functioning and secreting pituitaries with residual or recurrent

disease post-surgery or with refractory disease after medical therapy

(105). Based on available data, there is no evidence supporting the

superiority of SRS over FSRT for the treatment of patients with

pituitary adenomas. The dose and fractionation schedules are usually

prescribed based on the size and position of the pituitary adenomas

(105). The single-fraction SRS may represent an appropriate

approach for patients with small and medium-sized pituitary

adenomas far at least 2 mm from the optic chiasm or optic nerves,

while FSRT is more indicated over SRS for lesions >2.5–3 cm in size

and/or involving optic pathways (105).

Some series suggest that multi-fraction SRS may be an adequate

option in patients with tumors in proximity to the optic apparatus

(106–109).

Recent systematic reviews and meta-analyses regarding the role

of stereotactic radiosurgery in pituitary adenomas have been

published by the International Stereotactic Radiosurgery Society

(110, 111).

In SRS for non-functioning tumors, the following results have

been reported (110). The 5-year random effects LC estimate after

SRS was 94% and 97.0% after HSRT. The 10-year local control

random effects estimate after SRS was 83.0%. Post-SRS

hypopituitarism was the most common treatment-related toxicity

observed, with a random effect estimate of 21.0%, while visual

dysfunction or other cranial nerve injuries were uncommon (range:

0%–7%). The authors recommended a prescription dose of 14–16

Gy for patients treated in the definitive setting and patients with

residual or recurrent disease. Hypofractionated RT (21 Gy in three

fractions, 20 Gy in four fractions, or 25 Gy in five fractions) can be
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considered for patients with larger adenomas (>2–3 cm) or close to

the optic apparatus, but it should be carefully considered due to the

acknowledged lack of long-term tumor control data (110).

In SRS for secreting tumors, the following results have been

reported in a systematic review published by Mathieu et al. (111).

Random effects meta-analysis estimates for crude tumor control

rate, crude endocrine remission rate, and any new hypopituitarism

rates ranged 92%–97%, 28%–48%, and 12–21%, respectively (111).

Mean margin doses reported ranged from 13.2% to 35%, and new

neurological or visual deficit rates ranged between 0% and 17%. No

minimal margin dose was shown to definitively lead to better

endocrine cure rates (111). Several authors supported the use of

doses >30–40 Gy (112–114).

Mathieu et al. recommend that higher margin doses can be

used, provided dose constraints safely protect surrounding

structures at risk (optic pathways, brainstem) (111).

The FSRT achieves local control rates ranging from 91 to 100%

and prescribed doses range from 45 to 54 Gy (1.8–2 Gy/fractions).

Visual toxicity ranged from 0 to 7.5% and hypopituitarism ranged

from 3 to 48% (105).

The published PT series included three series adopting protons

with radiosurgical schedules (115–117) and one series treating

patients exclusively with conventional fractionation schedules (118).

In Table 5, we summarized a selected published series of

patients affected by pituitary adenomas and treated with PT

(115–118).

The proton radiosurgical series adopted a dose of 20 Gy (RBE)

and obtained the following results in terms of disease control

outcomes. Wattson et al. reported in 165 mixed functional

adenomas 98% of local control and 59% of 5-year hormonal

normalization rates (117). Petit reported that in 38 ACTH-

secreting adenomas, complete remission (CR) occurred in 52% of

patients with Cushing disease, and the median time to complete

remission was 14 months (range 5–49). Actuarial rates of CR at 5

years were 55%. Complete remission was obtained in all patients

with Nelson’s disease (115). Petit reported in 22 patients, with an

acromegaly complete response achieved in 13 patients (59%).

Among patients with CR, the median time to CR was 42 (range,

6–62) months (116).

In these series, new pituitary deficits were reported in the range

of 38%–62% (115–117).

Ronson et al. reported outcomes of fractionated PT with 54 Gy

CGE for treatment of pituitary adenomas: 100% of LC with 29.3%

partial tumor regression and 24.4% complete tumor regression at

last follow-up, while 85.7% had normalized or decreased hormone

levels at last follow-up. New hypopituitarism cases were observed in

11 patients. In this series, seven patients developed minor visual

deficits, and two patients developed major visual deficits that

consisted of a new quadrantanopsia and bilateral optic nerve

atrophy. Both patients had Cushing’s disease, and the authors

hypothesize that the long-term effects of hypercortisolism make

the optic chiasm microvasculature of Cushing’s patients susceptible

to radiation injury. Furthermore, dose fractionation permits

treatment of larger target volumes that may be adjacent to or
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even compress the optic pathways,resulting in a higher risk of

injury. In these patients, particular caution is requested in radiation

treatment planning, especially if additional risk factors for radiation

damage are present (118).

The radiosurgical dose schedule can usually be indicated when

the tumor presents at least 3 mm of distance from the optic

pathways, and this condition favors fewer visual complications. In

the most challenging cases of patients with optic pathways directly

involved by tumors with an abutment or compression pattern, the

conventional fractionated schedule is more indicated to preserve

residual visual function and minimize visual worsening as much as

possible. In these situations, the visual function is often variously

compromised by previous radiotherapy, and this condition

subjectively enhances the susceptibility to radio-induced visual

worsening. For these biased pre-treatment conditions in radiation

treatment delivered with conventional fractionation, we can observe

more cases of visual complications. Generally, in published series,

minimal neurological toxicity has been recorded (115–118).

Nowadays, the PT in the treatment of pituitary adenomas can

find a real perspective of clinical application when a conventional

fractionated dose schedule is required: in cases with larger-sized/

giant tumor volumes and cases with tumor in very close proximity

or involving optic pathways by abutting or compressing. The issue

of selection criteria for low-grade skull base tumors is discussed in a

dedicated paragraph.
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Vestibular schwannomas

Vestibular schwannomas (VS, formerly termed acoustic

neuromas) are usually benign tumors derived from Schwann cells.

VS develops from the nerve sheath of the vestibular division of the

vestibulocochlear nerve (VIII cranial nerve) at the internal auditory

meatus (119).

VSs represent the third most common intracranial non-

malignant tumor entity; incidence rates range between 1.1 and

1.9 per 100,000, and usually a diagnosis is made in the third to fifth

decades of life (120–122).

The majority of VSs occur unilaterally and sporadically. The

most well-documented risk factor for VS development is NF2, 4%–

6% of VS are associated with NF2. These patients typically develop

bilateral disease as well as multiple other tumors (120, 121).

The diagnosis is made with contrast-enhanced magnetic

resonance imaging. Patients often present with unilateral

sensorineural hearing loss, tinnitus, and vertigo with gait disorders.

Large tumors may cause neuropathies (trigeminal and facial nerves)

as well as brainstem compression and hydrocephalus (120).

Furthermore, VS may be found incidentally on imaging

examinations; the increased use of MRI imaging has also led to

an increase in the diagnosis of smaller VSs.

Koos grading scale (KGS) (120, 122, 123) is a score frequently

used for VS. KGS is designed to stratify tumors and is divided into
TABLE 5 Patients and treatment description of pituitary adenomas irradiated with proton radiotherapy (selected series).

Study Patient
characteristics
(number and
age group)

Follow up
(Months/
Years)

RT dose
schedule
(GyRBE)

Disease Control Late Toxicity

Ronson, 2006
(118)

47
(51% no
functional)
-

47 mo. PFRT:
TD: 54
median
Dpf: 1.8–2

Whole series:
Complete Tumor Regression:
24.4%
Partial Tumor
Regression: 29.3%
Tumor
Stabilization: 46.3%
Functional adenomas:
biochemical control: 85.7%
CR: 38.1%
PR: 47.6%

No visual worsening:
76.7%
Minor visual complications: 23%
Major visual complications:
4.6%
New pituitary defect: 29.7%
Developed
panhypopituitarism:
5.4%
Brain injury: one patient

Petit 2007
(116)

22 with
acromegaly

6.3 y
Median

PRS
TD: 20
Dpf: 20

CR rates:
59%

No evidence of visual complications, seizure, or brain
injury
New pituitary deficit: 38%

Petit, 2008
(115)

38 patients
33 (CD)
(range 19–60 y)
5 (NS)
(range 29–53 y)

62 mo.
Median

PRS
TD: 20
Dpf: 20

(CD):
CR rates:
52%
5-y CR: 55%
(NS):
CR rates:
100%

No evidence of optic nerve damage, seizure, or brain
injury
New pituitary deficit: 53%

Wattson, 2014
(117)

165 mixed
Functional
adenomas

4.3 y
median

PRS (92%):
TD: 20
Dpf: 20
PFRT (8%):
TD: 50.4
Dpf: 1.8

5-y CR:
59%
LC: 98%

5-y new pituitary deficit: 62%
Seizures: 2%
(4/165)
RT, radiotherapy; PRS, Proton Radiosurgery; PFRT, Proton Fractionated Radiotherapy; TD, total dose; Dpf, dose per fraction; LC, local control; y, years; mo, months; CR, Complete Response
(biochemical); PR, Partial Response (biochemical); CD, Cushing’s disease; NS, Nelson’s syndrome.
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four grades based on extra-meatal extension and compression of

the brainstem:
Fron
– Grade I = small intracanalicular tumor.

– Grade II = small tumor with protrusion into the cerebello-

pontine angle (CPA); no contact with the brainstem.

– Grade III = tumor occupying the cerebellopontine cistern

with no brainstem displacement.

– Grade IV = large tumor with brainstem and cranial nerve

displacement.
Standard management of VS includes observation, surgery, SRS,

or conventional RT (120). The type of treatment is typically based on

tumor size and its impact on adjacent brain structures (120, 122, 123).

Due to the slow progression of VS, the “watch and wait strategy”

can be a legitimate treatment option for selected patients (120).

Surgical management of VS should be based on tumor size and

morphology, symptoms, comorbidities, and patient preferences

(120, 122, 123). Surgical resection offers excellent local tumor

control but has been associated with a significant risk of injury to

the V, VII, and VIII cranial nerves. In VS of Koos grade IV, surgery

should be the primary treatment to remove a symptomatic lesion or

potentially life-threatening mass effect (120). Surgery may also be

considered for smaller tumors with cystic degeneration or if the

cure is the primary goal of treatment (120).

RT can be delivered through several modalities, including SRS,

which uses a single high-dose fraction, and conventionally

fractionated RT (FRT), which uses smaller daily doses typically

delivered in 28 to 32 fractions (119, 120, 124–128).

SRS defines the delivery of high-dose irradiation with high

conformity and precision in a single fraction and is commonly used

for small to medium-sized VSs. SRS can be performed using

GammaKnife or CyberKnife at doses ranging from 11 to 14 Gy

(120, 128).

SRS is used as a noninvasive approach for definitive treatment

of small to medium-sized or recurrent tumors as it offers excellent

rates of local control and better functional outcome and quality of

life (QOL) compared to surgery (119, 120, 128).

SRS and FRT with modern techniques can achieve similar

results in terms of local control and hearing function, although

FRT can be used when surgery is not feasible or when a patient has

larger VSs (Koos grades 3–4) in close proximity to the brainstem

(119, 120, 127, 128).

Fractionated proton radiotherapy (FPT) for VS achieves high

tumor control rates, equivalent to photon FRT techniques.

Furthermore, FPT has peculiar physical properties that allow it to

give more radiation energy to the target, sparing the surrounding

normal tissues and thus having the potential to reduce treatment-

associated toxicities (120, 124, 125, 127, 128). To date, there are few

data points on PT for VSs.

In Table 6, we summarize selected published series of patients

affected by pituitary adenomas and treated with PT (119, 124–127).

A retrospective cohort study investigated proton-beam

stereotactic radiosurgery for VS. It was reported that there was a

5-year tumor control rate of 93.6% and a dose dependency for facial

neuropathy (126).
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Barnes et al. prospectively investigated efficacy and toxicity rates

in 94 patients who underwent FPT for VS. FPT at a daily dose of 1.8

Gy (RBE) was employed (125). Patients were treated with one of

three total dose options: 59.4 Gy (RBE), 54 Gy (RBE), or 50.4 Gy

(RBE). Five-year local control rates for the 59.4 Gy (RBE), 54 Gy

(RBE), and 50.4 Gy (RBE) groups were 95%, 97%, and 92%,

respectively; the overall 10-year control rate was 90%. These data

demonstrated a dose-dependent risk for hearing deterioration of

36% to 56% at doses from 50.4 to 54 Gy (RBE), while the risk for

damage to other cranial nerves was 5%. FPT of 50.4 Gy (RBE) offers

excellent LC rates with minimal cranial nerve toxicities (125).

Zhu and colleagues reported a retrospective case series of 14

patients who received 50.4 Gy (RBE) in 28 fractions of 1.8 Gy

(RBE)/fraction (124). The 3-year LC rate was 85%, with no cranial

nerve V or VII injuries. Twenty-one percent of patients had a

radiographic tumor regression onMRI after a median of 26 months.

No acute toxicity of G3 or above was reported.

Eichkorn et al. analyzed 45 patients who underwent FPT with a

median total dose of 54 Gy (RBE) at 1.8 Gy (RBE)/fraction (127). It

was reported that there was 100% local control in a median follow-

up period of 3.6 years, and MRI revealed 93.3% of stable disease and

6.7% of partial regression. There was no case of progressive disease.

New or worsening cranial nerve dysfunction (G1–2) was found in

20.0% of all patients. In 16% of cases, radiation-induced contrast

enhancements (RICEs) were detected after a median of 14 months.

RICEs were asymptomatic (71%) or transiently symptomatic (G2;

29%). No G3 or G4 toxicities were observed.

Küchler and colleagues reported a retrospective exploratory

analysis to evaluate differences in tumor control, symptoms, and

quality of life in VS patients after SRS/HFSRT, FRT, and FPT (119).

For SRS/HFSRT, the median fraction dose applied was 12 Gy. For

FRT and FPT, the median doses applied were 57.6 Gy and 54 Gy

(RBE), respectively. FRT and FPT used single median doses of 1.8

Gy (RBE). Local control was 99.5% at 12 months after RT, with no

statistical difference between treatment groups. SRS/HFSRT, FRT,

and FPT for VS show similar functional outcomes. Cranial nerve

impairment rates vary, potentially due to selection bias with larger

VS in the FRT and FPT groups (119).

The hearing preservation rate varies among these cases because

of the heterogeneity of treatments administered. Weber et al.

evaluated proton-beam stereotactic radiosurgery with a hearing

preservation rate of 79.1% and 21.9% at the 2 and 5-year follow-

up, respectively (126).

In Barnes et al., 43% of 54-Gy-group patients maintained

functional hearing during a median follow-up time of 58.2

months, with a median time to onset of the unserviceable hearing

status of 14.8 months. Instead, 64% of the 50.4-Gy group

maintained functional hearing with a median follow-up time of

42.7 months. The median time to hearing loss in patients who did

not preserve useful hearing was 12 months. The difference in

serviceable hearing between the 50.4-Gy and 54-Gy groups at 24

months and 48 months was not statistically significant (125).

Zhu et al. described the outcome of conventional FPT for VSs:

the retained serviceable hearing in patients with baseline serviceable

hearing was 33% (two patients) with a median follow-up of 70

months (124). Eichkorn et al. did not highlight acute or late hearing
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loss after PT (127). Küchler et al. reported a hearing preservation

rate of 97.1%, 94.2%, and 87.1% at 12, 24, and 60 months in patients

with useful hearing before treatment. Hearing deterioration was

underlined in 17.8% and 16.7% of patients treated with fractionated

radiotherapy (photon and PT, respectively) and in 3.6% of patients

treated with SRS/HFSRT (119).

Regarding identifying patients affected by VS, cases requiring

conventional FRT in an elective way can potentially be indicated for

particle radiotherapy (and especially proton radiotherapy), as

discussed widely in a dedicated paragraph regarding selection

criteria for particle therapy in low-grade skull base tumors.

Low grade skull base tumors:
considerations on selection
criteria for PRT

Low-grade skull base tumors include WHO-G1 meningiomas (or

presumed WHO-G1 in cases with an exclusive radiological diagnosis),

craniopharyngiomas, pituitary adenomas, and vestibular

schwannomas. For these types of tumors, lower levels of effective

radiation doses are required. Consequently, high local control rates and

the same efficacy obtained by PRT in comparison with advanced

photon RT techniques are expected for these low-grade tumor types.

The selection criteria for PRT compared with photon

radiotherapy are mainly based on the evaluation of the
Frontiers in Oncology 15138
achievement of the goal represented by toxicity minimization and

functional preservation.

Many advanced modalities and techniques are available for

photon RT (SRS techniques and IMRT modalities), and for PT, the

delivery techniques have been refined, evolving from passive

scattering to active scanning technology, which represents the

current standard for PRT (51, 52, 54, 80–82, 105, 128–131).

Among PRT options, carbon ions are not suitable as primary

radiation treatment for patients affected by low-grade tumor types

due to their high RBE and consequent overtreatment in terms of

therapeutic ratio, and only PT is indicated in this subset of patients.

When recurrent previously irradiated low-grade tumors switch

towards more aggressive biological behavior or a higher histology

grade, CIRT can be re-considered, especially if valid and effective

therapeutic alternatives are not available. In these cases, we are faced

with de facto radioresistance, regardless of histological type, and CIRT

is particularly indicated in cases of radioresistant tumors (56, 132, 133).

As previously introduced, in the treatment of low-grade skull base

tumors, considering the wide availability of precise RT options and the

lower effective radiation dose required, the same high probability of

disease control and low toxicity rates are reasonably expected with

either proton or photon RT advanced techniques and the same

treatment volume identification criteria across RT techniques, are

adopted (51, 52, 54, 73–75, 80, 81, 105, 115–119, 128–130, 134).

A competitive approach between different radiation technical

modalities does not help in the choice of a better radiation option.
TABLE 6 Patients and treatment description of vestibular schwannomas irradiated with proton radiotherapy (selected series).

Study Patient
characteristics
(number and
age groups)

Follow up
(Month)

RT dose (GyRBE) LC (%) Late Toxicity

Weber,
2003
(126)

88
(median age 69.2y)

38.7 Median prescribed dose: 12 CGE
(10–18)
Median maximal tumor dose: 17.1
CGE (13.3–20)
Isodose line percentage prescription:
70% (70–108)
No. of fractions: 3 (2–4)

2-y: 95.3%
5-y: 93.6%

Permanent facial nerve dysfunction
(HB Grade 3–4: 4 patients)
Permanent “significant”
trigeminal nerve dysfunction: two patients

Barnes,
2018
(125)

95 (median age 56
y)
43 (Group: 50.4 Gy)
34 (Group: 54.0 Gy)
19 (Group: 59.4 Gy)

4.3 y (Group:
50.4 Gy)

7.4 y (Group:
54.0 Gy)

6.6 y (Group:
59.4 Gy)

TD:
Group: 50.4 Gy
Group: 54.0 Gy
Group: 59.4 Gy
Dpf: 1.8 Gy

5-y LC:
92% (Group: 50.4 Gy)
95% (Group: 54.0 Gy)
97% (Group: 59.4 Gy)
Overall 10-y: 90%.

No high grade
toxicity

Zhu, 2018
(124)

14
(median age 60 y)

68 TD: 50.4 Gy
Dpf: 1.8 Gy

3-y: 85%. No high grade
toxicity

Eichkorn,
2021
(127)

45
(median age 55 y)

42 TD: 54 Gy
Dpf: 1.8 Gy

100% No high grade
toxicity.
Radiation-induced contrast enhancements
(seven patients,16%): G1–G2

Küchler,
2022
(119)

261 38 SRS/HFSRT (TD:12 Gy, single
fraction; TD 18 Gy, Dpf 6 Gy)
FRT (TD: 57.6 Gy; Dpf: 1.8 Gy)
FPT (TD: 54GyRBE), Dpf: 1.8/
GyRBE).

1 y: 99.5%;
3 y: 93.7%;
6y: 90.8%;
No statistical
difference between
treatment groups (p = 0.19)

No high grade
toxicity.
RT, radiotherapy; CGE, cobalt Gray equivalents; TD, total dose; Dpf, dose per fraction; LC, local control; y, years; HB, House-Brackmann; SRS/HFSRT, stereotactic radiosurgery/hypofractionated
stereotactic radiotherapy; FRT, fractionated radiotherapy; FPT, fractionated proton therapy.
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In making the decision-process of each clinical case, the evaluation

and choice of the most suitable fractionation radiation dose

schedule based on tumor volume and spatial relationship with the

organ at risk represents the first step, and the choice of the radiation

modality and technique represents a secondary step (54, 76, 105,

119, 120, 127–130, 135, 136).

Regardless of tumor histology, low-grade skull base tumors with

small-medium size or at most larger volumes with a maximum

diameter of 3–3.5 cm and at least 3 mm distance from the brainstem

and optic pathways are typically suitable cases for radiosurgical

schedules (up to a multi-session schedule with five fractions) with

different technology delivery options (GammaKnife, CyberKnife, or

other LINAC machines with radiosurgical equipment, proton

radiosurgery) (76, 105, 115–117, 119, 120, 128, 129, 135, 136).

In several cases, a conventional fractionation schedule (1.8–2

Gy/fraction) is more indicated in skull base low-grade tumors

considering the critical location represented by the skull base:

very large or giant tumors; tumors closely involving the brainstem

and/or optic pathways by abutting, compressing and enveloping

these structures. In these cases, conventional fractionation has been

well recognized as preferable to minimize toxicity in the brainstem,

optic pathways, and other cranial nerves (54, 74, 76, 81, 105, 118–

120, 127–131, 135–140).

The IMRT techniques (tomotherapy, VMAT) represent a photon

RT option for very large/giant, and complex-shaped tumors with

conventional fractionation, but compared with this option, the PT

can more effectively spare neurocognitive function by minimizing

dose delivered to hippocampi and brain (84, 85, 141).

Especially in patients with low-grade tumors and a favorable

long-term prognosis, PT significantly reduces the risk of radio-

induced malignancy (142, 143).

The sparing of neuro-cognitive function represents a major

concern in the irradiation of intracranial tumors, both in children

and adults. Neurocognitive impairment negatively affects the quality

of life and instrumental activities of daily living (86, 144, 145).

The cause of neurocognitive decline in patients with intracranial

tumors is multifactorial. The further RT, several factors are associated

with impairment in neurocognitive factors: the tumor itself and its

features (size, location, type, and grade; initial versus recurrent

disease); medical treatment as corticosteroids and anticonvulsants;

metabolic/endocrine dysfunction; the impact of surgery; the number

of surgeries; the ventriculoperitoneal shunt; postoperative

complications; and many others. The extent of the contribution of

radiotherapy relative to other factors is not known or quantifiable.

Multiple pathophysiological mechanisms have been suggested to

explain the brain injuries and consequent cognitive impairment

induced by RT, including impairment of neurogenesis (145–150).

Hippocampi represent a relevant region for neurocognitive

function outcomes, but several other regions in the brain and various

healthy cerebral tissues are potentially involved in the pathophysiology

of cognitive impairment, as, for example, cerebral white matter,

cerebral cortex, and subventricular zones (145, 146, 151, 152).

The impact of several RT dose parameters on neurocognitive

function reported in the literature supports the idea that reduction

of radiation dose–volume relationships between hippocampi and

brain volume can positively affect the preservation of
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neurocognitive functions. Particularly considering the important

role of the hippocampus in terms of cognitive function,

hippocampal-sparing approaches in cranial radiation treatment

have been developed in recent years (87, 88, 145, 146, 151–159).

As above-mentioned, PT permits significantly reduced

radiation dose-volume delivery to the brain volume and

hippocampi, and consequently, this dosimetric advantage can

determine better outcomes in terms of neurocognitive sparing, as

supported also by normal tissue complication probability (NTCP)

modeling studies (84–90, 141, 160–164).

In children, adolescents, and young adults, the role of PT as an

elective radiation modality, especially in brain tumors, has been

increasingly supported in recent years (8, 83–93).

Summarizing, the PT could represent the elective radiation

modality for patients affected by low-grade skull base tumors with

indications for conventionally fractionated radiotherapy and cases

not suitable for a radiosurgical schedule: larger-sized and/or complex-

shaped tumors; tumors with proximity and involving brainstem and/

or optic pathways. Furthermore, PT should be considered the first

option among radiation modalities for these patients.

Conclusions

PRT represents an effective and safe therapeutic option for skull

base tumors.

In radioresistant skull base tumors such as chordomas and

sarcomas, the PRT permits higher dose levels required with optimal

dose coverage and higher local control probability while minimizing

dose to the critical organs and toxicity.

Furthermore, in radioresistant tumor types and recurrent

tumors previously irradiated, carbon ions have an intrinsic and

peculiarly higher RBE and are more capable of overcoming

radioresistance compared with protons, regardless of features such

as hypoxia, cell phases, and dose schedule fractionation.

Due to the prognostic factors affecting disease control, in these

tumors, the combination of maximally safe surgical resection and

high-dose PRT should be the goal of the treatment strategy.

In cases not amenable to attempted gross total/near total

removal, the combination of debulking surgery providing space

between tumor and brainstem and/or optic pathways followed by

PRT should be evaluated.

Considering the critical location represented by the skull base,

these patients should be referred to highly specialized centers for

skull base surgery.

Furthermore, close and continuous cooperation between

surgeons and particle radiation oncologists should favor the

planning of a shared optimal combined treatment strategy.

In the skull base location of low-grade tumors, protons are the

particle currently adopted.

In low-grade tumors, patients are potentially eligible for PT

when the cases require a preferentially conventionally fractionated

dose schedule, and if they are not amenable to SRS/HFSRT:
a) tumors with very close proximity or direct involvement

(compression or abutment) of the brainstem and/or optic

pathways
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b) larger, giant sized, and/or very complex-shaped tumors.
Primarily, the dose sparing of brain volumes and subvolumes,

such as hippocampi, is correlated with neuro-cognitive function, as

well as the minimization of secondary tumor risk, strongly

supporting the use of PT when fractionated radiation dose is

preferentially indicated in comparison with IMRT techniques.

Even in high-grade meningiomas, a conventional fractionation

radiation schedule is required as recommended in EANO guidelines

(39) and the above-mentioned considerations for low-grade tumors

have amplified implications considering the higher dose required in

these tumor types (44, 165). Regardless of skull base location,

systematic reviews support the role of PRT in terms of efficacy,

local control, and survival rates in high-grade meningiomas,

considering that PRT allows for more targeted treatment plans

that may limit excess radiation damage for tumors generally

considered difficult to manage (166, 167).

In children, adolescents, and young adults, PT should be the

preferred option, when available, for the radiation treatment of low-

grade skull base tumors.

Considering the critical location of skull base tumors, high-

quality and advanced pretreatment MRI imaging and a careful,

highly detailed, and comprehensive evaluation in the process of

treatment target volume delineation are closely required and

represent a crucial point to perform an optimal and high-quality

assured radiation treatment (134).
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Multi-institutional and collaborative efforts will be important to

further increase our knowledge of the management and treatment

of skull base tumors.
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Facial nerve outcome score: a
new score to predict long-term
facial nerve function after
vestibular schwannoma surgery

Giuseppe Di Perna1,2,3, Raffaele De Marco 1,2*,
Bianca Maria Baldassarre1,2, Enrico Lo Bue1,2, Fabio Cofano1,4,
Pietro Zeppa1, Luca Ceroni5, Federica Penner1,2,
Antonio Melcarne1,6, Diego Garbossa1,6,
Michele Maria Lanotte1,7 and Francesco Zenga2,6

1Department of Neuroscience “Rita Levi Montalcini”, University of Turin, Turin, Italy, 2Skull Base and
Pituitary Surgery Unit, “Città della Salute e della Scienza” University Hospital, Turin, Italy, 3Spine
Surgery Unit, Casa di Cura "Città di Bra", Bra, Cuneo, Italy, 4Spine Surgery Unit, Humanitas Gradenigo
Hospital, Turin, Italy, 5Department of Psychology, University of Turin, Turin, Italy, 6Neurosurgery Unit,
“Città della Salute e della Scienza” University Hospital, Turin, Italy, 7Functional, Oncological and
Stereotactic Neurosurgery Unit, “Città della Salute e delle Scienza” University Hospital, Turin, Italy
Introduction: Patients’ quality of life (QoL), facial nerve (FN), and cochlear nerve

(CN) (if conserved) functions should be pursued as final outcomes of vestibular

schwannoma (VS) surgery. In regard to FN function, different morphologic and

neurophysiological factors have been related to postoperative outcomes. The

aim of the current retrospective study was to investigate the impact of these

factors on the short- and long-term FN function after VS resection. The

combination of preoperative and intraoperative factors resulted in designing

and validating a multiparametric score to predict short- and long-term FN

function.

Methods: A single-center retrospective analysis was performed for patients

harboring non-syndromic VS who underwent surgical resection in the period

2015–2020. A minimum follow-up period of 12 months was considered among

the inclusion criteria. Morphological tumor characteristics, intraoperative

neurophysiological parameters, and postoperative clinical factors, namely,

House–Brackmann (HB) scale, were retrieved in the study. A statistical analysis

was conducted to investigate any relationships with FN outcome and to assess

the reliability of the score.

Results: Seventy-two patients with solitary primary VS were treated in the period

of the study. A total of 59.8% of patients showed an HB value < 3 in the immediate

postoperative period (T1), reaching to 76.4% at the last follow-up evaluation. A

multiparametric score, Facial Nerve Outcome Score (FNOS), was built. The

totality of patients with FNOS grade A showed an HB value < 3 at 12 months,

decreasing to 70% for those with FNOS grade B, whereas 100% of patients with

FNOS grade C showed an HB value ≥ 3. The ordinal logistic regression showed

three times increasing probability to see an HB value ≥ 3 at 3-month follow-up
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for each worsening point in FNOS score [Exp(B), 2,999; p < 0.001] that was even

more probable [Exp(B), 5.486; p < 0.001] at 12 months.

Conclusion: The FNOS score resulted to be a reliable score, showing high

associations with FN function both at short- and long-term follow-up.

Although multicenter studies would be able to increase its reproducibility, it

could be used to predict the FN damage after surgery and the potential of

restoring its function on the long-term period.
KEYWORDS

vestibular schwannoma, restrosigmoid approach, facial nerve, facial nerve function,
intraoperative neuromonitoring, outcome score
1 Introduction

Facial nerve (FN) function after surgery for vestibular

schwannoma (VS) highly influences the quality of life (QoL) of

the patients (1–7). More than gross total resection (GTR),

preserving FN function is a primary concern along with hearing,

if did not affect, during VS surgery. Although optimal percentages

of anatomical preservation of the FN (reaching 95%) have been

described, functional preservation rates are still lower, varying from

70 to 90% in different series (8, 9).

To preserve this function, surgical strategy has been moved

from GTR to near-total (NTR) or subtotal resection (STR)

balancing functional integrity preservation with disease’s control

and respecting the concept of “maximal safe resection”, which is

broadly diffused in skull base surgery (10, 11).

However, despite surgical strategy to preserve FN function (12)

and the introduction of this “sparing surgery policy” (13), FN palsy

still continues to represent the main source of morbidity related to

VS surgery.

The possibility to predict long-term outcome of FN function

could anticipate the patient that can benefit from an early procedure

of facial-hypoglossal anastomosis (14).

Different factors resulted to be associated to postoperative FN

function, independently or in association, but only few studies have

proposed specific practical tools to anticipate FN function (15–18).
on threshold; FN, facial

pontine angle; CSF,

FIESTA, fast imaging

interference in steady

t controlled infusion;

g; LD, lumbar drain;

ed potentials; BAEPs,

lbar evoked potentials

, facial nerve threshold

R, near total resection;
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Therefore, the aim of this study is to evaluate the effect of

morphological and neurophysiological factors on short- and long-

term FN function. In addition, by combining factors significantly

capable of influencing nerve function, the current study aims to

build a new multi-parametric score defining its validity and

association with short- and long-term FN function.
2 Materials and methods

This is a retrospective study analyzing prospectively collected

data of patients undergoing surgery for VS removal by a team of

experienced surgeons composed of neurosurgeons and

otolaryngologists, at the authors’ institution from 2015 to 2020.

Adult patients (age ≥ 18 years) with primary diagnosis of non-

syndromic vestibular schwannoma were included in the study.

Conversely, patients with preoperative FN deficiency and patients

undergoing facial-hypoglossal anastomosis were excluded from the

study. Finally, unavailability of clinical, radiological, and intra- and

postoperative data, and a minimum 12-month follow-up resulted in

exclusion from the study. All inclusion and exclusion criteria were

summarized in (Supplementary Table 1).

The following data were collected for the study: biographical

data, age, sex, tumor type, tumor size, tumor morphology,

preoperative neurological status, type of surgical approach,

intraoperative FN stimulation data, extent of resection,

complications, length of surgery, histological examination, and

clinical data regarding FN function assessed both postoperatively

and during follow-up.
2.1 Neuroimaging

Tumor size and its relationships with surrounding CPA

(Cerebellopontine angle) structures were analyzed using T1-

weighted (T1w) sequences with gadolinium and FIESTA (fast

imaging employing steady-state acquisition) or CISS (constructive

interference in steady state) nuclear magnetic resonance imaging

(MRI) sequences. Specifically, tumor size was measured in
frontiersin.org
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millimeters, using the largest diameter of the extra-meatal portion

of the tumor measured on axial cuts of T1w sequences with

gadolinium, according to the international measurement criteria

(19, 20). Tumors with diameters greater than 30 mm were classified

as large tumors, whereas tumors with diameters less than 30 mm

were classified as small tumors.

On the basis of the presence or absence of the cystic component,

either central or peripheral, tumors were classified morphologically

as cystic and non-cystic (21).

VS relationships with the internal acoustic meatus and CPA

structures was assessed by using two of the most used classification

systems, namely, the Koos and the Samii classifications (22–24).
2.2 Surgical technique and intraoperative
neurophysiological monitoring

A retrosigmoid approach to the CPA was performed in all cases.

Patient was positioned in lateral position with the head fixed to a

Mayfield headrest, slightly flexed and rotated so that the mastoid tip

resulted to be the highest point. A lumbar drain was placed in all

patients to facilitate intraoperative brain relaxation and to facilitate

surgical wound closure in the postoperative period.

Once the CPA was exposed, direct stimulation of the VS surface

was performed routinely by using a monopolar stimulator, to identify

any posterior dislocation of the VII cranial nerve. Subsequently, the

tumor capsule was opened, and intralesional debulking was performed

to reduce tumor size to identify the FN along its cisternal course.

Debulking was performed with the use of ultrasonic aspirator

(Sonopet®, Stryker) by constant direct stimulation of the FN to

promptly identify the nerve close to the tumor. Once the tumor

volume in the CPA was reduced, the FN was identified at its origin

from the brainstem. At this point, a search for the FN proximal ST was

performed by direct stimulation (see section IONM).

After identifying the FN at its origin, lesion debulking

proceeded, and the tumor was dissected from the FN following

the plane previously identified on the brainstem.

In cases where the plane of dissection was not identifiable and in

cases of infiltration of the nerve by the tumor, a residual tumor was

left attached to the nerve to preserve both its anatomical and

functional integrity.

At the end of resection, direct stimulation of the nerve at its

emergence to the brainstem was repeated and the new ST

was recorded.
2.2.1 IONM
All the procedures were performed using a neurophysiological

monitoring system including motor evoked potentials (MEPs),

sensory evoked potentials (SEPs), brainstem acoustic evoked

potentials (BAEPs), free running-electromyography (EMG), and

direct stimulation. In patients undergoing surgery in the last 2 years

of the series, monitoring of corticobulbar evoked potentials for FN

(f-MEPs) was also introduced; however, because of the

heterogeneity of the available data, information on such

monitoring was not included in this study.
Frontiers in Oncology 03147
Data were collected for direct stimulation performed with NIM

3.0 (Nerve Monitoring System,Medtronic) that allowed to record the

activity of selected muscle groups by EMG monitoring. Electrodes

for FN monitoring were inserted at the level of the orbicularis

muscle of the eye and the orbicularis of the mouth of the side

corresponding to the nerve of interest for two-channel monitoring.

Monitoring was performed by associating continuous

monitoring of free-running EMG activity and by direct

stimulation with a monopolar stimulator, to identify, in the

different phases of the surgery, both the nerve stimulation

thresholds (STs) and the course of the dislocated nerve during

tumor removal.

The stimulation phases were performed as follows: (1)

identification of the FN ST at its emergence from the brainstem

(proximal ST); (2) direct supra-threshold stimulation during tumor

debulking to identify and map the nerve along its course; (3) check

of proximal ST before starting the intra-meatal removal phases; (4)

check of proximal ST at the end of tumor removal.

Intraoperative neurophysiological monitoring (IONM) data

collected and evaluated in the study were as follows:

-Facial nerve threshold T0 (FT-0): The minimum amplitude

(milliamperes) required to obtain an EMG response of the nerve

at its proximal emergence at the brainstem level before tumor

removal;

-Facial nerve threshold T1 (FT-1): The minimum amplitude

(milliampere) required to obtain an EMG response of the nerve

at its proximal emergence at brainstem level after tumor removal;

-Delta threshold (DT): The difference in absolute value between

FT-1 and FT-0.
2.3 Extent of resection

The extent of resection was defined by evaluating gadolinium-

enhanced T1wMRI sequences performed at 3 months after surgery.

GTR was defined as the complete absence of residual detectable on

T1w MRI with gadolinium, NTR was defined as the presence of

residual with a diameter ≤ 2 mm often not visible on MRI but left in

situ during surgery to functionally preserve the nerve, and STR was

defined as the presence of residual not attributable to NTR.
2.4 Outcome definition and classification

The primary outcome of the study was FN function after

surgery and was assessed using the HB clinical scale (25). In this

study, House–Brackmann (HB) scale values were used as the

primary outcome and were grouped into two categories so that

the analytic evaluation could be based on nominal variables. The

categories used were “good” including patients with HB 1 and/or 2

and “poor” including patients with HB values of 3, 4, 5, and 6.

Clinical evaluation of FN function was performed by a team of

three experienced neurosurgeons (RDM, ELB, and FZ) at different

times during the postoperative period and was done by direct

clinical interview and/or video call. Specifically, HB grade was

assigned at postoperative day 4 (T1), at 3 months after surgery
frontiersin.org
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(T2), 12 months after surgery (T3), and during clinical evaluation at

the last available follow-up (T4). Given the inherent subjectivity of

the adopted scale, if there was discordance between the values

assigned by the different examiners, then the worst score

was considered.
2.5 Statistical analysis

Descriptive statistics were reported with mean and standard

deviation for cardinal variables and with frequency and percentage

for categorical variables. A Shapiro–Wilk Test was used to assess the

normality of the distribution of quantitative variables and a

Spearman’s Rho test to assess the concordance of scores for

quantitative variables. The existence of a model with statistically

significant predictive ability toward the dichotomized HB grade was

assessed using the binary logistic regression model. Statistical

significance was set at p ≤ 0.05. All the analysis was conducted on

SPSS (version 26.0; IBM Corp., Armonk, NY).
3 Results

After a thorough evaluation of the inclusion and exclusion

criteria, a total number of 72 patients were considered eligible for

the study. Twenty-eight patients were not included because of the

lack of facial function data at 1 year (15 patients), realization of

facial-hypoglossal anastomosis (five patients), and a positive history

of previous surgery and/or radiosurgery (eight patients).

Most of patients were women with a ratio of 2.4:1 [51 F (70.8%)

and 21 M (29.2%)]. The mean age was 59.9 ± 8.76 years (p = 0.159).

Regarding neuroimaging data, the mean largest tumor diameter was

27.4 ± 18.59 mm (p < 0.001), and most tumors did not have the cystic

component [51 (70.8%) vs. 21 (29.2%)]. In accordance with Samii’s

classification, the most represented type was T4A [25 patients
Frontiers in Oncology 04148
(34.7%)]. The mean duration of surgery was 324.16 ± 89.3 min (p

< 0.001), and the extent of resection was 32 GTR (44.4%), 30 NTR

(41.6%), and 10 STR (13.9%). Mean follow-up was 22.4 ± 18.4

months. As for complications, four patients (5.5%) developed a

CSF (Cerebrospinal fluid) fistula, which was subsequently surgically

repaired, one patient (1.3%) developed hydrocephalus undergoing

peritoneal ventricular shunt placement, and one patient (1.3%)

developed transverse and sigmoid sinus thrombosis that was

subsequently solved with heparin therapy.

Analyzing FN function according to HB, 43 patients belonged

to the HB “good” group on postoperative day 4, 49 patients at 3

months, and 53 patients at 12 months. At the last follow-up, 76.4%

of patients showed “good” HB versus 23.6% of patients with “poor”

HB. Specifically, 43 patients (59.7%) had HB value of 1 at 12 months

and at the last follow-up, whereas patients with HB value of 2 were

10 (13.9%) at 12 months and 12 (16.7%) at the last follow-

up (Figure 1).

All population characteristics were reported in Table 1.
3.1 Statistical analysis

First, a direct statistical association was investigated between

variables, and, thereafter, a logistic regression model was built to

analyze the relationships of these variables with the FN

functionality during the follow-up. All the variables that had been

found to be significantly correlated in the multivariate analysis

models were merged to build a score (see section FNOS) after

defining statistically significant cutoffs for continuous variables.

Age, surgical time, and the extent of resection did not result to be

significantly associated to postoperative HB grade.

Finally, the value resulting from the FNOS was assigned to all

patients, and univariate and multivariate analyses were performed

to validate the score, demonstrating a significant association with

the outcome measure (FN function).
FIGURE 1

Distribution of postoperative FN function (House–Brackmann scale) over time. T1, IV postoperative day; T2, 3-month follow-up; T3, 1-year follow-up;
T4, last follow-up.
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TABLE 1 Demographics: quantitative and qualitative variables.

Variable Mean SD Shapiro–Wilk Test

Age 59.91 8.76 p = 0.159

Tumor major diameter 27.44 18.59 p < 0.001

Facial nerve stimulation T1 (mA) 0.20 0.35 p < 0.001

Delta threshold (mA) 0.18 0.35 p < 0.001

Surgical time (min) 324.16 89.33 p = 0.049

Variables Frequencies %

Sex F 51 70.8

M 21 29.2

Cystic Yes 21 29.2

No 51 70.8

Samii grade T1 2 2.8

T2 5 6.9

T3a 16 22.2

T3b 20 27.8

T4a 25 34.7

T4b 4 5.6

Koos 1 3 4.2

2 23 31.9

3 19 26.4

4 27 37.5

HB T1 (IV postop day) 1 22 30.6

2 21 29.2

3 14 19.4

4 10 13.9

5 5 6.9

HB T2 (3 months) 1 33 45.8

2 16 22.2

3 9 12.5

4 8 11.1

5 6 8.3

HB T3 (12 months) 1 43 59.7

2 10 13.9

3 8 11.1

4 6 8.3

5 5 6.9

HB T4 (last follow-up) 1 43 59.7

2 12 16.7

3 9 12.5

4 4 5.6

(Continued)
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Initially, a statistically significant linear correlation was

observed between HB scale values and different assessment

timings (p < 0.01). As shown in Supplementary Table 2, there

was a strong statistically significant association (V = 0.774, p < 0.01)

between the HB grade recorded at IV postoperative day (T1) and 3-

month follow-up (T2). Only 2.3% of patients in the group of “good”

HB (HB < 3) at T1 experienced a worsening at T2, whereas the

24.1% of “poor” HB subjects at T1 had an improvement at T2.

Similarly, these associations were confirmed between the degree of

HB at T1 and T4 (V = 0.677, p < 0.01). None of the “good” HB

subjects at T1 had a worsening at T4; 41.4% of the “poor” HB

subjects at T1 had an improvement at T4.

An ordinal logistic regression model using the degree of HB

(HB < 3 vs. ≥ 3, “good” vs. “poor”) showed a statistically significant

association with the maximum tumor diameter, Samii grade, the F-

T1, and the DT.

Specifically, the absence of a cystic component was found to be a

protective factor. Indeed, the likelihood of observing an elevated HB

value was, respectively, −2.6- and −1.3- fold lower in solid tumors

both in the medium and long terms [T2: Nagelkerke R-square, 0.

603 with p < 0.05; Exp(B), 2.60; p < 0.001; T3: R-square Nagelkerke,

0.645 with p < 0.05; Exp(B), 1.28; p < 0.001; T4: R-square

Nagelkerke, 0.598 with p < 0.05; Exp(B), 1.29; p < 0.001].

Similarly, DT appeared to be a worsening factor with an

approximately seven-fold greater likelihood at T2 and T3 and

approximately six-fold greater likelihood at T4 of observing an

elevated HB value [T2: R-square Nagelkerke, 0. 603 with p < 0.05;

Exp(B), 7.03; p < 0.001; T3: R-square Nagelkerke, 0.645 with p <

0.05; Exp(B), 7.10; p < 0.001; T4: R-square Nagelkerke, 0.598 with p

< 0.05; Exp(B), 5.79; p < 0.001]. Last, FT-1 showed a strong

relationship in the logistic regression analysis, resulting in a

seven-fold increase at T2 and a five-fold increase at T3 in the risk

of obtaining a “poor” HB for each increase in FT-1 (Table 2).

The univariate (Supplementary Table 3) and the multivariate

analyses with binary logistic regression using as dependent variable

the HB “good” and HB “poor” groups confirmed the statistical

significance of the independent variables found to be associated in

the previous model.

As next step, cutoffs were identified by descriptive analysis of

statistically significant associations. Although association

analysis was performed at various times, because of the high
Frontiers in Oncology 06150
association value identified at 12 months (p < 0.001), cutoffs

were identified at T3 for both the DT and FT-1 variables

(Supplementary Table 4).

Indeed, 100% of patients with DT ≤ 0.07 and 66.7% of patients

with DT between 0.07 and 0.19 were HB “good” at 3 months,

whereas 100% of patients with DT > 0.19 had HB “poor” at the same

time (Cramer’s V, 0.896; p < 0.001). Similarly, statistically

significant associations between FT-1 value and HB grade group

were reported in (Supplementary Table 3). Specifically, 100% of

patients with FT-1 ≤ 0.08 and 70% of patients with FT between 0.08

and 0.20 were HB “good” at 3 months, whereas 100% of patients

with FT > 0.20 had HB “poor” (Cramer’s V, 0.892; p < 0.001).

Once cutoffs of continuous variables and significantly

associated categorical variables were identified, the relationship

between FNOS and HB groups (“good” vs. “poor”, < 3 vs. ≥ 3)

was assessed.
3.2 Facial Nerve Outcome Score

Building the score was based on the idea of being able to

interpolate the statistically correlated independent variables with

the postoperative FN function. Tumor size, Samii classification,

solid or cystic radiological aspect, FT-1, DT, and FT-1 * DT all

showed a statistical significance in the logistic regression and were

retrieved as independent variable of the score (Figure 2).

In terms of cutoff, an arbitrary threshold of 30 mm was defined

considering the average value of study population (27 ± 18 mm) and

the results in terms of FN function obtained for tumors with a

maximum diameter greater than 30 mm (21, 22, 26–30).

The Samii grade and dimensions appeared to be related

statistically to the FN function at FU. T3a Samii grade, namely, a

tumor extending in the CPA cistern and in contact with the trunk,

causes a more important dislocation of the FN, making its surgical

dissection more difficult and at higher risk of postoperative deficit

(22, 27, 31, 32). For this reason, one point was given in case of

tumor presenting as Samii T3b or T4.

One point was given for the presence of intratumor cystic

component, because of its absence resulted to be a protective

factor, reducing by about two times the probability of observing a

deficit of FN HB “poor”.
TABLE 1 Continued

Variables Frequencies %

5 4 5.6

Extent of resection GTR 32 44.4

NTR 30 41.6

STR 10 13.9

Complications CSF Leak 4 5.5

Hydrocephalus 1 1.3

Sinus thrombosis 1 1.3
A Shapiro–Wilk test was used to assess normality of distribution of quantitative variables.
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Three ranges were identified for the maximum nerve ST at its

brainstem emergence recorded at the end of surgery (FT-1),

assigning one point for values of FT-1 < 0.08 mA, two points for

values of FT-1 between 0.09 mA and 0.20 mA, and three points for

values of FT-1 > 0.20 mA.

Similarly, the difference between FT-1 (at the end) and FT-0 (at

the beginning) (DT) was divided in values < 0.07 mA (one point),

values between 0.08 and 0.19 mA (two points), and values > 0.19

mA (three points).

Given the close mathematical correlation of the parameters DT

and FT-1, the value considered by the score for the calculation of

the final score did not take into account the individual values but

the product of both, reported in the score as FT-1 * DT.

The final score was the result of the sum of the individual scores

assigned to the following four items: tumor size (< 30 mm and ≥
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30 mm), Samii classification (≤ T3a and > T3b), morphology (solid

and cystic), and FT-1 * DT.

According to the result, ranging from 1 to 12, three groups of

patients can be identified:
-FNOS-A for scores ≤ to 4;

-FNOS-B for scores between 5 and 6;

-FNOS-C for scores ≥ to 7.
Three cases illustrating score calculation are reported in Figure 3.

At this point, an association was investigated between the FNOS

grade the HB group at different moments of the FU. A strong and

increasing positive association between FNOS grade and HB grade

was observed at both T1, T2, T3, and T4 (Tables 3A-D; Figure 4).
TABLE 2 Multivariate analysis showing the role of different variables influencing FN outcome at different time (T2–T4).

T2

Nagelkerke R2 Model’s Fit
Goodness of Model

Pearson Variance

0.603 p < 0.05 p > 0.05 p > 0.05

Variable Exp(B) p-Value

Samii Grade 17.18 0.000

Cystic −2.60 0.001

DT 7.035 0.000

FT-1 7.0 0.001

T3

Nagelkerke R2 Model’s Fit
Goodness of Model

Pearson Variance

0.645 p < 0.05 p > 0.05 p > 0.05

Variable Exp(B) p-Value

Samii grade –

Cystic −1.28 0.001

DT 7.10 0.000

FT-1 5.0 0.007

T4

Nagelkerke R2 Model’s Fit
Goodness of Model

Pearson Variance

0.603 p < 0.05 p > 0.05 p > 0.05

Variable Exp(B) p-Value

Samii grade –

Cystic −1.287 0.001

DT 5.79 0.000

FT-1 1.7 0.01
The bold values denote statistical significance a P < 0.05 level.
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TABLE 3 Association between FNOS class and FN function (HB grade) at different time (T1–T4).

a

Variable HB T1

Modality HB “good” HB “poor”

FNOS

A ≤ 4 42 5

% 89.4 10.6

B = 5–6 1 9

% 10 90.0

C ≥ 7 0 15

% 0 100

Chi-Squared Cramer’s V p-Value

49.684 0.831 0.000

b

Variable HB T2

Modality HB “good” HB “poor”

FNOS

A ≤ 4 45 2

% 95.7 4.3

B = 5–6 4 6

% 40 60

C ≥ 7 0 15

% 0 100

Chi-Squared Cramer’s V p-Value

60.800 0.851 0.000

c

Variable HB T3

Modality HB “good” HB “poor”

FNOS

A ≤ 4 47 0

% 100 0

B = 5–6 8 2

% 80 20

C ≥ 7 0 15

% 0 100

Chi-Squared Cramer’s V p-Value

60.364 0.919 0.000

d

Variable HB T4

Modality HB “good” HB “poor”

FNOS

A ≤ 4 47 0

% 100 0

B = 5–6 9 4

(Continued)
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However, this association was more evident at 12 months and at the

last follow-up (T1 Cramer’s V, 0.831; T2 Cramer’s V, 0.851; T3

Cramer’s V, 0.919; T4 Cramer’s V, 0.936; p < 0.001). Specifically,

100% of patients with FNOS-A belonged to HB “good” group at 12

months after surgery, whereas decreasing at 70% for those with

FNOS-B and 100% of patients with FNOS-C presented an HB ≥ 3 at

12 months (Table 3).

Finally, a binary logistic regression confirmed the existence of

this statistically significant association of the score with the HB

group with a model with good reliability at 3 and 12 months,

whereas losing statistical significance at the last follow- up for the

violation of the assumptions of logistic regression, given the high

strength of association (Supplementary Table 5). On an in-depth

view, the unitary increase of FNOS value showed an increase by

about three times the probability of observing a “poor” HB value at

3 months [R-square Nagelkerke, 0.798; Exp(B), 2.999; p < 0.001]

and by about five times at 12 months [R-square Nagelkerke, 0.891;

Exp(B), 5.486; p < 0.001].

Similarly, the binary logistic regression analysis performed

using the categorical FNOS variable to assess the probability of

observing a “good” or “poor” HB value at T2, T3, and T4 lost

statistical significance because the high precision of the model

violated the regression axioms (see percentages of model accuracy

in Supplementary Table 5).
4 Discussion

Important advances in the treatment of VS have been registered

in recent years due to technological development and the growth of

surgical technique. This improvement has increasingly highlighted

the importance of functional preservation of the FN and overall

neurological status (30, 33–35).

Several studies reported percentages ranging from 60% to 90%

of patients with HB 1 or 2 at 12 months after surgery, emphasizing

the importance of several clinical, morphological, and functional

factors significantly correlated with this outcome (21, 29, 30, 36).

In the present study, the percentage of patients with FN

function classifiable as “good”, HB < 3, resulted 73.7% at 12

months after surgery, reaching 76.4% at the last follow-up (mean,

24 months). Tumor size, tumor morphology, the grade according to

the Samii classification, and FT-1 and DT, among IONM

parameters, were found to be significantly related to the long-
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term FN function. Meanwhile, unlike other studies, the extent of

resection was not statistically significant. These factors represent the

structural pillars of the FNOS, a score that combines the importance

of neurophysiological parameters of FN function with tumor

characteristics and was found to be strongly associated with long-

term FN function.
4.1 Tumor size

Since the first studies concerning VS surgery, tumor size,

predominantly assessed as the largest diameter of the cisternal

component of the tumor, has been found to be a prognostic

factor related to postoperative FN function (22, 26–28), although

there is no homogeneity in the definition of a true size cutoff (20).

A grater diameter means often a pre-existing nerve suffering

due to compressing and stretching forces exerted by large tumors

and the need for more aggressive and repeated surgical maneuvers.

Those were the explanation of the higher 1-year incidence of

patients with HB greater than 3 among stage IV tumors (45% HB

value of 3–6) reported by Rinaldi et al. (28). In the present study,

tumor size was not significantly associated with HB grade in the

long term (p = 0.100) but maintained significance of the association

until T2 (p = 0.05). The latter was a result that it is not too different

from another one registered in 256 patients (30) although the

maximum diameter of involved tumors was 15 mm.
4.2 Grade according to Samii

Samii et al. in 1997, reporting their experience on the treatment

of 1,000 VSs, proposed a grading scale and demonstrated how it

correlated with facial nerve function (22). The important role of this

grading system in predicting FN outcome was more recently

confirmed in 212 patients as well (32); the percentage of patients

with HB 1 to 3 was 90% for Samii grade 2–3 tumors (T2–T3) versus

70% of tumors classified as T4 (p < 0.001). Moreover, in addition to

the relationship between Samii grade and the anatomical and

functional preservation of the facial nerve, the FN outcome could

rely on the type of nerve displacement. Indeed, the anterior

dislocation of the nerve led to significantly better results (HB I

and II: 76%) compared to antero-lateral or antero-medial

dislocation (HB I and II: 60%).
TABLE 3 Continued

d

Variable HB T4

% 81.8 18.2

C ≥ 7 0 15

% 0 100

Chi-Squared Cramer’s V p-Value

63.129 0.936 0.000
fro
Patients were divided in “good” and “poor” HB outcome (< 3 and ≥ 3, respectively).
The bold values denote statistical significance a P < 0.05 level.
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This aspect, replicated in the literature (21), could be related to

the type of relationship that the tumor develops with the trunk,

considering that the dislocation of the trunk can alter the position of

the nerve emergence in regard to its entrance in the internal

auditory meatus, causing its rotation along its major axis in the

cisternal tract, where, together with fibers splitting induced by the

tumor, it could lead to the presence of greater antero-superior and

antero-inferior displacement in the Samii T4 grades.

In the present study, although nerve dislocation pattern was not

considered, the percentage of patients with “good” HB in Samii T4

tumors was significantly lower than in patients with Samii T2 and

T3 tumors both in the short and long terms (HB “good” at 12

months: 93%, Samii T2–T3; 67%, Samii T4; Figure 5). Moreover,
Frontiers in Oncology 10154
this difference is even more marked in the short-term (HB “good”:

17% postoperatively and 8% at 3 months in Samii T4 tumors),

confirming that may be an effect strictly connected to surgical

maneuvers but not exclusively relied on them, giving the presence of

other factors that can affect the long-term outcome (i.e., functional

status of the nerve and type of nerve damage).
4.3 Morphology

Several studies in the literature highlighted the importance of

the presence of a cystic component within the VS and the influence

that this component may have on the FN function (21, 37–40).
FIGURE 2

Facial Nerve Outcome Score (FNOS). Each item of the score is showed: dimensions, Samii grade, morphology, facial nerve threshold T1 (FT-1) (the
minimum amplitude (mA) required to obtain an EMG response of the nerve at its proximal emergence at brainstem level after tumor removal), and
delta threshold (DT) (the difference in absolute value between FT-1 and FT-0). The final score is the result of dimensions + Samii grade +
morphology + (FT-1 * DT).
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Moon et al., analyzing 106 VSs (24 cystic and 82 solids),

reported a higher incidence of nerve sections and worse function

according to HB grade in patients with cystic VSs. The authors also

hypothesized the role played by the expression of matrix metallo

proteases (MMPs). In particular, the high expression of MMP-2

within the cyst fluid and the inner layer of the cyst wall would seem

to be responsible for the tumor size enlargement and the marked

adhesion of cystic VS to the nerve, also emphasizing the role that

the proteolytic activity of MMP-2 may play on the integrity of the

blood-liquid barrier at the nerve surface (39).

Although many works in the literature agree on the increased

risk of nerve damage and recommend the observance of some

technical expedients such as blunt dissection, considering the

absence of a true arachnoid plane with the cyst wall, some

authors did not find a statistically significant difference on FN

function between solid and cystic VSs (32, 41).

In the present study, the presence of a cystic component was

significantly correlated with FN function in logistic regression

analysis. Specifically, the absence of a cystic component results in

an approximately two-fold reduced probability of having a “poor”
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HB at postoperative and at 3 months. When evaluated at 12 months

and at the last follow-up, this correlation— always significant —is

reduced to a probability of having a “poor” HB grade about one

time lower. This aspect underlines once again how the impact of

factors related to the morphology of the tumor seems to have a

greater predictive power in the short term than in the long term,

probably because of surgical maneuvers.
4.4 FT-1 * DT

In the increasingly demonstrated surgical perspective of

favoring FN preservation over the extent of resection of VSs,

shifting the goal from maximal resection to maximal “safe”

resection, scientific interest in IONM and various techniques for

intraoperative monitoring of FN function has exponentially grown

(15, 17, 18, 24, 30, 32, 34, 36, 41–46).

Since the important experience of Goldbrunner et al. reporting

an increase from 1.6% to 75% in the probability of having a

significant facial deficit at 6 months for patients with proximal-
FIGURE 3

Three exemplary cases of patients with vestibular schwannoma were reported illustrating the “Facial Nerve Outcome Score” calculation. In all cases,
a 12-month postoperative brain MRI (axial cut of T1-weigthed contrast enhanced MRI) showed the extent of resection.
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distal EMG ratios < 0.8 and < 0.128, respectively (16), different

parameters of IONM have been investigated obtaining good results.

Indeed, Prell et al. found a “poor” FN outcome for A-train times

greater than 10 s (44), Lin et al. found a positive predictive value in

stimulating the nerve emergence at level of the brainstem and

evaluating the EMG response in microV (18), and others found a

predictive value even more significant combining two or more

variables (43).
Frontiers in Oncology 12156
More recently, the use of FN cortico-bulbar evoked potentials

(f-MEPs) has been introduced to increase the predictive power of

the IONM (9, 47). A statistically significant correlation was found

between f-MEPs with HB grade at 6 weeks, 6 months, and 12

months after surgery (78% and 73% of HB I or II, respectively)

(36, 46).

A strong association between intraoperative FN stimulation

parameters and short- and long-term postoperative HB grade in
A

B D

C

FIGURE 4

Association between FNOS and FN function (HB grade) at different time (T1-T4, A–D). Patients are divided in "good" and "poor" HB outcome < 3 and
≥ 3, respectively, considering the result of the score FNOS (FNOS-A, -B and -C).
A

B D

C

FIGURE 5

Association between Samii grade and FN function at different time (T1–T4, A–D). Patients are divided, considering the Samii grade (T2–T3a vs. T3b–
T4), in “good” and “poor” HB outcome, < 3 and ≥ 3, respectively.
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both univariate and multivariate analyses was confirmed in the

current results (Supplementary Table 4). A total of 100% of patients

with FT-1 ≤ 0.8 mA and DT ≤ 0.7 mA reported “good” HB at 12-

month follow-up and conversely at the same time 100% of patients

with FT-1 > 0.20 mA and DT > 0.19 mA reported “poor” HB,

whereas, for intermediate values of FT-1 (0.09–0.20 mA) and DT

(0.08–0.19 mA), the percentages of “good” HB at 12 months were

69.2% and 66.7%, respectively.
4.5 Score strength and gray zone

The FNOS was found to be a reliable tool with a strong

statistical association with postoperative FN function in both the

short- and long-term. Ordinal logistic regression analysis showed

that, for each one-point increase in the score, there was a significant

approximately five-fold increase in the risk of obtaining a “poor”

HB outcome at 1-year after surgery, underscoring the importance of

the parameters that constitute the score.

A total of 100% of FNOS-A patients (scores 1–4) have “good”HB

at 12 months and at last follow-up. Conversely, 100% of FNOS-C

patients (scores 7–12) have “poor” HB at 12 months and at last

follow-up. Although the strength of association of the score remains

high even in the short term, it was lower than in the long term

(Cramer’s V T3/T4 of 0.919/0.936 vs. Cramer’s V T1/T2 of 0.831/

0.851), being, indeed, significantly lower the percentages of patients

with HB “good” in the postoperative and at 3 months for FNOS-A

patients (T1, 89.4%; T2, 95.7%). The reason behind could be two-fold:

The stimulation parameters have demonstrated a greater influence on

the FN function on the long-term, whereas the morphological

parameters have shown a greater strength on the short term.

Probably, this aspect could be related to the fact that, in the first 3

months after surgery, the surgical maneuvers related to the size,

morphology, and relationships of the nerve with adjacent structures

play a more important role on the nerve damage. Furthermore, it

could be hypothesized that the nerve damage in these patients is

predominantly neuropraxic, considering the percentage of FNOS-A

patients with “good”HB grade on the long-term follow-up (Figure 4).

The latter aspect is more stressed in patients who fall into a

“gray zone” of the score, namely, FNOS-B patients.

As shown in Figure 4, these patients show higher percentages of

“HB poor” up to 3 months after surgery and then show satisfactory

percentages of “good” HB in the long-term, underlining the ability

of the score to intercept the extent of FN damage and consequently

the potential for recovery (HB “poor” FNOS B: T1, 90%; T2, 60%;

T3, 20%; and T4, 18.2%). These data represent an important aspect

regarding the fact of being able to expect a long-term improvement

in patients with postoperative FNOS-B who present a grade HB

“poor” in the short-term follow- up. In these patients, it is likely that

the nerve damage is predominantly in the sphere of axonotmesis or

that there may be factors—already described in the literature— not

strictly related to surgery, that may affect the short-term nerve

function (e.g., neuroinflammation, vasospasm, and herpes simplex

virus reactivation) (22, 48, 49). Nevertheless, although strong

association was found, the small size of this sample did not allow

to adequately assess the predictive value of the gray zone.
Frontiers in Oncology 13157
5 Limitations

One of the main limitations of the study is linked to its

retrospective nature, although the prospectively collected data

allow for adequate statistical analysis. Unfortunately, the small

size of the cohort decreases the statistical power of the result and

of the predictive value of the score. Furthermore, the IONM

parameters used are only direct nerve stimulation parameters,

and this represents a limitation, given the increasingly use of f-

MEPs and their scientific validation, associated with the possibility

of overcoming limitations arising from EMG alone (i.e., the

repeatability of f-MEPs during tumor removal even without direct

nerve exposure).

Another important aspect is the violation of regression

assumptions for the analysis of the categorical variable FNOS.

This violation, due to the high association obtained from the

score with the outcome on the HB scale, represents a statistical

limitation to the possibility of building a probabilistic predictive

model that allows to estimate the exact likelihood of having a

“good” or a “poor HB” on the basis of belonging to each FNOS

group. However, binary logistic regression analysis with the FNOS

scores on an ordinal scale allows us to significantly estimate the

probability of having a more or less good outcome for each one-

point change in the score. This seems to be mainly related, in part,

to the relatively small number of patients but mainly to the

discrepancy between the higher number of patients with a good

outcome compared with those with a bad outcome. Thus, because

of the low variance, it was impossible to obtain a statistically

significant predictive model of the FNOS score, although the

association of the score with HB class in the long term was well

established. On the other hand, a higher percentage of favorable

outcomes represents the goal of surgery, and the statistical need to

analyze more negative outcomes would create a problem from an

ethical point of view.

Therefore, if, on the one hand, statistically speaking, this

represents the major limitation of the study; on the other hand,

from a clinical and research point of view, it could represent a solid

and concrete starting point for further research. Indeed, by

increasing the number of patients and considering the

multicentric extension of the analysis, it is expected that the

predictivity of the individual classes of the score could reach

statistical significance due to the greater number of variables

included and the proportional increase of unfavorable outcomes.
6 Conclusions

The FNOS represents a reliable score and resulted to be strongly

associated with long- term FN function. A one-point score increase

showed to possibility to predict a five-fold increase of the risk of

“poor” HB at 12 months after surgery. Direct nerve stimulation

parameters play a crucial role in predicting long-term facial

function. The percentage of patients belonging to the gray zone

(FNOS-B) with a FN function classifiable as HB “poor” in the short

term significantly decreases in the long term, suggesting the
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potential ability to catch patients with higher chance for recovery

that should be better assessed with larger and multicentric series.
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Trading mental and physical
health in vestibular schwannoma
treatment decision

Kathrin Machetanz, Larissa Lee, Sophie S. Wang,
Marcos Tatagiba and Georgios Naros*

Neurosurgical Clinic, Department of Neurosurgery and Neurotechnology, Eberhard Karls University,
Tuebingen, Germany
Objective: Observation, radiotherapy and surgery are treatment options in

vestibular schwannomas (VS). Decision making differs between centers and is

usually based on tumor characteristics (e.g., size) and the expected physical

health (PH) outcome (i.e., hearing and facial function). However, mental health

(MH) is often under-reported. The objective of the present study was to ascertain

the impact of VS treatment on PH and MH.

Methods: PH and MH were assessed in a prospective cross-sectional study

including 226 patients with unilateral sporadic VS before and after surgical

removal (SURG). Quality-of-life (QoL) was estimated by self-rating

questionnaires: general Short-Form Health Survey (SF-36), Penn Acoustic

Neuroma Quality-of-Life Scale (PANQOL), Dizziness Handicap Inventory (DHI),

Hearing Handicap Inventory (HHI), Tinnitus Handicap Inventory (THI), and Facial

Disability Index (FDI). QoL changes over time as well as predictive factors were

accessed by multivariate analyses of covariance (MANCOVA).

Results: In total, 173 preoperative and 80 postoperative questionnaires were

analyzed. There was a significant PH deterioration related to facial function (FDI,

PANQOL-face) after surgery. In line with facial rehabilitation, however, FDI

improved within the first five years after surgery and did not differ compared to

the preoperative patient cohort, eventually. In contrast, MH (i.e., PANQOL-

anxiety) and general health (i.e., PANQOL-GH) improved with surgery and

correlated with the extent-of-resection.

Conclusion: Physical and mental health is significantly influenced by VS surgery.

While PH might decrease after surgery, MH potentially increases when patient is

cured. Practitioners should take MH into account before advising an

incompletely VS treatment (e.g., subtotal resection, observation or radiosurgery).

KEYWORDS

vestibular schwannoma (VS), quality of life, mental health, physical health, extent of
resection (EOR)
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Introduction

Vestibular schwannomas (VS) are characterized by a progressive

loss of cranial nerve (CN) functions (e.g., hearing, balance), affecting

patient’s quality of life (QoL) (1–3). Total surgical removal of the

tumor is usually providing a definite cure (4, 5). Concurrently, VS

surgery implies an increased risk of additional harm to the CN (e.g.,

facial palsy) (5–10). Observation or radiosurgery are further treatment

strategies and in recent years complete VS resection has been

discouraged in large VS (11). Instead, current guidelines recommend

partial resection (PR) with subsequent radiotherapy in these cases (11).

The underlying rationale for this recommendation is to preserve CN

function andQoL assuming a linear relationship between them. In fact,

several studies report a deterioration of QoL by VS surgery (12–14)

relating to hearing, vestibular and facial function (6–8). Radiosurgery

or observation has been suggested to affect CN function and QoL to a

lesser extent. However, there is increasing evidence that neither

radiosurgery nor observation can preserve CN function (in

particular hearing) on a long-term (2, 3, 15, 16). Furthermore, some

symptoms might be accentuated in comparison to microsurgery (15,

16). Recent studies do not detect any QoL differences when comparing

patients following different treatment strategies (14, 17, 18). However,

most studies mainly relate to physical health (PH) aspects of QoL.

Mental health (MH) referring to the emotional and psychological well-

being is often under-reported (17, 19).

An important feature of treatment strategies avoiding a complete

VS resection is that it turns a potentially curable disease into a chronic

disease with a higher risk of recurrence. It is well known that chronic

diseases (e.g., Parkinson’s, cancer) affect patient’s MH independent of

their PH (20, 21). In line, two recent studies demonstrated that a

gross total resection (GTR) in VS is associated with a better MH

compared to partial VS resection (PR) (19). It has been hypothesized

that microsurgery may confer an advantage with regard to patient’s

MH, relating to the psychological benefit of “cure” from tumor

removal (17). In general, however, QoL data in VS treatment

differentiating between PH and MH is scarce (14, 17, 18, 22).

The present study aims to investigate the physical and mental

health-related QoL in patients with non-treated (before surgery),

incompletely (subtotal resection, STR) and completely treated

VS (GTR).
Methods

Patient characteristics

This prospective cross-sectional study included 226 patients

(Table 1) with an unilateral VS who answered standardized
Abbreviations: CN, cranial nerve; DHI, Dizziness Handicap Inventory; FDI,

Facial Disability Index; GH, general health; GTR, gross total resection; HHI,

Hearing Handicap Inventory; MCID, minimal clinically important difference;

MH, mental health; PANQOL, Penn Acoustic Neuroma Quality-of-Life Scale;

PH, physical health; TBS, time before surgery; TSD, time since diagnosis; TSS,

time since surgery, PR, partial resection; QoL, quality of life; STR, sub-total

resection; THI, Tinnitus Handicap Inventory; VS, vestibular schwannoma.

Frontiers in Oncology 02161
questionnaires on QoL during their treatment at our

Neurosurgical Department between 11/2019 and 09/2021. A total

of 141/226 (62.5%) underwent surgical resection of the VS via a

retrosigmoidal approach in a semi-sitting or supine position in that

period (Figure 1). Patients with neurofibromatosis, previous VS

surgery and incomplete questionnaires were excluded. The study

was approved by the local Hospital Ethics Committee and

conducted in accordance with the declaration of Helsinki.
Quality of life questionnaires

Several QoL questionnaires were completed during the

treatment period: the general Short-Form Health Survey (SF-36),

Penn Acoustic Neuroma Quality-of-Life Scale (PANQOL),

Dizziness Handicap Inventory (DHI), Hearing Handicap

Inventory (HHI), Tinnitus Handicap Inventory (THI), and Facial

Disability Index (FDI) (Table 2) (23–25).

The SF-36 is the most common health-related QoL

questionnaire. Its 36 items can be divided into physical and

mental classes with 4 domains each: physical function (SF36-PF),

role-physical (SF36-RP), bodily pain (SF36-BP), general health

(SF36-GH), vitality (SF36-VT), social functioning (SF36-SF), role-

emotional (SF36-RE) and mental health (SF36-MH). Each domain

is scored from 0-100, with a higher score corresponding to a

better QoL.

The PANQOL is a disease-specific questionnaire containing 26

questions which are divided into the domains anxiety (PAN-ANX),

facial function (PAN-FACE), general health (PAN-GH), balance

(PAN-BAL), hearing (PAN-HEAR), energy (PAN-ENGY) and pain

(PAN-PAIN). A total score (PAN-TTL) is calculated from the

individual scores. The response options are classified on a Likert

scale from strong disagreement (1) to strong agreement (5),

whereby the values are normalized to a scale of 0-100 points to

determine the domain scores. A score of 100 corresponds to the best

possible QoL, a score of 0 to the lowest QoL.

The HHI, THI and DHI are symptom-specific questionnaires

for dizziness, hearing function and tinnitus. Each questionnaire

contains 25 self-assessment items, which can be answered by yes

(2), sometimes (1) or no (0). Item scores result in a total score of 0-

100, whereby a higher score corresponds to greater impairment by

the symptom. The FDI were administered to all patients with facial

paresis. The FDI contains 10 questions, which are divided into the

domains physical function (-25=worst to 100=best function; FDI-

PF) and social function (0=worst to 100=best function; FDI-SF).
Disease-specific data

In addition, we analyzed numerous disease specific information.

Magnetic resonance images (MRI) were retrospectively analyzed to

determine the tumor size according to Koos classification (1: purely

intrameatal, 2: intra- and extrameatal, 3: filling the cerebellopontine

cistern, 4: compressing or shifting the brainstem) (26) and tumor

side. The extent of resection (EOR) after surgery (GTR: complete

resection; STR: minimal residual tumor on the facial nerve or
frontiersin.org
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TABLE 1 Patient characteristics.

total Preoperative Postoperative

n=226 patients n=173 question. n=80 question.

Gender
male/
female

103/123
(46.6%/54.45%)

84/89
(48.6%/51.4%)

35/45
(43.85%/56.3%)

X2 = 0.507
p=0.476

Age 53.2 ± 12.4 53.7 ± 12.2 50.4 ± 12.1 p=0.092

Koos
T1
T2
T3
T4

35 (15.5%)
68 (30.1%)
73 (32.3%)
50 (22.2%)

35 (20.2%)
59 (34.1%)
55 (31.8%)
24 (13.8%)

1 (1.3%)
14 (17.5%)
32 (40%)
33 (41.3%)

H=37.99
p<0.001*

Side
Left/
Right

122/104
(54%/46%)

99/74
(57.2%/42.8%)

36/44
(45%/55%)

X2 = 3.29
p=0.07

Operation
Yes
No

141 (62.4%)
85 (37.6%)

88 (50.9%)
85 (49.1%)

80 (100%)
0 (0%)

X2 = 59.19
p<0.001*

Extent of resection
GTR
STR
PR

56 (70%)
19 (23.7%)
5 (6.3%)

H&B
I
II
III
IV
V

170 (98.3%)
3 (1.7%)

45 (56.3%)
17 (21.3%)
9 (11.3%)
7 (8.8%)
2 (2.5%)

H=76.2
p<0.001*

TSD/TSS 1.28 ± 2.2 y 2.16 ± 3 y

SF36
physical function

role physical
bodily pain

general health
vitality

social function
role emotional
mental health

84.6 ± 22.2
69.9 ± 40.0
71.8 ± 29.9
61.1 ± 18.1
55.6 ± 21.3
75.0 ± 25.7
71.5 ± 40.3
68.0 ± 18.2

83.6 ± 17.9
65.3 ± 38.9
76.0 ± 29.3
65.1 ± 19.5
57.3 ± 21.0
77.3 ± 24.0
78.3 ± 37.5
73.3 ± 37.5

p=0.073
p=0.206
p=0.273
p=0.137
p=0.563
p=0.679
p=0.121
p=0.028*

PANQOL
anxiety
facial

general health
balance
hearing
energy
pain
Total

66.1 ± 22.5
89.5 ± 14.6
55.0 ± 17.3
70.9 ± 24.8
64.0 ± 22.0
67.5 ± 23.7
66.9 ± 29.2
68.6 ± 15.4

73.9 ± 21.8
75.2 ± 23.8
63.9 ± 19.5
67.4 ± 22.5
60.1 ± 22.4
68.1 ± 23.9
70.4 ± 31.9
68.2 ± 16.9

p=0.011*
p<0.001*
p=0.001*
p=0.150
p=0.215
p=0.821
p=0.238
p=0.89

DHI 14.4 ± 20.1 19.1 ± 20.9 p=0.032*

THI 20.6 ± 21.4 18.2 ± 20.9 p=0.266

HHI 20.5 ± 22.4 28.6 ± 22.0 p=0.001*

FDI
physical function
social function

98.8 ± 8.40
97.7 ± 11.2

86.8 ± 17.6
86.9 ± 17.9

p<0.001*
p<0.001*
F
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*bold-marked p-values indicate significance comparing pre- and postoperative patients by a Chi-square (X2) or Kruskal-Wallis test (H).
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exclusively in the internal auditory canal; PR: great tumor volume)

was determined by MRI and the surgical record. Medical records of

patients were reviewed to define the time between diagnosis and

QoL survey (time since diagnosis, TSD; preoperatively), time

between preoperative QoL survey and surgery (time before

surgery, TBS; preoperatively; only patients who answered the

preoperative survey and underwent VS resection at a later time

during the evaluation period), time between surgery and

postoperative survey (time since surgery, TSS; postoperatively) as

well as the facial function according to the House-Brackmann scale

(H&B) (27). The H&B classifies overall facial function into ranges

from 1 (normal) to 6 (total paralysis) based on the assessment of e.g.

eye closure and mouth movement.
Statistics

Statistical tests were performed using SPSS (IBM SPSS Statistics

for Windows, Version 26.0. Armonk, NY: IBM Corp.). Group

differences in distribution of clinical characteristics (e.g., EOR)

were determined by Chi-squared or Kruskal-Wallis tests. In a first

step, (multivariate) analyses of covariance ((M)ANCOVAs) were

performed to evaluate the effects of surgery (SURG) and gender

(SEX) on QoL scores. Secondary, a (M)ANCOVA-based evaluation

of the impact of TSD, TSS and EOR on QoL was performed. In

order to ensure that results were not influenced by assumption

violations, data were checked for outliers, homogeneity of variance–

covariance matrices (Box’s M test) and homogeneity of variances

(Levene’s test). In this context, a MANCOVA is a two-step process.

In the first step, the overall hypothesis is tested, i.e. whether there is

a difference between different groups. If this test is significant, in the

second step the MANCOVA was followed by post-hoc tests (i.e.

univariate ANOVAs) to explain the group differences. Furthermore,

we performed a secondary subcohort analysis of patients who
Frontiers in Oncology 04163
completed the questionnaires in both the pre- and postoperative

period. To estimate differences in QoL scores before and after

surgery we performed a repeated measures ANOVA. Statistical

significance was considered at p < 0.05 for all statistical tests.
Results

Patient cohort

A total of 226 patients (53.2 ± 12.4 years; 123 female) completed

all QoL questionnaires. 103/226 (45.6%) of the VS corresponded to

a tumor size Koos 1/2 and 123/226 (54.4%) to a grade 3/4 (Table 1).

VS were resected in 141/226 (62.4%) of the patients, while 85/226

(37.6%) had not undergone surgery at the time of evaluation

(Figure 1). In summary, 27/226 (11.9%) patients completed

questionnaires pre- and postoperatively (Supplementary Table 1),

whereas 146/226 (64.6%) and 53/226 (23.5%) were surveyed only

pre- or postoperatively, respectively.
Common health-related QoL: SF36

A MANCOVA was applied to SF36 subdomains in order to

determine the effect of surgery (SURG) on QoL while controlling

for SEX, AGE and tumor size (SIZE) (Figure 2A). Neither SURG (F

(8,240)=1.09, p=0.374) nor SEX (F(8,240)=1.37, p=0.21) had a

significance effect on QoL. In contrast, MANOVA depicted a

significant effect of AGE on SF36 (F(8,240)=3.72, p<0.001). Follow-

up ANOVAs confirmed a significant impact of AGE on PH as

depicted by SF36-PF (F(1,247)=12.74, p<0.001) and SF36-GH (F

(1,247)=5.50, p=0.020). Independent of the other covariates, PH

items (SF36-PF and SF36-GH) decreased with age (r =-0.2,

p=0.001 and r=-0.15, p=0.016).
FIGURE 1

Flow chart of patients’ cohort. DHI, Dizziness Handicap Inventory; FDI, Facial Disability Index; HHI, Hearing Handicap Inventory; PANQOL, Penn
Acoustic Neuroma Quality-of-Life Scale; SF-36: Short-Form Health Survey 36.
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Disease-specific QoL: PANQOL

A MANCOVA was performed to estimate the effect of SURG

on PANQOL subdomains while controlling for SEX, AGE and

SIZE. There was a significant multivariate main effect of SURG (F

(7,241)=7.75, p<0.001; Figure 2B). SURG improved mental and

general health in the subdomains PAN-GH (63.9 ± 19.5 vs 55.0 ±

17.3; F(1,247)=4.86, p=0.028) and PAN-ANX (73.9 ± 21.8 vs 66.1 ±

22.5; F(1,247)=5.68, p=0.018). In contrast, PH relating to facial

function (PAN-FACE) decreased postoperatively on a group level

(75.2 ± 23.8 and 89.5 ± 14.6; F(1,247)=27.35, p<0.001) (Figure 3A).

MANCOVA also proved a significant main effect of SEX on

PANQOL (F(7,241)=3.49, p=0.001; Figure 2C). Females had
Frontiers in Oncology 05164
significant worse PAN-ANX (64.9 ± 22.0 vs 72.6 ± 22.5; F(1,247)
=7.44, p=0.007), PAN-BAL (65.3 ± 24.8 vs 74.9 ± 22.4; F(1,247)
=9.47, p=0.002) and PAN-PAIN (64.6 ± 31.3 vs 71.9 ± 28.1; F(1,

247)=7.56, p=0.006) scores independent of the actual VS treatment.

Furthermore, both covariates AGE (F(7,241)=5.93, p<0.001) and

SIZE (F(7,241)=2.13, p=0.04) had significant impact on PANQOL.

Increasing AGE had a negative effect on facial function (PAN-

FACE; r=-0.18, p=0.005; Spearman’s), balance (PAN-BAL; r=

-0.15, p=0.001; Spearman’s) and hearing (PAN-HEAR; r=-0.15,

p=0.016; Spearman’s). PAN-GH was significantly impacted by the

SIZE (F(1,247)=5.47, p = 0.02) with better values in Koos 3/4

compared to Koos 1/2 tumors (H=14.75, p=0.001; Kruskal-

Wallis) (Figure 2D).
TABLE 2 General health, disease- and symptom-specific QoL questionnaires.

Name Abbr. Description No.
of

items

Best/
worst
value

MCID

S
F3

6

Physical:
Physical function

Role physical

Bodily pain
General health

Mental:
Vitality

Social functioning

Role-emotional

Mental health

(Reported health
transition)

SF36-PF

SF36-RP

SF36-BP
SF36-GH

SF36-VT

SF36-SF

SF36-RE

SF36-MH

- Extent to which the health condition affects physical activities such as self-care,
walking, climbing stairs, lifting
- Extent to which the health condition affects work or other daily activities, e.g. being
able to do less than usual, limitations in the type of activities, or difficulty in
performing certain activities
- Level of pain and impact of pain on normal work
- Personal health assessment, including current health status and resistance to illness

- Feeling energetic and full of drive vs. tired and exhausted

- Extent to which physical health or emotional problems interfere with normal social
activities
- Extent to which emotional problems interfere with work, or other daily activities,
including spending less time, getting less done and not working as diligently as usual
- General mental health, including depression, anxiety emotional and behavioral
control, general positive mood
- Assessment of expected health transition

10

4

2
5

4

2

3

5

1

100/0
8

7

P
A
N
Q
O
L

Physical:
Facial function
Balance
Hearing
Pain

Mental:
Anxiety
Energy

General health

PAN-FACE
PAN-BAL
PAN-HEAR
PAN-PAIN

PAN-ANX
PAN-ENGY

PAN-GH

- Level of facial weakness and dysfunction
- Level of balance and dizziness complaints
- Level of hearing problems
- Impact of headache on health related quality of life

- Level of anxiety and pain due to the VS
- Level of energy, vitality and the ability to concentrate

- Assessment of general health and expected health transition

3
6
4
1

4
6

2

100/0

10
16 (14-19)
6 (5-8)

11 (10-13)

11 (5-22)
13 (10-17)

15 (11-19)

H
I

Hearing HI
Tinnitus HI
Dizziness HI

HHI
THI
DHI

- Assessment for self-perceived hearing handicap
- Assessment for self-perceived tinnitus handicap
- Assessment for self-perceived dizziness handicap

25
25
25

0/100
0/100
0/100/0

12
7
18

FD
I Physical function

Social function

FDI-PF

FDI-SF

- Level of limitations in physical disability, e.g. problems with instrumental activities of
daily living and difficulty with producing appropriate facial expressions
- Social and emotional problems experienced due to facial dysfunction

5

5

100
fro
SF36: 36-item Short-Form Health Survey, PANQOL, Penn Acoustic Neuroma Quality-of-Life Scale; HI, Handicap Inventory; FDI, Facial Disability Inde; literature-based minimal clinically
important differences (MCID) [Carlson et al., 2015 (23); Newman et al., 1991 (24); Zeman et al., 20 (25)].
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Symptom-specific QoL: HHI, THI,
DHI and FDI

In the MANCOVA, there was a significant effect of SURG (F

(3,245)=4.96, p=0.002), SEX (F(3,245)=7.55, p<0.001) and AGE (F

(3,245)=3.94, p=0.009) on the handicap inventories (i.e., DHI, HHI

and THI). In the follow-up ANOVAs, both SURG (20.5 ± 22.4 vs

28.6 ± 22.0; F(1,247)=7.55, p=0.006) and AGE (F(1,247) =3.89, p=0.05)

had negative impact on hearing perception (HHI). In contrast,

females suffered from dizziness (DHI) more frequently than males

regardless of VS treatment (20.4 ± 22.4 and 10.8 ± 16.6; F(1,247)
=13.47, p<0.001). Tinnitus perception (THI) was unaffected by

SURG, SEX or AGE in the present cohort.

Both FDI subscores representing the physical (FDI-PH) and

social handicap (FDI-SH) of a facial palsy were negatively affected

by SURG (F(1,247)=36.9, p<0.001 and F(1,247)=23.25, p<0.001). The

covariate SIZE had impact only on FDI-PH (F(1, 247) = 4.51,

p=0.035). FDI-PF and FDI-SF correlated significantly with H&B

(r=-0.88, p<0.001 and r=-0.85, p<0.001; Spearman’s.
Impact of time since diagnosis, time
before/since surgery as and extent of
resection on patients’ QoL

In order to evaluate the impact of timing of the survey after VS

diagnosis and before surgery on mental health, the association

between PAN-GH and PAN-ANX as well as TSD and TBS was

analyzed. Among the 173 preoperative questionnaires, there was no

significant correlation between TSD and PAN-ANX or PAN-GH.
Frontiers in Oncology 06165
Furthermore, in the 88/173 patients who completed a questionnaire

in the observation phase and underwent surgery later during the

evaluation period, no correlation between TBS and mental health

was found either (PAN-ANX: r=0.021, p=0.843; PAN-GH: r=-0.18,

p= 0.093; Spearman’s).

As the functional status after surgery is constantly changing due

to rehabilitation mechanisms, we ought to evaluate health-related

QoL depending on the TSS. In fact, for both FDI-PF (H=56.65,

p<0.001; Kruskal Wallis) and FDI-SF(H=53.93, p<0.001; Kruskal

Wallis) there was a significant decline of QoL directly after surgery

which improved during the postoperative course in line with facial

rehabilitation (Figure 3B). After a TSS of approx. 5 years, there was

no significant difference in neither FDI-PF (H=36.16, p=0.122;

Kruskal Wallis) nor FDI-SF (H=33.17, p=0.240; Kruskal Wallis)

when compared to the preoperative situation (Figure 3B). There

was no comparable effect for the disability inventories THI, HHI,

DHI or PAN-ANX and PAN-GH (Figures 3C, D). In contrast,

postoperative mental and general health parameters (PAN-ANX

and PAN-GH) were associated with the EOR. Kruskal-Wallis test

revealed a significant better PAN-ANX (H=6.81, p=0.033) and

PAN-GH (H=10.63, p=0.005) in GTR and STR in comparison to

PR (Figures 4A, B).
Discussion

The present study evaluated main determinants of physical and

mental health in patients with VS. While PH and MH did not

change after diagnosis, deterioration of PH was detected

postoperatively - mainly caused by an occurrence of facial nerve
B

C D

A

FIGURE 2

Changes of physical (PH) mental health (MH) after surgery. While SF36 (A) did not depict any surgery-related changes in QoL, PANQOL (B) showed a
decline of PH (related to the facial function, PAN-FACE) after surgery. At the same time, surgery improved MH related to anxiety (PAN-ANX) and
general health (PAN-GH). Multivariate analysis also depicted an effect of gender (C) and tumor size (D) on QoL. Bars in (C, D) demonstrate data from
both, pre- and postoperatively. PANQOL, Penn Acoustic Neuroma Quality-of-Life Scale; PAN-ANX, PANQOL anxiety; PAN-ENGY, PANQOL energy;
PANQOL-GH, PANQOL general health; PAN-FACE, PANQOL facial; PAN-BAL, PANQOL balance; PAN-HEAR, PANQOL hearing; PAN-PAIN, PANQOL
pain; SF36-PF: SF36 physical function; SF36-RP: SF36 role physical; SF36-BP: SF36 bodily pain; SF36-GH: SF36 general health; SF36-VT: SF36
vitality; SF36-SF: SF36 social functioning; SF36-RE: SF36 role emotional; SF36-MH: SF36 mental health. Significance is indicated by an asterisk (*;
p<0.05, MANOVA).
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palsy and the deterioration of hearing function. However, PH

related to facial function improved within the first years after

surgery. Furthermore, mental and general health improved

postoperatively and correlated with the EOR. The decision on

therapy is therefore a consideration between MH and PH and

must be made on a patient-specific basis.

Current guidelines for VS advise observation or radiotherapy

and discourage complete VS resection to preserve CN function (11).

The present study documents a significant postoperatively

deterioration of facial and hearing QoL scores with a similar or

even less pronounced extent compared to previous studies (13, 28).

The retrosigmoid approach in this context may have resulted in less

hearing loss compared to studies applying a translabyrinthine

approach. However, physical limitations should not only be

compared pre- and postoperatively, but also functional recovery

after surgery should be considered when deciding on treatment.

Our findings elicit an improvement of FDI-PF and FDI-SF over

time after microsurgery. Nevertheless, our study could not detect a

significant effect of TSS alone on facial function. This could be

attributed to a data bias, since patients without physical complaints

usually no longer present themselves in our outpatient clinic after

approx. 3 years. Thus, an overrepresentation of patients with

impairing facial palsy must be assumed in our postoperative

cohort. In fact, previous studies show heterogenous results

regarding longitudinal facial palsy-specific QoL (29, 30). Further

longitudinal studies are necessary to assess the frequency, course of

recovery and subjective limitation of facial palsies after VS resection.
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Tinnitus and dizziness are symptoms often associated with VS.

Nevertheless, they are often underrated when deciding on the

treatment strategy. Tinnitus and vertigo, however, can significantly

worsen QoL in VS patients (23, 31). Thus, we determined tinnitus-

related QoL by the THI. Tinnitus-related discomfort tended to

improve slightly although previous reported “minimal clinically

important difference” (MCID) could not be reached (25). This is

concordant with previous studies demonstrating postoperative

improvement in patients with preoperative tinnitus, while patients

without preoperative tinnitus can develop a new-onset tinnitus after

surgery in ~20% (32–34). Consequently, patients with preoperative

severe tinnitus could be offered microsurgical resection of the VS, as

radiotherapy may worsen tinnitus-related discomfort (35). The

results of studies investigating pre- and postoperative dizziness in

VS are ambiguous (36). Our study could not reveal pre- and

postoperative differences of DHI and PAN-BAL. Instead, more

dizziness was associated with female gender and higher age.

The relevance of MH on overall health is often underestimated in

the treatment of benign tumors. While there are numerous studies on

MH in meningiomas (37–39), data on MH in VS are scarce. The

present study could not demonstrate an effect of surgery on mental or

physical SF-36 scores, confirming the assumption about low

predictability of QoL in VS by the SF-36 (40, 41). However, despite

the deterioration in PH the PANQOL findings demonstrated a

significant increase of mental and general health post-surgically. In

contrast, during the preoperative observational phase there was a

deterioration of mental scores over time. This suggests that patients
D

A B

C

FIGURE 3

Symptom-specific quality of life (QoL) over time. PAN-FACE (A) and FDI scores (B) improved after surgery in line with the facial rehabilitation (see
distribution of H&B scores in the inlay). After 5 years, PAN-FACE and FDI differed significant in comparison to the preoperative patient cohort. In
contrast, neither DHI, THI and HHI (C) nor PAN-ANX/PAN-GH (D) changed during follow-up. The numbers under the pie charts in (B) indicate the
total number of patients in each time period. DHI, dizziness handicap inventory; THI, tinnitus handicap inventory; HHI, hearing handicap inventory;
FDI-PF, Facial disability index - physical function; FDI-SF, Facial disability index – social function; TSD, time-since-diagnosis; TSS, time-since-
surgery. Significance is highlighted by an asterisk (*; p<0.05, Dunn’s test, corrected).
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experience relief from treatment, whereas knowledge of the presence

of a VS without treatment leads to a state of anxiety. These result

supports the hypothesis of Carlson et al. which suggests that

microsurgery may improve patient’s MH when the tumor is

“cured” after complete surgical removal (17). While previous studies

could demonstrate a reduced QoL of VS patients in comparison to age

and sex matched normative data already before surgery, conversely,

they could not prove a significant difference of MH between

observational, microsurgery and radiotherapy groups (14, 17, 18, 28,

42–44). However, factors affecting the results (e.g., EOR, gender) are

not taken into account in these studies. While multivariate statistics

could not demonstrate an effect of EOR on MH scores, univariate

analysis demonstrated a significantly worse PAN-GH in partial

resections compared to STR and GTR. This is concordant with

studies comparing GTR with incomplete resection or combined

radio- and microsurgery (19, 28). Since other studies furthermore

demonstrated a significant regrowth rate with a tumor residue of >0.7

cm3 and a higher MIB-1 index (45, 46), general recommendation for

PR in large VS should be avoided. Instead, multicenter studies, that

prospectively assign patients to different intention-to-treat groups (i.e.

intended GTR, intended PR), are necessary.
Limitations

The present study is limited due to the lack of comparison with

radiosurgery or other surgical procedures (e.g., translabyrinthine

surgery), a non-tumor cohort and the absence of longitudinality.

The small number of postoperative controls can lead to a selection

bias of the health status, since at long-term, patients with persistent

complaints continue to present themselves in the consultation,

while patients with good health no longer present themselves.
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Conclusion

In VS patients, the trading of MH and PH is essential for

treatment decision making. While mental health in particular is

impaired preoperatively, patients are impaired postoperatively,

especially due to physical problems related to cranial nerve

dysfunction. Attending physicians should take this into account

during treatment decision making.
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FIGURE 4

Relationship between mental health and extent-of-resection (EOR). Both PAN-ANX (A) and PAN-GH (B) correlated with EOR. Patients with
significant residual tumor (partial resection, PR) claimed higher level of anxiety and a reduced level of general health in comparison to patients
undergoing a gross total resection (GTR) or subtotal resection (STR). Significance is highlighted by an asterisk (*; p<0.05, Dunn’s test, corrected).
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SMARCB1/INI1 loss in skull
base conventional chordomas:
a clinicopathological and
molecular analysis

Alberto Righi1, Stefania Cocchi1, Margherita Maioli 1,
Matteo Zoli2,3, Federica Guaraldi2, Elisa Carretta1,
Giovanna Magagnoli 1, Ernesto Pasquini2, Sofia Melotti3,
Gianfranco Vornetti2, Caterina Tonon2,3, Diego Mazzatenta2,3

and Sofia Asioli2,3*

1IRCCS Istituto Ortopedico Rizzoli, Bologna, Italy, 2IRCCS Istituto delle Scienze Neurologiche di
Bologna, Bologna, Italy, 3Department of Biomedical and Neuromotor Sciences (DIBINEM), University
of Bologna, Bologna, Italy
Introduction: The loss of SMARCB1/INI1 protein has been recently described in

poorly differentiated chordoma, an aggressive and rare disease variant typically

arising from the skull base.

Methods: Retrospective study aimed at 1) examining the differential

immunohistochemical expression of SMARCB1/INI1 in conventional skull base

chordomas, including the chondroid subtype; 2) evaluating SMARCB1 gene

deletions/copy number gain; and 3) analyzing the association of SMARCB1/INI1

expression with clinicopathological parameters and patient survival.

Results: 65 patients (35 men and 30 women) affected by conventional skull base

chordoma, 15 with chondroid subtype, followed for >48 months after surgery

were collected. Median age at surgery was 50 years old (range 9-79). Mean

tumor size was 3.6 cm (range 2-9.5). At immunohistochemical evaluation, a

partial loss of SMARCB1/INI1 (>10% of neoplastic examined cells) was observed in

21 (32.3%) cases; the remaining 43 showed a strong nuclear expression.

Fluorescence in situ hybridization (FISH) analysis was performed in 15/21

(71.4%) cases of the chordomas with partial SMARCB1/INI1 loss of expression.

Heterozygous deletion of SMARCB1 was identified in 9/15 (60%) cases and was

associated to copy number gain in one case; no deletion was found in the other 6

(40%) cases, 3 of which presenting with a copy number gain. No correlations

were found between partial loss of SMARCB1/INI1 and the clinicopathological

parameters evaluated (i.e., age, tumor size, gender, tumor size and histotype).

Overall 5-year survival and 5-year disease-free rates were 82% and 59%,

respectively. According to log-rank test analysis the various clinico-

pathological parameters and SMARCB1/INI1 expression did not impact on

overall and disease free-survival.

Discussion: Partial loss of SMARCB1/INI1, secondary to heterozygous deletion

and/or copy number gain of SMARCB1, is not peculiar of aggressive forms, but

can be identified by immunohistochemistry in a significant portion of
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conventional skull base chordomas, including the chondroid subtype.

The variable protein expression does not appear to correlate with

clinicopathological parameters, nor survival outcomes, but still, it could have

therapeutic implications.
KEYWORDS

skull base, chordoma, prognosis, SMARCB1/INI1, FISH analysis
Introduction

Skull base chordomas represent a heterogeneous group of

tumors, including different histotypes (i.e., conventional,

chondroid, poorly differentiated and dedifferentiated types) with

different clinical behavior (1–5).

SWI/SNF-related matrix-associated actin-dependent regulator

of chromatin subfamily B member 1 (SMARCB1), also known as

integrase interactor 1 (INI1), is a critical component of a

chromatin-remodeling protein complex (4, 6). Recent studies

have described the immunohistochemical loss of SMARCB1/INI1

protein in poorly differentiated chordoma associated with

SMARCB1 gene deletions at fluorescence in situ hybridization

(FISH) examination, mainly deriving from large, homozygous

deletions at 22q11 locus (4, 6–8). The loss of SMARCB1/INI1

protein could potentially serve as theoretical basis for evaluating

the efficacy of new targeted therapies, i.e., Enhancer of Zeste

homologue 2 (EZH2) inhibitors (Tazemetostat), histone

deacetylase inhibitors, and CDK4 inhibitors (4, 7, 9–11).

Some studies have recently suggested the partial loss of SMARCB1/

INI1 expression at immunohistochemistry as a poor prognostic marker

of outcome, being associated with higher recurrence rates and shorter

survival in patients with other tumor types, including colorectal,

pancreatic, uterine and sinonasal carcinomas (12–16).

Genetic studies have demonstrated that conventional

chordomas are characterized by very low to modest mutation

burden, and are mainly characterized by large copy number loss,

typically involving chromosomes 1p, 3, 9q, 10, 13, and 14, and a

small number of copy number gains on chromosome 7 and 1q (4,

9). Loss of chromosome 22 and/or heterozygous deletion of

SMARCB1 seems to be a rare event in conventional chordomas,

although data are referred to small series (4, 17–19).

Th i s s tudy a imed a t eva lua t ing the d i ff e r en t i a l

immunohistochemical expression of SMARCB1/INI1 in conventional

skull base chordoma, including chondroid subtype, and the presence of

SMARCB1 gene deletion/copy number gain by FISH. Potential

associations of SMARCB1/INI1 expression with different

clinicopathological parameters and survival outcomes were

then analyzed.
02171
Materials and methods

Patient selection

Patients with conventional - including chondroid variant - and

with poorly differentiated chordoma (1, 2), naïve for surgery and

radiation therapy, operated via endoscopic endonasal approach

from 1998 to 2017 in a tertiary care center (Programma

Neurochirurgia Ipofisi - Pituitary Unit, IRCCS Istituto delle

Scienze Neurologiche di Bologna, Italy), followed by Radiation-

therapy, and with a clinico-radiological follow-up ≥48 months.

Formalin-fixed paraffin-embedded (FFPE) tumor tissue of

adequate size and quality was required to perform morphologic,

immunohistochemical and molecular evaluations. The pathologist

selected the most representative tumor fragments for size and

quality (i.e., maximum representation of neoplastic cells and

lowest portions of extra-chordoma tissues and necrosis). All the

original tumor slides were reviewed, and the diagnosis was

confirmed independently by two pathologists (SA and AR) with a

confirmation of immunohistochemical expression of brachyury and

pan-cytokeratin AE1/AE3. Three cases of poorly differentiated

chordomas diagnosed at the Programma Neurochirurgia Ipofisi-

Pituitary Unit, IRCCS Istituto delle Scienze Neurologiche di

Bologna, Italy, for which FFPE tissue was available, were also

included. Ethical committee approval was obtained from the

Comitato Etico di Area Vasta Emilia Centro on 01/04/2019

(protocol # CE-AVEC: 184/2019/OSS/AUSLBO).

Immunohistochemical analysis
The tissue was fixed in 4% buffered formalin, processed and

embedded in paraffin; 4mm-thick tissue sections were then cut and

heated at 58°C for 2 h. Immunohistochemical staining was

performed using an automated immunostainer following the

manufacturer’s guidelines (Ventana BenchMark -Ventana

Medical Systems, Tucson AZ, USA) using an antibody anti-INI-1

(MRQ-27; Cell Marque), a mouse monoclonal antibody ready to

use at the concentration of 0,4 µg/ml (MRQ-27; Cell Marque).

Antibody detection was performed using UltraView DAB Detection

Ki t (Ventana Med ica l Sys t ems , Tucson AZ, USA) .
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Immunohistochemical evaluation was performed as previously

described (20). The percentage of cells stained was determined

evaluating all neoplastic areas in the whole of the obtained slides in

each case, independently assessed by two pathologists (AR, SA).

This evaluation was done visually and a comparison between

immunohistochemical expression of SMARCB1/INI1 and the

signals of FISH analysis was done. Immunohistochemical staining

grades were defined as intact (strong nuclear staining in malignant

cells), deficient (completely unstained nuclei in malignant cells),

and reduced (very weak but still noticeable nuclear staining in

malignant cells), using the strong staining of normal background

cells as reference (20, 21). Strong homogeneous nuclear staining in

the background (including inflammatory cells, stromal fibroblasts,

vascular endothelial cells, and/or normal epithelial cells) served as

an internal control and was considered a prerequisite for

immunohistochemical interpretation. Only unequivocal staining

of the nuclei in viable tumor tissue (necrotic areas were excluded)

was analyzed. The evaluations were performed on 200X of

magnification, evaluating the mean of SMARCB1/INI1 loss, when

present, for each mm2.

FISH analysis
FISH was performed to assess SMARCB1 gene deletion using a

commercial SPEC SMARCB1/22q12 Dual colour Probe

(ZytoVis ion , Bremerhaven , Germany) , accord ing to

manufacturer’s instructions. The probe included a 545 kb

sequence mapping in 22q11.23 region (ZyGreen fluorochrome

labeled) harboring SMARCB1 gene, and a 335 kb sequence

mapping in 22q12.1-q12.2 region (ZyOrange fluorochrome

labelled) harboring KREMEN1 gene, used as internal control

probe, to help in detecting chromosome 22q large deletions. As

previously described (22), FISH was performed on interphase nuclei

using the Histology FISH accessory kit (Dako, Glostrup, Denmark),

according to the manufacturers’ protocol. Briefly, 3 mm-thick FFPE

tissue sections were mounted on positively charged slides. Slides

were heated overnight at 60°C, deparaffinized with xylene, and

dehydrated with ethanol. Samples and probes were co-denaturated

in a Dako Hybridizer (Dako, Glostrup, Denmark) at 75°C for 10

minutes and incubated overnight at 37°C. Slides were then washed

in stringent solution for 10 minutes at 63°C and stained with DAPI

(Vector Laboratories, Inc. Burlingame CA, USA). Signal analysis

was performed in combination with SMARCB1/INI1 nuclear

expression correlation. For each slide, a minimum of 100 nuclei

within the marked tumor area with intact morphology were scored

using an Olympus BX41 fluorescent microscope (Tokyo, Japan) at

100X of magnification. Nuclei with no signal and signals in

overlapped nuclei were considered non-informative and were not

analyzed to avoid truncation or overlapping artifact. The presence

of two copies of the SMARCB1 gene with a 1:1 ratio with the control

probe was considered as the normal copy number pattern. A

heterozygous co-deletion pattern (or large deletion) was defined if

one allele copy of both SMARCB1 gene and control probe were lost,

with a ratio of 1:1. Copy number gain was defined as the presence of

extra copies of both SMARCB1 and control probe. A Color View III
Frontiers in Oncology 03172
CCD camera soft imaging system (Olympus) was used to capture

images, then analyzed with a CytoVision imaging software version

7.5 (Leica Biosystem Richmond Inc, USA).

Statistical analysis
Disease-free Survival (DFS) was defined as the time between

treatment completion and first disease relapse. Patients free from

disease were censored at last follow up. Overall Survival (OS) was

defined as the time between treatment completion and death or last

follow-up. Descriptive statistic was used to report patient and clinical

characteristics. T-test or Wilcoxon Mann-Whiney test were used to

analyze continuous variables; chi-squared test or Fisher’s exact test to

analyze categorical variables. Kolmogorov-Smirnov and Shapiro-Wilk

test were used to verify normal distribution of continuous variables.

Time-to event measures were estimated using Kaplan–Meier method,

and log-rank test was used to compare different parameters. All p-

values were two-sided and a p<0.05 was considered as statistically

significant. All statistical analyses were performed using SAS software

9.4 (SAS Institute Inc., Cary, NC).
Results

Sixty-five patients with conventional skull base chordoma,

including 35 (53.8%) men and 30 (46.2%) women, with a median

age at first surgery of 50 years old (range 9-79), were enrolled. Mean

tumor size at presentation was 3.6 cm (range 2-9.5 cm) (see

Table 1). Histologically, 50 (76.9%) were conventional

chordomas, while 15 (23.1%) were chordomas of chondroid

subtype, characterized by extracellular matrix mimicking hyaline

cartilage inside physalifourous neoplastic cell proliferation in the

majority of the neoplastic evaluated areas (1, 2). The mean of Ki-67

labeling index was 4% (range 1-25).

At immunohistochemical evaluation, a partial loss of

SMARCB1/INI1 (between 10% and 40% of neoplastic cells

evaluated) was observed in 21 (32.3%) cases; the remaining 44

(67.7%) cases showed a strong nuclear expression in all neoplastic

cells (see Supplementary File Table 1). None of conventional/

chondroid chordoma cases displayed complete loss of SMARCB1/

INI1 loss. Poorly differentiated chordomas presented loss of

SMARCB1/INI1 in all evaluated neoplastic cells.

Conventional chordomas with focal loss of SMARCB1/INI1

displayed two different staining patterns in neoplastic areas: 13 cases

showed a mosaic pattern of protein loss, with isolated single/small foci

of negative cells closed to other foci of cells that retained SMARCB1/

INI1 (Figure 1A); 8 cases showed protein loss in large areas, looking

like ‘subclonal’ foci within the tumor (Figure 1B). No differences in

clinicopathological factors between the two different staining patterns

were observed. Regardless to the pattern of SMARCB1/INI1

expression, no association could be established between SMARCB1/

INI1 expression and gender, age, tumor size, Ki67 and histological

subtype (see Table 1). FISH analysis could be performed with a

readable signal in 15/21 (71.4%) cases of conventional chordomas

with a partial immunohistochemical loss of SMARCB1/INI1
frontiersin.org

https://doi.org/10.3389/fonc.2023.1160764
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Righi et al. 10.3389/fonc.2023.1160764
expression. Six cases did not show hybridized signal due to poor tissue

quality, and were thus considered inadequate for FISH scoring. FISH

analysis demonstrated the presence of heterozygous deletion of

SMARCB1 in 9/15 (60%) cases in over 10% of tumors cells (range

10% to 80%, Figure 2), and was associated with a copy number gain in

one case. No deletion was observed in the other 6 (40%) cases, 3 of

which presenting with a copy number gain of SMARCB1 (Figure 2).
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FISH identified homozygous SMARCB1 deletions in all 3 cases of

poorly differentiated chordoma.

Follow-up duration after treatment completion was 80

months (range, 51-127). Overall 5-year survival and 5-year

disease-free rates were 83% (95%CI: 69.9-90.5) and 59% (95%

CI:44.5-71.3), respectively. Univariate analysis showed that the

risk of recurrence/metastases was higher for conventional than
TABLE 1 Main clinicopathological characteristics and distribution according to SMARCB1/INI1 immunohistochemical expression.

Parameters All samples (n=65) SMARCB1/INI1 +
(n=44)

SMARCB1/INI +/-
(n=21)

P value

Age (median, range; years) 50 (9-79) 51.6 (17-79) 49.2 (9-73) 0.5956

Age (N, %)

≤ 50 years 34 (52.3) 23 (52.3) 11 (52.4) 0.9935

>50 years 31 (47.7) 21 (47.7) 10 (47.6)

Gender (N, %)

Male 35 (53.8) 21 (47.7) 14 (66.7) 0.1520

Female 30 (46.2) 23 (52.3) 7 (33.3)

Tumor size (N, %)

< 3cm 10 (15.4) 5 (11.4) 5 (23.8) 0.2714

≥ 3cm 55 (84.6) 39 (88.6) 16 (76.2)

Histological subtype (N, %)

conventional 50 (76.9) 34 (77.3) 16 (76.2) 1.000

chondroid 15 (23.1) 10 (22.7) 5 (23.8)

Ki-67 (N, %)

≤ 3% 36 (55.4) 24 (54.6) 12 (57.1) 0.8438

>3% 29 (44.6) 20 (45.4) 9 (42.9)
fron
BA

FIGURE 1

Two different staining patterns in neoplastic areas of focal loss of SMARCB1/INI1: (A) an example of a case that showed a mosaic pattern of protein
loss, with isolated single/small foci of negative cells (red arrows) closed to other foci of cells that retained SMARCB1/INI1; (B) an example of a case
that showed protein loss in large areas, looking like ‘subclonal’ foci within the tumor (A, B: 100X of magnification, Scale bar=75 mm).
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chondroid chordoma (p=0.0281). Among all considered

parameters, only the histological subtype impacted on DFS,

while no predictor of OS was identified (see Tables 2, 3;

Figures 3, 4).
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Discussion

Skull base chordomas represent a heterogeneous group of

neoplasia, extremely difficult to be eradicated by surgical and
TABLE 2 Results from univariate Kaplan-Meier models for OS and DFS.

5 years-OS % (95%CI) p-value 5 years-DFS % (95%CI) p-value

Entire sample 82.6 (69.9-90.5) 59.2 (44.5-71.3)

Age (N, %)

≤50 years 81.3 (62.8-91.1) 0.6248 61.8 (41.1-77.0) 0.7148

>50 years 84.1 (62.7-93.8) 56.1 (34.1-73.3)

Gender (N, %)

Male 75.3 (56.4-86.8) 0.1200 56.8 (36.8-72.6) 0.4467

Female 92.7 (73.7-98.1) 61.2 (38.2-77.8)

Tumor size (N, %)

< 3cm 80.0 (40.9-94.6) 0.8875 68.6 (30.5-88.7) 0.5574

≥ 3cm 83.6 (69.7-91.5) 57.4 (41.1-70.7)

Histological subtype (N, %)

conventional 80.5 (65.7-89.4) 0.3733 50.8 (34.7-64.9) 0.0281

chondroid 90.9 (50.8-98.7) 91.7 (53.9-98.8)

Ki-67 (N, %)

≤ 3% 79.4 (59.4-90.3) 0.6194 60.4 (39.1-76.3) 0.6474

>3% 85.6 (66.0-94.4) 57.4 (36.0-73.9)

SMARCB1/INI1 immunohistochemical expression (N, %)

positive 84.0 (67.5-92.5) 0.6860 59.1 (40.3-73.8) 0.6105

negative 79.9 (54.8-92.0) 58.4 (33.6-76.8)
fron
FIGURE 2

Fluorescence in situ hybridization (FISH) with SPEC SMARCB1/22q12 Dual Color Probe detected, in a representative tumoral area. Monoallelic co-
deletion pattern: only one copy of SMARCB1/INI1 (green signal) and one copy of 22q12 (red signal) were observed in most tumor cells (white
arrows). A cell without deletion is shown in the field as internal control (red arrow). (200X of magnification).
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adjuvant means, although typically slow-growing. New therapeutic

targeted therapies are currently under investigation, including

EZH2 inhibitors (Tazemetostat) (4, 10, 11, 23). EZH2 is a

catalytic subunit of the histone methyltransferase PCR2 polycomb

repressive complex whose overexpression promotes oncogenesis

(24). Agents targeting EZH2 have shown to induce tumor

regression and promote radiation sensitivity in models of

SMARCB1/INI1-deficient tumors, including poorly differentiated

chordomas, malignant rhabdoid tumors and epithelioid sarcomas

(4, 10, 11). Differently from most of atypical teratoid/rhabdoid

tumors, in chordomas, loss of SMARCB1/INI1 expression at

immunohistochemistry results from a homozygous deletion of the

SMARCB1 gene (4, 9, 25), and has been reported not only in poorly

differentiated variants (in which it represents a diagnostic hallmark)

(4, 6, 9, 26, 27), but also in a case of conventional chordoma with

transformation to poorly differentiated chordoma (17), and in

another case of conventional chordoma with dedifferentiated

sarcomatous components (28).

Based on literature data, total loss of SMARCB1/INI1

immunohistochemical expression associated with the presence of

a homozygous deletion of the SMARCB1 gene is correlated with

aggressive clinical behavior of chordomas (8, 17, 27–29). Only few

series have evaluated SMARCB1/INI1 immunohistochemical

expression in association with FISH analysis in conventional

chordoma. Overall, the study by Mobley et al. (30) and by

Hassellbatt et al. (4) found the retention of SMARCB1/INI1

without a recurrent deletion of SMARCB1 region in 14 out of 24

cases. Conversely, Yadav et al. (27) described 2 cases of

conventional chordomas with loss of immunohistochemical

expression of SMARCB1/INI1 associated with loss of SMARCB1

locus, and Wen reported a single case of extra-axial conventional

chordoma with a part ia l loss of SMARCB1/INI1 at

immunohistochemistry despite no deletion of SMARCB1 detected

by FISH analysis (9). Therefore, to best of our knowledge, this is the

largest study aimed at investigation the incidence of SMARCB1/
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INI1 loss in of conventional skull base chordomas, accounting for

>95% of chordomas (1, 2, 8). Immunohistochemical analysis

demonstrated a partial loss of SMARCB1/INI1 in 10 to 40% of

neoplastic cells in 21/65 (32.3%) cases, and no correlations between

partial SMARCB1/INI1 loss and clinicopathological parameters.

Furthermore, unlike poorly differentiated chordoma and other

types of carcinomas (8, 12, 13, 21, 31), log-rank test analysis

showed no impact of SMARCB1/INI1 expression on overall and

disease free-survival.

From a molecular point of view, SMARCB1/INI1 loss of function

may be caused by gene deletions, inactivating mutations, or epigenetic

modifications. SMARCB1 heterozygosity is considered the main

underlying mechanism and can be revealed by FISH analysis with

very high sensitivity (7, 9, 32). FISH analysis on FFPE tissue in

SMARCB1-deficient tumors has been proven to be a reliable

test to investigate large homozygous or heterozygous deletions at

22q11.12 (33). Due to cross-hybridizations of chromosome 22 alpha

satellites to other centromeric regions, probes specific for 22q12.1-q12.2

region are frequently used as control for chromosome 22 copy number

detection. However, since the SMARCB1 gene and the control probe

used are only 5.5 Mb away (chromosome bands 22q11.23 and 22q12.1-

q12.2, respectively), secondary regional deletions may occur in

SMARCB1-deleted tumors. Many studies have stated that in

SMARCB1-deficient tumors large deletions covering also the EWSR1

gene locus (chromosome band 22q12.2) can occur (7, 30, 33–35), so

demonstrating the deletion of a large portion of the long arm of

chromosome 22. More advanced genomics and epigenetics

sequencing approaches should be used in future in depth studies of

chromatin modifier SMARCB1/INI1. In our series, 21 cases of

conventional chordoma displayed partial loss of SMARCB1/INI1

expression at immunohistochemistry; 6 (28.6%) showed no readable

signal at FISH analysis, due to the poor tissue quality. Of the remaining

15, 9 showed heterozygous large 22q deletion encompassing the entire

SMARCB1 gene locus, while 6 cases had no deletion, confirming a

previous observation (9). Consistent with previous studies (4, 9),
TABLE 3 Results from univariate Kaplan-Meier models for OS and DFS according the different pattern of partial loss of SMARCB1/INI1 by
immunohistochemistry.

5 years-OS % (95%CI) p-value
overall

p-value
subclonal vs mosaic

Pattern 0.7246 0.5671

Subclonal 75.0 (31.5-93.1)

Mosaic 83.3 (48.2-95.6)

Positive 84.0 (67.5-92.5)

5 years-DFS % (95%CI)

Pattern 0.1859 0.1785

Subclonal 42.9 (9.8-73.4)

Mosaic 67.7 (34.9-86.5)

Positive 59.1 (40.3-73.8)
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homozygous SMARCB1 loss was observed in the 3 cases of poorly

differentiated, but not in conventional chordoma. Interestingly, one case

with SMARCB1 heterozygous deletion showed copy number gain of

SMARCB1; control probe suggested a gain in the 22q region. This

pattern was observed also in 3 cases without SMARCB1 deletion.

Anyway, since the 12 patients with heterozygous 22q deletion and/or
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a copy number gain of SMARCB1 showed reduced expression of

SMARCB1/INI1 at immunohistochemistry, it is possible that this

partial loss of SMARCB1/INI1 is a marker of the accumulation

of additional mutations as suggested by Bai et al., who reported

complex copy number alterations, including also the deletion of 22q,

without apparent recurrent oncogene mutations in conventional
FIGURE 3

Kaplan-Meier survival analysis (overall survival and disease-free survival) for age and gender variables.
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chordoma (29). Therefore, EZH2 inhibitors (Tazemetostat) may prove

to be beneficial in treating conventional chordoma, as recently

demonstrated in vitro and in vivo studies and in patient-derived

xenograft model (23, 36). Although promising, these data are

preliminary and collected retrospectively, thus need to be confirmed

by larger prospective studies, possibly multicentric because of the rarity

of the disease.
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In conclusion, the partial loss of SMARCB1/INI1, secondary to

heterozygous deletion and/or copy number gain of SMARCB1, can

be identified by immunohistochemistry in a significant portion of

conventional chordomas, and is not peculiar of aggressive cases.

The different protein expression does not appear to correlate with

clinicopathological parameters, nor survival outcomes. However, it

could still have therapeutic implications.
FIGURE 4

Kaplan-Meier survival analysis (overall survival and disease-free survival) for other clinico-pathological variables considered (tumor size, histological
subtype, Ki-67 and SMARCB1/INI1 immunohistochemical expression).
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Olfactory neuroblastoma:
diagnosis, management, and
current treatment options

Alicia Tosoni1*, Vincenzo Di Nunno1, Lidia Gatto2,
Giacomo Corradi3, Stefania Bartolini 1, Lucia Ranieri1

and Enrico Franceschi1

1Nervous System Medical Oncology Department, IRCCS Istituto delle Scienze Neurologiche di Bologna,
Bologna, Italy, 2Department of Oncology, Azienda Unità Sanitaria Locale (AUSL) Bologna, Bologna, Italy,
3Department of Medical and Surgical Sciences, University of Bologna, Bologna, Italy
Olfactory neuroblastoma (ONB) is a rare neoplasm originating from the olfactory

neuroepithelium representing 3-6% of tumors of the sinonasal tract. ONB

require multi-disciplinary care. Historically, the gold standard surgical

procedure for ONB has been open craniofacial resection. In the last years,

endoscopic endonasal approaches have been largely introduced with lower

complication rates, shorter hospital stay, and similar clinical outcome.

Radiotherapy plays an important role in the management of ONB, however

there are not generally accepted recommendations for its application. Although

there is agreement that multimodal therapy is needed, the optimal use of

chemotherapy is still unknown. The rarity of the disease, makes difficult to

draw definitive conclusions about the role of systemic treatment in induction

and concomitant setting.

KEYWORDS

esthesioneuroblastoma, olfactory neuroblastoma, chemotherapy, radiotherapy, surgery
Epidemilogy

Olfactory neuroblastoma (ONB), also called esthesioneuroblastoma, is a rare neoplasm

originating from the olfactory neuroepithelium with neuroblastic differentiation,

representing 3-6% of tumors of the sinonasal tract. Since its initial description in 1924,

more than 1000 cases of ONB have been described worldwide (1).

It most often presents in the superior nasal cavity including the lamina cribrosa of the

ethmoid bone and the superior nasal concha. It is a locally aggressive neoplasm that may

involve local structures such as the skull base and orbits, and has a tendency to metastasize

in 20-48% of cases. The typical sites of metastasis are cervical lymph nodes (10-33% of

patients), bones, and lungs (2). ONB demonstrates an unimodal distribution with a more

common presentation in adulthood around the age of 50-60 years (3).

In a retrospective surveillance, epidemiology, and end results (SEER) registry analysis

636 patients were identified in the period 1977-2016, the majority being male (59.7%), and
frontiersin.org01180

https://www.frontiersin.org/articles/10.3389/fonc.2023.1242453/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1242453/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1242453/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2023.1242453&domain=pdf&date_stamp=2023-10-16
mailto:a.tosoni@isnb.it
https://doi.org/10.3389/fonc.2023.1242453
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2023.1242453
https://www.frontiersin.org/journals/oncology


Tosoni et al. 10.3389/fonc.2023.1242453
Caucasian with a median age of 51.4 years. The highest incidence of

disease onset occurred in patients between the ages of 18‐39 years

(17.5%) and 40‐59 years at diagnosis (46.1%) and the majority of

patients were diagnosed with a primary tumor involving the nasal

cavity (78.3%) (4). Interestingly, another analysis on SEER data

indicates that patients of the lowest socioeconomic status (SES)

were almost 85% more likely to present with advanced-stage cancer

than patients in the highest SES. Notably the same study reported

that patients with lower SES exhibited higher mortality and a

dramatic 70% worse disease specific survival (DSS) compared

with the highest SES (5).
Diagnosis

Nasal obstruction followed by epistaxis are typical early

manifestations (6, 7). Hyposmia and anosmia can precede the

diagnosis of ONB by several years (4). Other symptoms are

related to the anatomic structures affected by the local invasion.

Visual or ocular disorders could be related to the extension into the

orbit. Intracranial invasion can produce headache, and

manifestations of inappropriate antidiuretic hormone secretion

(SIADH). Because of the aspecific nature of early symptoms,

delayed diagnosis is frequent with an median time of 6–12

months between symptom onset and diagnosis (8). A “dumbbell-

shaped” mass extending across the cribriform plate is one of the

most characteristic radiological findings of this tumor (9).

Computer tomography (CT) and/or magnetic resonance imaging

(MRI) of skull base, paranasal sinuses, and neck are needed for

qualitative evaluation and staging. CT is an helpful initial study, and

can better describe the bone involvement, whereas MRI better

evaluate the orbital and intracranial infiltration On MRI ONB is

most typically hypointense on T1 and could appear as a contrast

enhancing lesion. T2 shows and isointense or hyperintense mass

(10). Full body CT and positron emission tomography scans are

indicated in the diagnostic work up to determine the systemic

extent of disease (11). (Figure 1) Some reports suggest that
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Gallium68-DOTATOC PET could be additionally used to assess

the somatostatin receptor expression, demonstrating an utility in

the diagnosis, staging, and treatment-response monitoring of

patients with ONB (12).

Biopsy is mandatory for diagnosis, and it is generally performed

after imaging. The great variety of different histotypes occurring

primarily in the sinonasal tract together with the presence of limited

biopsy material, pose significant diagnostic difficulties for the

pathologist requiring specific knowledge and availability of

immunohistochemical and molecular techniques. In recent years,

the increasingly frequent participation in work groups has favored

the development of a pathologists network with specific skills in

sinonasal region area as well (13). For correct diagnostic

identification, several biomarkers have been identified, including:

synaptophysin, chromogranin, S-100, CD-56 and neuron-specific

haemolysis (NSE). These biomarkers appear to be of fundamental

importance for diagnosis, but have not yet been included among the

prognostic factors. Proliferation marker studies using Ki-67 reveal a

high proliferative index of 10–50%. Studies are increasingly

focusing on the molecular profile, even for these extremely rare

diseases (14).

A disease specific grading system for ONB has been described

by Hyams in 1988, in which the disease is stratified into four grades

ranging from most differentiated (grade I) to least differentiated

(grade IV) on the basis of mitotic activity, nuclear polymorphism,

amount of fibrillary matrix, rosette formation, and amount of

necrosis (Table 1). Recent evidence suggests a correlation between

the Hyams grading and clinical outcome, with high-grade (grade

III/IV) tumors associated with worse survival outcomes as

compared with low-grade (grade I/II) tumors (5-year survival rate

of 80% and 54% and a 10-year survival rate of 67% and 36% for low

and high grade, respectively) (15). Similarly, the meta-analysis

conducted by Dulguerov et al. confirmed that Hyams grading was

significant associated with survival, showing a 5-years survival rate

of 56% and 25% for low grade and high grade respectively (16). On

the other hand, it is important to note that Hyams system is a

subjective scale, leading to variable grading between pathologists.
FIGURE 1

Magnetic resonance imaging of the brain T1 with contrast, axial view (A), computer tomography of the brain axial view without contrast (B), positron
emission tomography axial view (C).
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Furthermore, biopsy may also lead to sampling error when the

entire tumor is not examined, as different parts of the tumor may

contain different Hyams grades.

However, based on published data, Hyams grading may

represent an important factor for decision making in

therapeutic strategies such as induction chemotherapy and

adjuvant radiotherapy (RT), and may also be considered in

surveillance protocols.
Staging

Different staging systems have been proposed. The most

commonly applied was proposed by Kadish and colleagues in

1976. This staging system classifies three categories: stage A,

tumor restricted to the nasal cavity; stage B, tumor extending to

the paranasal sinuses; stage C, tumor extending beyond the

paranasal cavities. The Kadish classification was later modified by

Morita et al. (17) designating the class D that includes patients with

cervical lymph node metastases (18). A significant differences in

clinical outcome has been showed between the four groups of the

modified Kadish classification, in particular the overall survival

(OS) and DSS rates at 10 years to be 83.4% and 90%, respectively,

for patients with stage A disease; 49% and 68.3% for patients with

stage B disease; 38.6% and 66.7% for patients with stage C disease;

and 13.3% and 35.6% for patients with stage D disease (19).

Other proposed staging systems include the tumor-nodal-

metastasis (TNM) system by the American Joint Committee on

Cancer, and a modified TNM version by Dulguerov (20).

The Dulguerov system, uses the TNM classification

including the imaging data, it separates patients with or

without sphenoid sinus disease, as well as differentiates

between those intracranial but extradural tumors from those

with true brain involvement. (Table 2).
Therapy

The complex anatomy of this region with proximity to vital

structures such as the orbit, skull base, and brain, makes complete

surgical resection with sufficient margins not often feasible.

This tumor location require multidisciplinary care that includes

medical oncologists, neurosurgeons, head and neck surgeons,
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pathologists and radiation oncologists. Local treatment with

surgery is frequently recommended for primary therapy. While a

combination of surgery and postoperative RT is indicated for the

management of more local advanced resectable cancers. Locally

advanced disease often requires a multidisciplinary approach with

surgery, radiation, and systemic therapy serving as key components

of treatment (21).
TABLE 2 Staging systems of olfactory neuroblastoma.

Kadish staging

A Confined to nasal cavity

B Involves nasal cavity and paranasal sinuses

C Extends beyond the nasal cavity and paranasal sinuses

Morita modification

A Confined to nasal cavity

B Involves nasal cavity and paranasal sinuses

C Extends beyond the nasal cavity and paranasal sinuses

D Regional or distant metastasis

Dulguerov Modified TNM Staging

Primary tumor

T1 Nasal cavity/paranasal sinuses (not sphenoid or superior most ethmoid)

T2 Includes sphenoid with extension to/erosion of cribriform plate

T3 Extends into orbit or anterior cranial fossa without dural invasion

T4 Tumor involving brain

Lymph nodes

N0 No cervical limph node metastasis

N1 Any cervical lymph node metastasis

Distant metastasis

M0 No metastasis

M1 Distant metastasis
frontiersin.or
TABLE 1 Hyams grade for olfactory neuroblastoma.

Grade I Grade II Grade III Grade IV

Architecture Lobular Lobular Variable Variable

Fibrillary matrix Prominent Present Minimal Absent

Mitosis Absent Present Prominent Marked

Necrosis Absent Absent May present Common

Nuclear pleomorphism Absent Moderate Prominent Marked

Rosettes Homer Wright Homer Wright
Flexner-
Wintersteiner

Flexner-
Wintersteiner
g
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Surgery

Surgery remains a fundamental step in the therapeutic process.

The extent of resection (R0 and R1) has been shown to be an

independent factor for overall survival and event free survival (22).

Historically, the gold standard surgical procedure for ONB has

been open craniofacial resection or transfacial surgery. In the last

two decades, endoscopic endonasal approaches have been

introduced with lower complication rates and shorter hospital

stay (23). In 2019, the International Consensus Statement on

Endoscopic Skull Base Surgery suggested that Kadish stage A and

B tumors should be treated endoscopically. Kadish C tumors should

be performed endoscopically only if negative margins can be

obtained, while Kadish C tumors involving the orbit, spread

lateral to the orbital axis, hard/soft palate, or midface should be

treated with an open surgery (24).

Multiple factors may be considered in choosing the optimal

surgical approach, including tumor size and location, patient

comorbidities, and experience of the surgical team. Notably, when

selecting the optimal surgical approach, the surgeon must consider

the approach that will allow for a negative margin resection and

adequate reconstruction.

In patient with intracranial involvement, when anatomic

barriers preclude the surgeon from gross total resection, a

combined intracranial and extracranial approach could be

required, and in these patients an endoscopic surgical technique

may be combined with a transcranial neurosurgical approach.

However, the continue evolution of endoscopic technique, that

allows the visualization of the suprasellar region in a similar

fashion to that of bilateral subfrontal approach, makes this

combined approach less used (2).

It is difficult to compare the clinical outcome between

endoscopic and open surgical approach, due to the rarity of this

tumor that limits evaluation of large‐scale studies. Several reviews

and meta‐analyses comparing outcomes between endoscopic and

open surgery have shown at least equivalent survival data. A

systematic review and pooled‐data analysis of 226 patients

demonstrated that there was no difference in survival outcomes

between endoscopic and traditional open surgery for T1 and T2

sinonasal malignancies (24).

Schwart et al. (25) compared the results of endoscopic surgery

(ES) with transcranial surgery (TS) for ONB over two different time

periods (before 2012 and 2012-2017) to assess the evolution of

results over time. In particular, before 2012, the meta-analysis

showed that ES was already advantageous compared to the other

surgical approaches: gross total resection (GTR) 98.1% versus 85.2%

and progression free survival (PFS) 8% versus 22.1%. Major

complications included meningitis, CSF leaks and infections. In

particular CSF leak is one of the more important complications,

being reported in 6% of patients after TS, 7.2% after ES, and 18% in

combined cranionasal approach (26). However, the use of repair

strategies, such as the pedicled nasoseptal flap procedure, appear to

be effective, being post operative CSF leak repair failure reported in

only 5.3% of patients (27).

In subsequent years, TC approach continues to be accompanied

by a relatively high rate of complications of 52.9%, and purely ES
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continue to proliferate, demonstrating high 5-year overall survival

OS (82–97%).

Studies of ES versus TS approaches for pooled groups of

sinonasal malignancies, including ONB, have shown comparable

GTR rates between the two (23, 24).

Spielman DB et al., reported on 339 ONB patients undergoing

ES for different stages and grades of disease. Negative margins have

been achieved in 86.9% of cases with an overall recurrence rate of

10.3% and 5‐year survival of 91.1% (28). On the other hand, Patel

et al. reported on 151 patients from 17 institutions who underwent

TS, of these 77% of tumors with Kadish stage C. Overall 60% had

received treatment before TS, radiation therapy or chemotherapy.

Postoperative adjuvant RT and adjuvant chemotherapy were used

in 60 patients. Treatment complications occurred in about 32% of

patients with an OS of 78% and a recurrence free survival of 64% at

5 years (29).

The current practice appears to favor ES or combined

approaches for early-stage, endoscopically accessible disease. For

later-stage, more invasive disease, some can be resected successfully

endoscopically, but TS could still be considered to achieve a

maximal safe resection. Surgical management of the cervical

lymph nodes for patients with ONB remains matter of debate.

The incidence of cervical metastases at diagnosis is 5-8%, but the

incidence of a later development increase to 20-25%. Despite this

relative high incidence, surgical management of the neck is reserved

for patients presenting with clinical or radiological evidence of neck

disease (30).
Radiotherapy

RT plays an important role in the management of ONB,

however there are not generally accepted recommendations for its

application. Different radiation approaches have been evaluated

over the years, ranging from elective RT to treat Kadish stage A and

B to pre/postoperative RT plus concomitant chemotherapy (31).

Concomitantly, there has been an improvement in RT techniques

over the years, reducing treatment-related toxicity and allowing the

preservation of nearby vital structures. In patients with early stage

disease (Kadish A and B) some studies (17, 32, 33) reported no

survival differences between primary RT and combination

treatment with surgery plus pre or post operative RT. However,

in general an increase in tumor control has been reported when

surgery is combined with RT, even if no consensus exist for the

timing of the RT that can be used pre or postoperatively (32, 33).

With regard to postoperative RT (PORT), a retrospective study

based on SEER database confirmed no impact in OS in Kadish stage

A and B, whereas a significant better OS was demonstrated in

patients with more advanced stages (C and D), with an OS at 5 and

10 years of 70.7% and 53.4% with PORT versus 42.6% and 29.5%

without PORT (34). It is generally accepted that higher stage lesions

require the combination of surgery and RT (17, 31, 32) even if some

studies (35, 36) suggest a combined approach for all stages.

Considering tumor grade, low grade tumors can be treated with

surgery alone if there are free tumor resection margins. Whereas RT

is recommended for high grade tumors and low-grade tumors
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borderline resected, or residual or recurrent tumors (17, 31). In

general, preoperative dose of 45 Gy and postoperatively dose of 50–

60 Gy are indicated. For definitive RT, doses of 60–70 Gy should be

recommended (31). Some retrospective studies analyzing the role of

elective neck irradiation in patients with clinical N0 reported a

significant reduced risk of cervical nodal regional recurrence, but

this did not translate to a survival benefit.33,34 The safety of

intensity-modulated RT (IMRT) in the management of ONB has

been evaluated retrospectively over 3 years showing the absence of

acute high-grade toxicity and infrequent cases of late toxicity,

including: dysosmia (3.8%), hearing loss (3.8%), brain damage

(1.9%), and temporal lobe necrosis (1.9%). No late ocular toxicity

was observed (37). New radiation techniques such as particle-beam

radiation therapy (PBRT), typically using accelerated proton or

carbon-ion, has the advantage of a dose-focusing Bragg peak, which

allows the radiation to penetrate in to the depth of the target and

then terminate, sparing normal tissues beyond the target from

unnecessary radiation (38, 39). Furthermore, carbon-ion beam is

characterized by a higher linear energy transfer and a relative

biological effectiveness which enables more effective cell killing

through inducing more DNA double-bond damage. Because of

their rarity, no standard of care in PBRT has been established for

ONB. Preliminary data on retrospective series reported that this

type of approach is well tolerated and that it is acceptable in terms of

OS and PFS, in the absence of acute or late toxicities greater than or

equal to grade 3 (40).
Induction chemotherapy

The main goals of induction chemotherapy (IC) could be to

allow in responding patients an organ preservation of critical

structures like eye or brain, and to reduce the risk of distant

metastasis (41). Furthermore an important advantage associated

to IC is its potential role in predicting clinical outcome (42).

However, whether these goals are achieved has not been well

established due to the rarity of the disease, heterogeneity of

considered series, and lack of prospective studies. Data examining

the utility of IC are limited to small series, reporting on Kadish C

patients treated with various schemes and demonstrating a response

rate (RR) of 25-100% (Table 3). The outcome reported by these

series, suggests that Kadish C patients treated with a multimodality

strategy including IC followed by surgery and RT could achieve

similar survival of patients presenting with locally advance disease

(OS at five years of 72%) (39, 40).
Concomitant chemoradiotherapy

Local recurrence remains the major issue in the management of

ONB (49). With the aim to increase local control some studies and

referral centers advocate the use of concurrent chemoradiation

(CT-RT) with cisplatin after surgery for patients at high risk of

local recurrence (30). In a recent retrospective study (50), on 931

ONB patients who received CT-RT, a greater benefit has been

reported (HR 0.22, P <.01) in comparison to patients treated with
Frontiers in Oncology 05184
RT alone. Similarly, Sun et al. (51) reported results on 138 patients

with non-metastatic ONB demonstrating that surgery followed by

CT-RT achieved the best prognosis compared to patients treated

with surgery alone and surgery plus RT. Xiong et al. (52) compared

the prognosis of patients with different treatment modalities

demonstrating that surgery followed by CT-RT yielded the best

survival results. On the contrary, in a retrospective study in which

797 ONB patients were considered, it was found by multivariate

analysis that the use of chemotherapy in addition to RT or surgery

was associated with a reduced DSS (HR 2.78) and OS (HR

2.17) (53).
Adjuvant chemotherapy

The efficacy of adjuvant chemotherapy to increase OS has been

explored in some retrospective series. Miller et al. (50) compared

survival among patients treated with surgery followed by RT alone

to patients who underwent the same treatment followed by adjuvant

chemotherapy, showing no increase in OS or recurrence free

survival with the addition of adjuvant chemotherapy. In the Mayo

Clinic retrospective review (54) adjuvant chemotherapy for patients

with high grade, Stage C ONB was of benefit following complete

resection leading to an increase in median time to relapse (35 and

10.5 months), and in OS (83 and 78 months respectively).
Treatment of advance disease

Metastatic disease could develop in 12% of ONB patients with a

median time of 15 months (55). Clinical reports suggest that ONB

can be considered a chemosensitive tumor (42). However, due to

the rarity of the disease, no standard chemotherapy regimen exists.

One of the earliest studies on chemotherapy in the palliative setting

has been published by Mayo Clinic (56) in which 10 patients with

advanced disease were observed retrospectively after first-line

treatment with platinum-based chemotherapy. The study reported
TABLE 3 Neoadjuvant treatment.

Author Number of
pts

Regimen RR

Patil (41) 12 DDP+VP-16 66.7%

Fitzek (43) 9 DDP+VP-16 60%

Zappia
(44)

2 DDP+VP-16 100%

Chao (45) 8 DDP+VP-16 or VCR+EX+doxo 25%

Wade (46) 8 VCR+EX 62%

Kim (47) 11 Ifo+VP-16+DDP 82%

Bartel (48) 4 Ifo+VP-16+DDP 75%

Modesto
(49)

23 HDCT or DDP+VP-16 or
CBCDA+5FU

74%
frontie
DDP cisplatin, VP-16 vepesid, VCR vincristin, EX endoxan, Doxo doxorubicin, ifo ifosfamide,
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chemotherapy response only in two of the four patients with high-

grade tumors. OS was 44.5 months and 26.5 months in patients

with low and high-grade tumors respectively. The study concluded

that Hyams grade was an important predictor of treatment

response, but was also related to a worse outcome. Marinelli et al.

(55) conducted a systematic review and meta-analysis on 118

patients metastatic ONB treated in 48 studies demonstrating that

the combination of chemotherapy with surgery and/or RT exhibited

the best overall survival when compared to a single treatment

modality. Platinum plus etoposide chemotherapy seems to be the

most used regimen, even if not provide a survival benefit when

compared with all other regimens.
Treatment of recurrent disease

Recurrence has been showed in 30-60% of patients successfully

(1-5 Garret) treated for the primary tumor. Recurrence tends to

appear commonly after 5 years or more after initial treatment.

Recurrence seems to develop before in high grade compared to low

grade tumors (3.75 vs 5.7 years) (57). Patients more commonly

developed a local recurrence (sinonasal 22.2%, intracranial 31.1%,

cervical lymph nodes 33.3%), while metastatic recurrence has been

demonstrated in only 13.3% of patients (57). No standard treatment
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exists for recurrent disease. Multidisciplinary discussion is needed

to consider single or multimodality treatment that could comprise

salvage surgery, targeted radiotherapy and/or chemotherapy based

on recurrence location and previous treatments. Ni et al. (57) recent

published on 64 recurrent ONB patients treated at Mayo Clinic,

reporting the choice of salvage surgery in 69% (neck dissection in

51%), radiotherapy in 56%, gamma knife surgery in 20%, and

chemotherapy in 26% of recurrent patients (Ni). In terms of

chemotherapy, 70% of patients were treated with platinum based

chemotherapy, 40% with taxanes, 50% with topoisomerase

inhibitors and 30% with alkylating agents. The role of stereotactic

radiosurgery to treat focal intracranial recurrence of ONB has been

also evaluated in 27 recurrent patients unfit for open or endoscopic

surgery, reporting a local control in 89% of tumors after a median of

36 months, without treatment complications (58). Salvage

treatment seems to be effective with 63% of patients alive 5 years

after recurrence. However subsequent recurrence has been reported

in 20% of patients, frequently requiring additional therapy (57).
Target treatments

Identifying potentially targetable genomic alterations in rare

tumors is particular intriguing because no standard of care exists,

and treatment is often extrapolated. The development and

improvement of new sequencing technology, next-generation

sequencing (NGS) has been applied and increasingly used

to identify novel and rare cancer mutations, providing a

molecular rationale for appropriate targeted therapy (Table 4). A

comprehensive genomic profiling (59) was performed on 41

consecutive clinical cases of ONB using NGS to identify genomic

alterations that could identify potential targeted therapies. 68% of

ONB harbored genetic alterations, and approximately half featured

at least one genetic alteration of therapeutic relevance. The most

commonly altered gene was TP53 (17%), with genetic alterations in

PIK3CA, NF1, CDKN2A, and CDKN2C occurring in 7% of samples.

In this interesting analysis data on individualized target treatment

have been reported: one case of disease stabilization to everolimus

for a tumor with a PIK3R2 mutation; two responses to sunitinib;

and one stable disease in response to pazopanib and docetaxel.

Topcagic et al. (60) explored a wide range of potentially targetable

biomarkers in ONB samples using multiple molecular profiling

platforms including NGS. The results showed mutations in TP53,

CTNNB1, EGFR, APC, cKIT, cMET, PDGFRA, DCH1, FH and

SMAD4 genes. Multiple genes within the Wnt/b-catenin signaling

pathway including CTNNB1, APC and CDH1 exhibited mutations

within this cohort. Multiple alterations in markers such as ERCC1,

TOPO1, TUBB3 andMRP1, which are known to reflect sensitivity to

cisplatin, irinotecan, vincristine and combination therapy, have

been identified. In one study, ONB was found to have in 28% of

tumors, an amplifications of the targetable receptor tyrosine kinase

FGFR3 which could be a possible therapeutic target (61).

Interestingly, Gallia et al. (62) showed a high frequency of

deletions in the dystrophin (DMD) gene (86% of tumors) This

high prevalence implicates an unexpected functional role for genes

causing hereditary muscular dystrophies in ONB. The authors point
TABLE 4 Case reports on target therapies in recurrent olfactory
neuroblastoma.

Molecular target Treatment Outcome

PTCH1 splice site 395-1G>A (59) Vismodegib PFS 3
months

Sunitinib SD for 24
months

PIK3R2 G87fs*14 (59) Everolimus SD for 12
months

CTNNB1 T41I, PTEN splice site 210-2A>C,
ARID1A Q1424*, KDM5C E375* (59)

Everolimus PFS 3
months

Pazopanib/
docetaxel

SD for 24
months

TP53 Loss, KIT amplification, AXL-
ARHGEF fusion (59)

Sunitinib PFS > 3
months

IHC+ PDGFR-b in stromal and endothelial
cells (63)

Sunitinib SD for 15
months

EGFR Mutation p.Arg521Lys exon13 (64)
KDR Mutations p.Gln472His (exon11) and
p.Val297lle (exon7)
FGFR2 Mutation p.Met186Thr exon5
RET Mutation p.Met1009Thr exon 18.

Cetuximab
plus sunitinib

CR after 1
months

Not identified (65) Everolimus
plus cisplatin

SD > 24
months

Not identified (66) Bevacizumab SD for 22
months

Fumarate Hydratase Mutation Exon 10
K477dup (67)

Pazopanib PR > 48
months
IHC+ Immunohistochemistry positivity, PFS progression free survival, SD stable disease, CR
complete response, PR partial response. fs* frameshift mutation.
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to previous studies, which demonstrated the tumour-suppressive

role of DMD, highlighting the potential utility of this specific

aberration as a therapeutic target. (21) Recent case reports have

shown a prolonged disease stabilization after treatment with

sunitinib (63), and a partial response after treatment with the

combination of sunitinb and cetuximab in one patient whose

tumor harboring gene mutations in the genes encoding EGFR,

FGFR2, KDR, and RET (64). Case studies have reported disease

stabilization in response to treatment with everolimus (65), and

imatinib (61). Dunbar et al. reported on a metastatic ONB patient

achieving a stable disease for 22 months with the antiangiogenic

agent bevacizumab (66). A single case of a metastatic ONB, showing

at the NGS a pathogenic fumarate hydratase mutation, achieved a

prolonged partial response with pazopanib for over 4 years (67).

Lastly, conflicting data have been reported on PD-L1 expression in

ONB, with 0-40% of PD-L1 expression in tumor cells (60, 68),

suggesting that there should be further investigation into the role of

immunotherapy in ONB. Unfortunately, to systematically study the

efficacy of targeting these individual pathways in rare cancers like

ONB would be nearly impossible. Hence, novel clinical trial designs,

such as basket trials, will be required to assess these approaches. As

we know unequivocally that surgical resection currently comprises

the cornerstone of ONB management, a “Window of Opportunity”

trial to apply these agents prior to surgery could offer a possible

avenue to test this strategy.
The role of multimodality therapy

Although the majority of patients initially present with locally

advance disease, the overall prognosis is high compared to other

sinonasal tumors, with a 5-year overall and progression free survival

estimated at 63% and 57% respectively. Nodal involvement at

diagnosis, present in 21% of ONB patients, remains the major

prognostic factor (49). Surgery alone has been considered as an

adequate treatment only for small, low-grade tumors confined to

the ethmoids when negative surgical margins can be obtain. For

more advanced disease, or high grade disease a consensus has been

obtained in the use of multimodality therapy including a complete

surgical resection in combination with RT and/or chemotherapy (6,

36). IC could be considered for stage C tumors as a consequence of

ONB chemosensivity to maximize the chance of optimal surgical

resection or definitive RT, especially for high grade tumors who are

known to have worse prognosis and higher chemosensivity. After

surgical resection adjuvant RT must be considered in case of high

grade and/or advanced stage tumors, or in presence of no clear or

borderline margins. According to data from other head and neck

tumors, cisplatin concurrent chemotherapy could increase radiation

efficacy and decrease disease dissemination particularly in case of

positive margins and nodal extension at diagnosis. RT alone or CT-

RT is a possible approach for patients with low grade unresectable
Frontiers in Oncology 07186
tumors, which could lead in case of response to a subsequent

surgical approach.
Conclusions

Clinical management of these rare disease has been improved in

recent years. The progressive introduction of endoscopic surgery

approaches has reduced patients perioperative morbidity, and

seems to give, in high volume specialized centers, similar clinical

outcome in comparison to open craniofacial resection. Another

challenge in endoscopic approach in patients with intracranial

disease has been the improvement in skull base reconstruction

techniques, that allows combined surgical approaches also in locally

advance disease. Evident improvements have been demonstrated in

RT techniques. The introduction of particle-beam radiation therapy

is ideally suited for dose escalation in complex anatomical sites,

reducing toxicity of nearby critical tissues.

On the other hand, even if an agreement that multimodal

therapy is needed (69), the optimal use of chemotherapy is still

unknown. Clearly, the heterogeneity and rarity of the disease, makes

difficult to draw definitive conclusions about the role of systemic

treatment in induction setting, and its possible role in organ

preservation. Likewise limited data are available about the use of

concomitant CRT. Advances in molecular profiling could lead to

the identification of new target therapies with new future

therapeutic scenario.
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neuroendoscopic techniques in
lateral ventricular tumor surgery
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Objective: The objective of this study was to investigate the clinical experience

and therapeutic efficiency of Endoport-assisted neuroendoscopic surgery for

resection of lateral ventricular tumors. The key points and application value of

this surgical technique were additionally discussed.

Methods: A retrospective analysis was conducted on the clinical and follow-up

data of 16 patients who underwent endoport-assisted neuroendoscopic surgery

for lateral ventricular tumors at the Department of Neurosurgery, Nanjing Drum

Tower Hospital, the Affiliated Hospital of Nanjing University Medical School,

between January 2018 and September 2020. The surgical procedures,

complications and outcomes were analyzed.

Results: The study included a total of 16 patients (5 males and 11 females) with

lateral ventricular tumors, with a mean age of 43.2 years (18-70 years old). The

tumors were distributed as follows: 5 cases involved the body of the lateral

ventricle, 3 involved the frontal horn and body, 3 involved the occipital horn, 2

involved the trigone, 2 involved the frontal horn, and 1 case involved the occipital

horn and body. Perioperative complications were analyzed, revealing 1 case of

intraoperative acute epidural hematoma intraoperative and 2 cases of

postoperative obstructive hydrocephalus. All complications were promptly

managed. Postoperative MRI revealed that 14 cases (88%) achieved total

resection, while 2 cases (12%) achieved subtotal resection. During the follow-

up of 6-38 months, no recurrence was observed. The patient diagnosed with

glioblastoma died 16 months after surgery (GOS=1), while the remaining patients

have successfully resumed to normal daily life with a GOS score of 5.

Conclusion: In conclusion, endoport-assisted neuroendoscopic surgery proved

to be a minimally invasive and effective technique for resecting lateral ventricular

tumors, with acceptable complications. It effectively utilizes the benefits of close

observation, comprehensive exposure, and reduced tissue damage. Therefore,

endoport-assisted neuroendoscopic surgery is suitable for the resection of

lateral ventricular tumors.
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endoport, neuroendoscopy, lateral ventricular tumor, surgical treatment, prognosis
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Introduction

The lateral ventricle, is a paired C-shaped structure located deep

within the cerebral hemispheres (1, 2). Lateral ventricular tumors,

accounting for less than 1% of intracranial neoplasms, mostly exhibit

slow growth (3, 4). Early diagnosis and complete resection of these

tumors hold the potential for clinical cure. Hence, neurosurgeons

managing lateral ventricular tumors must strive for maximal tumor

resection while minimizing damage to nerves and blood vessels (5).

In recent years, with advancements in surgical techniques and the

adoption of minimally invasive approaches, the endoport-assisted

neuroendoscopic technique has emerged as a promising method for

resecting lateral ventricular tumors (2, 6, 7). Furthermore, the

widespread use of neuro-navigation systems and intraoperative

electrophysiological monitoring has contributed to overcoming

challenges such as endoscopic hemostasis and the protection of

functional areas and neural nuclei. These advancements have

resulted in improved efficacy of neuroendoscopy in the treatment

of lateral ventricular tumors.
Materials and methods

Clinical data collection

A retrospective review was conducted, encompassing clinical and

follow-up data from 16 patients who presented with lateral

ventricular tumors and subsequently underwent endoport-assisted

neuroendoscopic surgery between January 2018 and September 2020

in the department of neurosurgery in Nanjing Drum Tower Hospital,

The Affiliated Hospital of Nanjing University Medical School. The

research protocol involving human participants was approved by the

Ethics Committee at Nanjing Drum Tower Hospital.

Data collection involved a comprehensive assessment of

medical records, imaging data, pathological reports, and

operation videos for each patient. Demographic information,

initial symptoms, tumor location, pathological diagnosis, and the

presence of preoperative hydrocephalus were documented.

Additionally, complications that occurred during or after

operation were carefully recorded for analysis. Follow-up was

obtained in the clinic or by telephone and ended in March 2021.
Surgical equipment

All operations were performed using rigid Karl Storz

neuroendoscopy with 0° or 30° optics, 150 mm length and 4 mm

diameter (Karl Storz, Tuttlingen, Germany). An endoport with a

diameter of 21 mm and length of 7 cm (Vycor Medical Inc., Boca

Raton, FL, USA) was selected to handle the lesions in our institute. To

facilitate the surgery, a pneumatic holding arm (Karl Storz, Tuttlingen,

Germany) was utilized to stabilize the neuroendoscopy, while a snake

holding arm was employed to secure the endoport. Additionally,

conventional craniotomy instruments and neuroendoscopic auxiliary

instruments were used during the surgical procedures.
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Surgical techniques

The trans-frontal cortical approach to the frontal
horns and the body of the lateral ventricle

The trans-frontal cortical approach is an effective surgical route

for accessing the frontal horns and bodies of the lateral ventricle,

including the anterior part of the third ventricle (Figure 1). It is

particularly suitable for resecting tumors mainly limited in the

frontal horns or the bodies of the lateral ventricle. The patient was

placed in the supine position with the head slightly elevated. The

head was turned 30° to the contralateral side and secured with a 3-

pin Mayfield head holder. Neuro-navigation based on preoperative

magnetic resonance imaging (MRI) was employed to guide the

anatomical localization. The insertion point for endoport was

approximately 3 cm from the midline and 1 cm in front of the

coronal suture (Kocher’s point).

Following routine disinfection, a linear incision was made

centered on the insertion point. A craniotomy (approximately 3

cm diameter) was performed above the middle frontal gyrus, and

the dura was opened with an arc-shaped incision. An ostomy

through the middle frontal gyrus was created to insert and secure

the endoport using the snake holding arm. Cerebrospinal fluid

(CSF) outflow confirmed entry into the lateral ventricle. Tailed

cotton strips were used to slowly release CSF while securing a 0°

neuro-endoscope into the endoport using the pneumatic holding

arm. Gradual identification of the anatomical landmarks of the

frontal horn and body of the lateral ventricle was achieved. Under

neuroendoscopic visualization, the tumors were carefully observed

and removed. An ultrasonic dissector could be utilized for tumors

with hard texture. For larger tumors, intratumoral decompression

was performed initially to gradually reduce tumor volume.

Adjustments in the directions of the endoport and neuro-

endoscope may be necessary to identify the tumor boundary and

achieve complete tumor removal.

Following tumor resection, bipolar coagulation and hemostatic

materials were employed to ensure thorough hemostasis. Special

care was taken to protect the surrounding brain tissue and

vasculature, particularly the lateral wall of the lateral ventricle,

where important nervous nuclei such as the thalamus and

caudate nucleus, as well as the colliculus veins, are located.

Damage to these structures can significantly impact patient

prognosis. Finally, a drainage tube was inserted into the ventricle,

and the endoport was removed under endoscopic visualization.

Postoperative close monitoring is crucial to detect and manage

potential complications.

The transtemporal approach to the trigone
of the lateral ventricle

The trigone, located at the interface between the body of the

lateral ventricle and the occipital and temporal horns (Figure 2), can

be accessed directly using the transtemporal approach. This

approach offers a short trajectory and provides direct access to

the temporal horn and trigone of the lateral ventricle. It is

particularly suitable for removing tumors located in the trigone of

the lateral ventricle. The patient was positioned in the lateral

decubitus position, with the head fixed using a 3-pin Mayfield
frontiersin.org
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head holder and rotated to the contralateral side to optimize the

operative field by positioning the zygomatic process uppermost.

Neuro-navigation based on preoperative magnetic resonance

imaging (MRI) was employed for precise anatomical localization.

The insertion point for endoport was approximately 4.5 cm above

and behind the external auditory canal.

Following routine disinfection, a linear incision was made

centered on the insertion point. The dura was then opened with

an arc-shaped incision. The ostomy through the parietal lobe was

created to insert and secure the Endoport using the snake holding

arm. Once cerebrospinal fluid (CSF) outflow was observed, entry

into the trigone of the lateral ventricle was confirmed. Tailed cotton

strips were used to slowly release CSF while fixing a 0°

neuroendoscopy into the endoport using the pneumatic holding

arm. The tumors were carefully observed and removed under

neuroendoscopic visualization. The subsequent tumor removal

procedures were the same as described previously.
Clinical efficacy evaluation

All cases underwent a computed tomography (CT) scan within

24 hours post-surgery to rule out postoperative complications such
Frontiers in Oncology 03191
as hemorrhage or hydrocephalus. Plain and enhanced magnetic

resonance imaging (MRI) scans three days post-surgery, were

performed to assess the extent of surgical resection. The need for

further radiotherapy or chemotherapy was determined based on

postoperative pathological analysis. Subsequently, follow-ups were

conducted through outpatient visits or regular telephone interviews

at 1, 3, and 6 months postoperatively, followed by annual follow-ups

thereafter. During these follow-ups, tumor recurrence and the

patients’ ability to carry out daily activities were assessed and

recorded. Clinical outcomes were evaluated with the Glasgow

Outcome Scale (GOS): a score of GOS ≥ 4 indicates favorable

prognosis, while a score of GOS < 4 indicates poor prognosis.
Results

Clinical features and histopathological
types of patients with lateral
ventricular tumors

A total of 16 patients (5 males, 11 females) who suffered from

lateral ventricle tumors and underwent endoport-assisted

neuroendoscopic surgery were included in this study. The mean
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FIGURE 1

Operative approaches for the frontal horns and the body of the lateral ventricle. (A–C) Axial, sagittal and cronal images of preoperative enhanced
magnetic resonance imaging. (D) Schematic diagram of surgical incision (marked with red line). (E–H) Intraoperative pictures for inserting Endoport
(E), ventriculostomy to release CSF (F–G), and tumor resection (H). (I–K) Axial, sagittal and coronal images of enhanced magnetic resonance
imaging at 6 months postoperative.
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age of the patients was 43.2 years, ranging from 18 to 70 years. Upon

admission, the patients presented with various initial symptoms,

including headache (8 cases), dizziness (3 cases), unconsciousness

(1 cases), facial numbness (1 cases) and no apparent symptom (3

cases). The distribution of tumor locations among the cases was as

follows: 7 cases in the left and 9 cases in the right, involved the lateral

ventricle body (5 cases), frontal horn and body (3 cases), occipital

horn (3 cases), trigone (2 cases), frontal horn (2 cases) and occipital

horn and body (1 case). Additionally, 9 cases (56.25%) presented with

preoperative obstructive hydrocephalus.

All the tumors were successfully removed using endoport-

assisted neuroendoscopic surgery, and all the resected

specimens were sent to the neuropathology department for the

detailed histopathological examination. The postoperative

histopathological results were as follows: central neurocytoma

(WHO II) in 5 cases, meningioma (WHO I) in 5 cases, diffuse

astrocytoma (WHO II) in 2 cases, astrocytoma (WHO I) in 1

case, glioblastoma (WHO IV) in 1 case, ependymoma (WHO II)

in 1 case, and colloid cyst in 1 case. A summary of the clinical

features and histopathological types of the patients is presented

in Table 1.
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Perioperative complications

Among the patients, a total of three cases experienced

complications either during or after the surgery: 1 case occurred

intraoperative and 2 cases occurred postoperative. During the

operation, one patient developed frontal acute epidural hematoma,

which was promptly addressed, without long-term adverse

consequences. Postoperatively, two patients developed obstructive

hydrocephalus following operation. One case was successfully

alleviated through external ventricular drainage, while the other

case required the implementation of a ventriculoperitoneal shunt to

achieve relief. Otherwise, one patient experienced transient

hemiplegia, which improved after three weeks of active treatment.
Clinical prognosis

All patients underwent regular follow-up at the outpatient clinic

after discharge. The average duration of follow-up was 19.56

months, ranging from 6 to 38 months. The follow-up results

revealed that 14 cases (88%) achieved total resection of tumors
A B D

E F G

I

H

J K

C

FIGURE 2

Operative approaches for the trigone of the lateral ventricle. (A–C) Axial, sagittal and coronal images of preoperative enhanced magnetic resonance
imaging. (D) Schematic diagram of surgical incision (marked with red line). (E–H) Intraoperative pictures for exposing the tumor (E), tumor removal
(F–G), and hemostasis of the surgical field (H). (I–K) Axial, sagittal and coronal images of enhanced magnetic resonance imaging at 6 months
postoperative.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1191399
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Yan et al. 10.3389/fonc.2023.1191399
without residual or recurrence during the follow-up period. In the

remaining 2 cases (12%), the resection was considered subtotal.

Unfortunately, one of these cases was pathologically diagnosed as

glioblastoma (WHO IV) and regrettably passed away 16 months

after the operation. The other case was diagnosed with diffuse

astrocytoma (WHO II) and is currently undergoing long-term

survival with the tumor under standardized treatment in the field

of oncology. Based on the long-term follow-up regarding patients’

daily living activities, 15 cases exhibited a favorable prognosis, as
Frontiers in Oncology 05193
indicated by a Glasgow Outcome Scale (GOS) score of 5. Only one

case diagnosed with glioblastoma had a poor prognosis, with a GOS

score of 1 (Table 1).
Discussion

The occurrence of mass lesions in the lateral ventricle is

relatively rare, but it poses significant technical challenges due
TABLE 1 Clinical features, histopathological types and follow-up results of patients with lateral ventricular tumors.

No. Gender Age
Initial

symptom
Location Side Hydrocephalus Histopathology*

Surgical
complication

Resection
Follow-

up
(Months)

GOS
score

01 Female 25 Headache
Frontal

horn, body

Right
Yes

Central
neurocytoma
(WHO II)

No Total 38 5

02 Male 31 Asymptom
Frontal
horn

Left
No

Central
neurocytoma
(WHO II)

No Total 36 5

03 Female 23 Headache Body
Right

Yes
Central

neurocytoma
(WHO II)

No Total 36 5

04 Female 18 Headache Body
Left

Yes
Astrocytoma
(WHO I)

Acute epidural
hematoma

Total 35 5

05 Female 37 Headache
Frontal

horn, body

Left

Yes
Glioblastoma
(WHO IV)

Hydrocephalus,
external

ventricular
drainage

Subtotal 16 1

06 Male 70 Unconsciousness
Frontal

horn, body

Left

Yes
Diffuse

astrocytoma
(WHO II)

Transient
hemiplegia,

improved after
3 weeks

Subtotal 26 5

07 Female 60 Dizziness Trigone
Right

No
Meningioma
(WHO I)

No Total 23 5

08 Female 65 Dizziness Trigone
Left

No
Ependymoma
(WHO II)

No Total 19 5

09 Male 64 Facial numbness Body
Right

No
Diffuse

astrocytoma
(WHO II)

No Total 18 5

10 Male 59 Asymptom
Frontal
horn

Right
No Colloid cyst No Total 18 5

11 Female 36 Headache
Occipital
horn

Right
Yes

Meningioma
(WHO I)

No Total 9 5

12 Female 20 Headache
Occipital
horn, body

Right
No

Meningioma
(WHO I)

No Total 7 5

13 Female 62 Headache
Occipital
horn

Right
Yes

Meningioma
(WHO I)

No Total 7 5

14 Female 25 Headache Body
Left

Yes
Central

neurocytoma
(WHO II)

No Total 6 5

15 Male 34 Dizziness Body

Right

Yes
Central

neurocytoma
(WHO II)

Hydrocephalus,
ventriculo-
peritoneal
shunt

Total 8 5

16 Female 63 Asymptom
Occipital
horn

Left
No

Meningioma
(WHO I)

No Total 11
5

frontie
*2016 WHO Classification of CNS tumors.
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to its deep location and proximity to vital anatomical structures

(8). Lateral ventricular tumors are typically slow-growing and

often diagnosed until they reach a large size or cause obstructive

hydrocephalus (2). Surgical removal remains the preferred

treatment method for these tumors due to the lack of effective

drug treatments, and complete surgical resection can lead to a

favorable prognosis (9, 10). Thus, surgeons must carefully

consider various factors when selecting the appropriate surgical

approach for each patient, including achieving effective and

complete tumor resection from optimal angles, minimizing

disruption and retraction of normal brain tissues, and early

exposure of vital anatomical structures. In our study, we
Frontiers in Oncology 06194
performed 16 cases of lateral ventricular tumor resection using

endoport-assisted neuroendoscopic surgery. The total resection

rate was 88%, which was similar to previous literature reports

(Table 2) (11–16). There has been no case of recurrence in the

follow-up period.
Application of endoscope in
intraventricular tumor surgery

Currently, surgical resection remains the primary treatment

method for lateral ventricular tumors. The traditional surgical
TABLE 2 List of Publications Reporting Resection of Lateral Ventricular Tumors with or without Neuroendoscopy.

Reference
Number

of
tumors

Population
(Adult/

Pediatric)

Surgical
methods

Gross-
Total

Resection
(%)

Histology Complications
Recurrent

(%)

Vincenzo et al.,
2005 (11)

72 Both Without
endoscopy

82% (59/72) Anaplastic astrocytoma,
glioblastoma, meningioma,
ependymoma, pilocytic
astrocytoma, SEGA,
subependymoma, central
neurocytoma, choroid plexus
papilloma, choroid plexus
carcinoma, choroid plexus cysts,
ganglioglioma,
ganglioglioneurocytoma, PNET,
metastases

27.8% (20/72, 4 deep
venous thrombosis,
2 respiratory
distress, 3
hydrocephalus, 2
extradural
hematoma, 5 small
intracerebral
hematoma, 4
subdural hygroma)

N/A

Jo et al., 2011
(12)

10 Adult Endoscopy
for excision

50% (5/10) Cavernous angioma, metastasis,
meningioma, paragonimus
westermani, anaplastic
oligodendroglioma, central
neurocytoma, brain abscess,
glioblastoma

N/A N/A

Eveline et al.,
2016 (13)

12 Pediatric Endoscopy
for excision

92% (11/12) SEGA, anaplastic ependymoma,
neuroepithelial tumor,
ependymoma, NGGCT and
pilocytic astrocytoma

8.3% (1/12, 1 ICP
transitory increase)

2/12
(17%)

Chandrashekhar
et al., 2021 (14)

7 N/A Endoscopy
for excision

N/A Colloid cysts, low-grade glioma,
neurocysticercosis

N/A N/A

31 N/A Endoscopy-
assisted
excision

N/A Colloid cysts, neurocytomas, and
epidermoid cysts

N/A N/A

Xie et al., 2021
(15)

7 Both Endoscopy
for excision

100% SEGA, central neuroblastoma,
central neuroblastoma,
ependymoma, meningioma and
metastatic adenocarcinoma

28.6% (2/7, 1
hematoma, 1 visual
defect)

0

Suresh et al.,
2023 (16)

26 Both Endoscopy
for excision

69% (18/26) Central neurocytoma, high
−grade glioma, ependymoma,
colloid cysts, pilocytic
astrocytoma, SEGA, PNET

30% (8/28, 4
seizures, 2 transient
hemiparesis, 2 visual
impairment, 2 mild
disturbance in
memory, 2 subdural
hygroma)

N/A

Current study 16 Adult Endoscopy
for excision

88% (14/16) central neurocytoma,
meningioma, diffuse astrocytoma,
astrocytoma, glioblastoma,
ependymoma, and colloid cyst

18.8 % (3/16, 1
hematoma, 2
obstructive
hydrocephalus)

0

N/A, not applicable; SEGA, subependymal giant cell astrocytoma; NGGCT, nongerminomatous germ cell tumors; PNET, primitive neuroectodermal tumor.
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strategy primarily involves tumor removal by using a microscope

through craniotomy. In the majority of cases, cortical incisions or

corpus callosotomy are required during the surgery, which

inevitably results in damage to normal brain tissue. Moreover,

due to the limited field of view provided by the tubular vision of

the microscope and the deep location of the tumor, larger incisions

are often required to achieve better tumor visualization. In recent

years, with advancements in surgical techniques and the evolving

concept of minimally invasive surgery, the use of endoscopes in

brain surgery increased greatly, from simple fenestrations for

obstructive hydrocephalus and arachnoid cysts initially, to biopsy

even removing complex tumors from the deeper areas of the brain

gradually (5, 16–20). Compared to traditional microscopic surgery,

a rigid endoscope allows for access into ventricles, providing

superior magnification and illumination for enhanced inspection

of regional anatomy and precise lesion dissection (12). Moreover,

combined with angle endoscopy enables close observation and

access of the hidden angles inside the ventricles to coagulate or

clip of vascular pedicle of the tumor (21). The extensive observation

range of neuroendoscopy significantly reduces the need for brain

tissue traction compared to operating under a microscope, thus

better protecting surrounding normal tissue. However, the

endoscopic surgery also meets significant limitations, such as the

thermal damage of endoscope itself, the operational damage to the

blind areas behind the endoscope’s field of view and the limitations

of bimanual microsurgical techniques for tumor resection or

hemostasis (16).
Application of Endoport in
intraventricular tumors

Endoport, as a tubular retractor, can effectively help overcome

the challenges and fully utilize the advantages of endoscopy.

Endoport isolates the brain tissue outside the tubular retractor,

providing a safe pathway for surgical instruments inserted freely

under direction vision and preventing any damage to the surgical

path caused by surgical procedures (7, 22). Moreover, compared

with traditional retractor-assisted microsurgery, its tubular

structure reduces the risk of sharp damages of sheet retractors

caused by traction on brain tissue. The tubular shape of the

retractor allows for the even distribution of pressure on the

retracted brain tissue, minimizing damage to the greatest extent

possible (20). Additionally, endoport allows for movement in

multiple angles, enabling full exposure of the tumor without

increasing tension on brain tissue. This not only improves the

rate of complete tumor resection but also provides better protection

for surrounding tissues (12, 22, 23). A study has reported that

patients who underwent microsurgical procedures via a

trans-cortical approach had a postoperative seizure incidence of

8% and a postoperative paralysis incidence of 12% (24). These

complications were largely related to excessive traction on the

functional cortical areas. In contrast, none of the cases in our

group experienced postoperative complications such as seizures or

persistent hemiplegia.
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Application of neuro-navigation in tumors
location and inserted position selection

The key to the successful endoscopic tumor surgery lies in the

precise localization of the tumor and the selection of the puncture point

and direction (16). Thus, the precise location of the tumors on MRI

preoperative and intraoperative neuro-navigation are of great

importance for brain-deep tumors localization. In a survey of

neurosurgeons with experience in endoscopic surgery, the utilization

rate of neuro-navigation in the biopsy and resection of intraventricular

tumors was found to be 62.4% (25). In our sixteen cases, preoperative

MRI and intraoperative neuro-navigation were used in all cases. Besides

these, the intraoperative endoscopic ultrasonography and MRI were

also reported to be helpful in real-time tumor positioning, facilitating

complete tumor removal and protection of nearby structures (26).

The inserted point of Endoport lies on the position of lateral

ventricular tumors. For the tumors localized in the frontal horns and

the body of the lateral ventricle, we selected trans-frontal cortical

approach (middle frontal gyrus). This approach facilitates the

exposure of the anterior choroidal artery and is suitable for the

resection of tumors in the anterior part of the lateral ventricle. For the

tumors localized in the trigone of the lateral ventricle, we selected

transtemporal approach. This approach provides a short trajectory

and a direct access to the temporal horn and trigone of the lateral

ventricle. In our 16 cases, the total resection rate of tumors was 88%

through these approaches. Two subtotal resected tumors were

glioblastoma and diffused astrocytoma separately. However, due to

the risk of damaging the fiber tracts, there is currently ongoing debate

regarding the choice between the transcortical and sulcal approaches.

Further research is needed to establish reliable conclusions.
Keep the cerebrospinal fluid
circulation unobstructed

Preoperative CSF circulation disturbance was common in

patients with lateral ventricular tumors and it was found in 9 cases

of our 16 cases. For cases of obstructive hydrocephalus due to the

blockage of the foramen of Monro found intraoperative,

simultaneous ventriculostomy was performed to establish drainage.

Operations within ventricles commonly lead to loss of CSF and

collapse of brain tissue (15). In our study, we encountered a case of

acute epidural hematoma, which was considered to be caused by

rapid collapse of brain tissue resulting from excessive release of

cerebrospinal fluid. Thus, the slow release of CSF intraoperatively

was necessary to prevent rapid brain tissue collapse and the potential

development of epidural hematoma (27, 28). Early postoperative CT

scan also acids in early diagnosis. Besides these, it was essential to

ensure the patency of the interventricular foramen and avoid

blockage by blood clots during surgery. Before completing the

procedure, warm saline was perfused to inflate the collapsed brain

tissue and reduce intracranial air accumulation. Otherwise, if

postoperative external ventricular drainage necessary, the flow

velocity and volume needed to be close controlled to prevent the

occurrence of ventricular walls adhesion or isolated ventricle (16).
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Postoperative complications and
comprehensive treatment

Reported complication rates for resection of intraventricular

tumors are between 0% and 30%, including hemorrhage,

hydrocephalus, subdural hygroma, deep venous thrombosis,

hemiparesis and neurological deficit (Table 2) (11–16, 29–32). In

our study, 1 case experienced acute epidural hematoma, which was

considered due to the following reasons (1): young patient, no

adhesion between the pia mater and the dura mater (2), rapid

collapse of brain tissue resulting from excessive release of

cerebrospinal fluid. Thus, slow intraoperative CSF release is

necessary to prevent rapid brain tissue collapse. When Endoport

near the ventricular wall, using an electrical coagulation to create a

small opening or a ventricular puncture needle could be helpful to

release CSF slowly. Besides, tailed cotton strips could be used to

plug the fistula to slow down the CSF release if CSF still flows out

too quickly. Another two patients developed obstructive

hydrocephalus following operation. After corresponding

treatment, no permanent sequelae were left.

Additionally, specific pathological types may require further

standardized treatment even after discharge. Among the cases in

this group, a patient diagnosed with glioblastoma survived for 16

months after the operation, while another patient with diffuse

astroglioma achieved long-term survival despite residual tumor.

As both tumors originated in the thalamus, preserving the

functionality of the structure as much as possible during the

surgery led to incomplete tumor resection according to the

standard guidelines. Comprehensive treatment is needed for every

patient according to separate pathologic diagnosis.
Limitations

The number of cases in this study is relatively insufficient. There

is an inherent bias in the follow-up time, which still needs to be

extended. Further studies and long-term follow-up are necessary to

validate the long-term therapeutic efficiency and outcomes of this

surgical method. Besides, We have limited experience in utilizing

other endoscopic-assisted techniques, such as CUSA and LASER.

Acquiring more experience in these techniques would undoubtedly

contribute to broadening the scope of indications for endoscopic

resection under our care.
Conclusion

Overall, Endoport-assisted neuroendoscopic techniques offer

significant advantages in managing lateral ventricular tumors. It

effectively utilizes the benefits of close observation, comprehensive

exposure, and reduced tissue damage. Therefore, Endoport-assisted

neuroendoscopic surgery is suitable for the resection of lateral

ventricular tumors. This technique is worthy to be popularized in

clinical practice.
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