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Background: Diagnosing the well-known concomitant Rathke’s cleft cyst (RCC) and
differentiating it from other sellar lesions are difficult because RCC is and other sellar lesions
are closely related and represent a continuum from simple RCCs to more complex lesions.
The purpose of this study is to better understand the adeno- and neurohypophysis
adjacent to the par intermedia remnants and their role in the origin of the coexistence of
these two distinct tumor neoplasias; to assess the incidence in different age groups; to
categorize the pathohistological subtype, which can be incorporated in predictive/
prognostic models; and finally, to evaluate the current evidence on collision tumors of
the sellar embryonic remnant tract in terms of their biological behavior and pathology.

Methods: Utilizing the PubMed database, data were collected from 1920 to 2019.
Information about demographics, clinical characteristics, and age was summarized and
analyzed by using univariable and multivariable models. The same cell type was observed
regardless of whether the tumor was only one type or mixed types, and their histologic
patterns were assessed.

Results: The incidence rates were similar among patients stratified into three age
subgroups: 40–49 years (24.57%), 50–59 years (19.54%), and older than 60 years
(22.98%). We found that various types of sellar lesions, namely, squamous metaplasia
(SM) + goblet cells (GC) (HR 46.326), foamy macrophages (FM) (HR 39.625), epithelial
cells and multinucleated giant cells or cholesterin (EM) (HR 13.195), a cavernous portion of
the right internal carotid artery (CP-ICA) (HR 9.427), epithelial cells with ciliated cuboidal
(EC-CC) (HR 8.456), were independently associated with RCC pathological status. These
divergent AUCs (0.848 for Hypo as RCC, 0.981 for RCC co PA, 0.926 for CD and CP co
RCC) and subtypes of PA (HR 4.415, HR 2.286), Hypo (HR 3.310), CD and CP (HR
2.467), EC and DC and PG and SGR (HR 1.068), coexisting with the risk of a comorbid
RCC lesion, may reflect the etiologic heterogeneity of coderivation and the different effects
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of some risk factors on tumor subtypes. Our analyses suggested that the greatest
accuracy was observed for the pituitary adenoma subtype, with an AUC of 0.981 (95%
confidence interval [CI]: 0.959–1.005), while the poorest accuracy was observed for
aneurysms, with an AUC of 0.531 (95% CI: 0.104–0.958). We separately analyzed and
confirmed the above results. Sensitivity analysis revealed no evidence of systematic bias
due to missing data.

Conclusion: This study showed that the histopathological changes in patients with sellar
embryonic remnant-associated collision tumors showed highly consistent epithelial cell
replacement (renewal) (ciliated columnar epithelium to ciliated squamous epithelium to
squamous epithelium) or accumulation, and the RCC cyst wall was similar in structure to
the tracheobronchial airway epithelium, with progenitor cell characteristics. The collision
accuracy between RCC and other tumors (PAs, craniopharyngioma, chordoma, etc.) is
different; these characteristics constitute the theoretical basis for the postmigration
development of the pharyngeal bursa.
Keywords: collision sellar lesions, Rathke cleft cyst, solid sellar lesion, sellar embryonic-remnants lesions, cystic
sellar lesions
BACKGROUND

The anterior limb of Rathke’s pouch contributes to the anterior
lobe and forms the posterior lobe of the hypophysis, which is
derived from two components: neuroectodermal evagination and
oral ectoderm invagination (1, 2). Embryonic remnants of the
diverticulum of Rathke’s pouch at the junction between
the anterior and posterior lobes (in the area representing the
vestigial intermediate lobe) normally regresses and is less distinct
in humans but almost always contains small cysts, namely,
Rathke’s cleft cysts (RCCs), and the cells lining the cleft are
thought to be the origin of various cystic lesions. These cysts
are lined with one or multiple layers of epithelial cells; some cysts
are lined with cuboidal or columnar ciliated cells, while others are
lined with flattened cells (3–5). Consequently, this category of
tumor displays considerable variation in cytology, encompassing a
range of primitive homologous cells in the midline ectoderm.
, anterior communicating artery; AUC,
oid rhabdoid tumor; CA-ccc, ciliated
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bryonic-remnants associated collision
squamous metaplasia; SSEC, stratified
henoidal surgery; TCT, transitional

26
However, the nature of sellar embryonic remnant-associated
collision tumors (S-ErACTs) is not well understood.

A diversity of S-ErACT occurs in humans, including RCC,
chordomas (CD), craniopharyngiomas (CPs), dermoid cyst (DC),
epidermoid cyst (EC), salivary gland remnants (SGR), and
atypical teratoid rhabdoid tumor (AT/RT), which can occur
individually or concomitantly. One of the hallmarks of
S-ErACT is its sellar neuroendocrine clinical and biological
heterogeneity. Previous work has suggested that another variant
of RCC elements is nested within a typical papillary or
adamantinomatous lesion (6). This is consistent with the basic
definition of collision tumors (CTs), which are composed of two
neighboring independent neoplasms that coexist with little or no
interaction between them (7). It is unclear whether these
concomitant tumors arise from remnants of Rathke’s pouch,
embryonic remnant cells that exhibit metaplasia in the sellar
region, or a possible common origin or other association, such as
the induction of stratified squamous epithelial progenitor cells.
Most RCCs are within the sellar region between the anterior and
posterior lobes, but some extend to the optic chiasm. Strikingly,
the dysembryogenetic conditions of the sellar and suprasellar
regions are probably underrecognized (8). This persisting
embryonal infundibular recess (PEIR) can be misdiagnosed as a
sellar lesion; however, it is relatively rare.

The origin of RCCs is unclear, and no systematic genetic and
pathology research has been conducted in humans. Rathke’s
pouch remnants, an ectodermal diverticulum arising from the
foregut, may give rise to Rathke’s cysts. To date, it is still unclear
whether these cysts are incidental. However, a high rate of cystic
lesions has been noted in autopsy cases (13–33%) (4, 9). Cysts are
hypothesized to arise from oral ectoderm cells of the pharyngeal
duct that fail to degenerate. This idea is supported by the ability
of the oral epithelium or pharyngeal bursa to grow (4, 10). RCC
was observed in 1.2% of patients between the ages of 1 and 4
years (11). These patients are different when compared with
April 2021 | Volume 11 | Article 649958
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children of the same age or adult. RCC patients display a slow-
growing in adulthood (12). The incidence of concomitant
occurrence is unclear, but estimates range from 0.51 to 3.55%
of intrasellar lesions (13). Some RCC patients have prolactinoma,
Cushing’s disease, Pluri-hormonal and double adenoma (PIA),
non-functioning pituitary adenoma (NFPA), or transitional cell
tumor (TCT) of the pituitary or pituitary oncocytoma (14).

We propose that pharyngeal bursa migration and stratified
squamous epithelial progenitor cells can be caused by the
continued growth of the nasopharynx, a pharyngeal bursa
appearing at the anchoring point of the notochord and overlying
endoderm, and stromal cell-derived induction activity in residual
embryonic tissue that could induce subsequent development of the
remnant diverticulum of Rathke’s pouch. Although RCC and
pituitary neuroendocrine tumors (PitNETs) or other benign
sellar lesions rarely occur together, the origin and histopathology
remain controversial in the literature. However, many factors affect
the pathogenic process of concomitant disease due to the risk of
recurrence. These embryological changes prompted us to examine
the histopathological and clinical presentation of pituitary function
to determine whether coderivation (the identification of
continually changing pathological tissues with potential stem cell
characteristics) was concomitantly associated (continuum) with
both diseases in the sellar region.

This study aimed to clarify the correlation between the stratified
squamous epithelium cells of RCC and the characteristics of
pluripotent stem cells (stratified squamous epithelial progenitor
cells) and coexisting sellar lesions with a focus on the relationship
between the main factors affecting the development and growth of
residual embryo tissue and pathological changes.
METHODS

We performed a literature search of the MEDLINE databases,
Wiley online library, Science Direct, and Web of Science from
March 1, 1920, through April 1, 2019. Searches of PubMed over
the past 99 years were conducted using terms related to RCC. We
included case series (case reports) on patient characteristics,
interventions and comparisons, and randomized controlled
trials (RCTs) in English or Chinese. All authors reviewed the
abstracts to assess eligibility. The included studies fulfilled the
following requirement: All studies reporting RCC were included.
The systematic review followed preferred reporting items for
systematic reviews and meta-analyses (PRISMA) guidelines (see
Supplementary Appendix-1 pp 1).

Patient and Study Eligibility
We included patients and studies that met the following
inclusion criteria (Supplementary Appendix-1: The diagnosis
standard of pituitary adenoma): 1) We included observational
and treatment (surgery plus radiotherapy) studies on coexisting
RCC and sellar region lesions that contain data about the
population-based prevalence of symptomatic RCC coexisting
with the sellar lesion (the cooccurrence of the two diseases is
the basic feature). 2) We included patients with a diagnosis of
Frontiers in Oncology | www.frontiersin.org 37
RCC coexisting with sellar lesion based on suggestions from
qualified neurosurgeons and radiologists, confirmatory imaging
evidence from CT, MRI, DSA, CTA, and MRA, observations
during operation, and histological examinations. 3) Cross-
checking of references was performed until no new articles
were identified. Available full-text articles written in English or
Chinese. The study had to be retrospective by definition. 4) For
an explanation of cases without modern imaging in the 1920s
and 1970s and the primary basis of pathological diagnosis, see
the appendix (pp 4). For the classification of tumors of the
pituitary gland, see the Supplementary Information (pp 7,8).

We excluded studies based on the following: 1) abstracts from
conferences, full texts without raw data, duplicate publications,
letters, or reviews (no case reports); or 2) RCC coexisting with
sellar lesions that was diagnosed based on objective imaging,
observations in operation, histological examinations, and
medical records but only by imaging examination (lack of
laboratory or endocrinology examination or self-reported cases).

Data Analysis (Data Extraction, Quality
Assessment)
Two investigators independently extracted relevant data using a
standardized from: publication year, origin of study (first
author), type of study (study design, prospective, retrospective,
single-center, multi-center), size of study population, mean
age, rang of patients, hormone level, clinical imaging, pituitary
function, Clinical diagnosis, surgical treatment, histopathological
subtypes, following-up time, survival and died. Two authors
cross-checked the results. Based on these data included 67
articles, 7-by-8 tables were constructed from each study based
on raw data. Each study was rated with regard to the following
domains: patient selection, pituitary function, hormone
level, therapeutic method, following-up, reference standard,
timing, the risk of bias, and the results were discussed by
all authors.

Risk of Bias Assessment
The Cochrane risk of bias tool was used to assess the construct
validity for preclinical studies, the clinical generalizability of the
experimental conditions, and the seven domains involved.

Statistical Analysis
We first used R version 3.4 (statistic package studio) to implement
the random forest algorithm and obtain the important categorical
variable score (see the Appendix—67meta-analyses were
identified, pp 10). The association between unitary factors and
clinical surgery was regarded as the outcome. Next, we performed
several post hoc sensitivity analyses. A Cox proportional hazards
model and Bayesian analysis for multivariable analysis were
applied to the variables. The Kaplan-Meier (KM) method for
overall survival (OS) and relapse-free survival (RFS) analysis was
performed for six subgroups of patients.

The receiver operating characteristic (ROC) curve was used to
evaluate the performance of the constructed models. ROC
comparison analysis was performed to assess significant
differences in AUCs by using the method developed by
DeLong et al. (15).
April 2021 | Volume 11 | Article 649958
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RESULT

Patient Demographics
Sixty-seven studies met our pre-established inclusion criteria (for
our case, see supplementary, pp 10) (Supplementary Data-
Figure S1). Patient demographic, clinical and histopathological
data are shown in Tables 1, 2, 3, and 4. Among the 118 studied
patients (including our own patients), 43 (36.44%) were male,
and 75 (63.55%) were female. The age characteristics of patients
with RCC concomitant with various sellar lesions are
summarized in Table 1. The rates of various sellar lesions were
(male, female) (36.78%, 63.21%), (31.25%, 68.75%), (50%, 50%),
and (20%, 80%).
Frontiers in Oncology | www.frontiersin.org 48
Clinical Presentation and Risk Parameters
The clinical and biologic characteristics at diagnosis of the 118
patients in the analytic cohort with an assigned primary lesion
site are listed in Table 4. Among them, 45.76% had hormone
hypersecretion, 5.93% had hypo-TSH/FSH/LH, 15.25% had
diabetes insipidus hypopituitarism/panhypopituitarism, 22.88%
had diabetes insipidus (DI) or hypopituitarism postoperatively,
and 1.69% had new-onset disease after tumor resection.

A total of 102 (86.44%) of the 118 patients in the six
subgroups underwent transsphenoidal surgery (TSS): 11.86%
underwent craniotomy, 1.69% received replacement therapy,
and 1.69% received conservative therapy. A total of 2.98% of the
patients experienced recurrence, 46.61% completed a clearly
TABLE 2 | RCC coexistent pituitary adenoma subtype and histopathological features and immunohistochemistry.

Adenoma type (No. Cases) Morphological (%) Immunohistochemistry (IHC) (%) HR (95% CI) P* P*

Total PA co RCC n=87
LA+ CA-CCC 29 (33.33%) 31 (47.69%) 2.118 (1.311–3.422) 0.002
TA+ CA-CCC 1 (1.14%) 4 (6.15%) 1.763 (0.243–12.805) 0.575
PIA+ CA-CCC/SSEC 6 (6.89%) 7 (10.76%) 1.524 (0.651–3.564) 0.332
NFPA+ CA-CCC/CIC 14 (16.09%) 18 (27.69%) 2.049 (1.101–3.814) 0.024
ACTHA+ CA-CCC 8 (9.19%) 8 (12.3%) 2.652 (1.235–5.696) 0.012
Other + CA-CCC 9 (10.34%) 11 (16.92%) 2.719 (1.314–5.626) 0.007
SA(DG)+ CA-CCC 2 (10%) – 0.902 (0.125–6.485) 0.918
SA+ CA-CCC 17 (85%) – 2.448 (1.441–4.158) 0.001
Gangl 1 (5%) – 0.506 (0.070–3.651) 0.499
April 2021 | Volume 11 | Article 6
Neg, negative; Co, coexistent; As, associated with; DG, densely granulated. SG, Sparsely granulated. SA, Somatotroph adenoma; TA, Thyrotroph adenoma; LA, Lactotroph adenoma;
PIA, Plurihormonal adenoma; NFPA, non-functioning pituitary adenoma; ACTHA, adrenocorticotropin adenoma; CA-CCC, ciliated columnar cell or monolayer of cuboidal; SSEC, stratified
squamous epithelium cell; CIC, chronic inflammatory cells; IC, inflammatory cells (mainly lymphocytes and plasma); HR, hazard ratio; CI, indicates confidence interval; Gangl,
gangliocytomas; Other, gonadotroph adenoma with craniopharyngioma, Null-cell adenoma. P*: P value. Other: include gonadotroph.
TABLE 1 | The age characteristic of RCC concomitance sellar lesion.

Parameter (No.
Cases)

RCC co PA Subtypes—other
and Acromegaly N = 87

RCC as Hypophysitis
N = 16

RCC co Aneurysm
N = 4

RCC co Chordoma and Cran and other
lesion N = 11

Total:
N = 118

Gender (%)
Male 32 (36.78%) 5 (31.25%) 2 (50%) 4 (20%) 43

(36.44%)
Female 55 (63.21%) 11 (68.75%) 2 (50%) 7 (80%) 75

(63.55%)
Age (%)
0–11y 1 (1.14%) 1 (6.25%) 0 1 (9%) 3 (2.54%)
12–19y 2 (2.29%) 2 (12.5%) 0 3 (27.27%) 7 (5.93%)
20–29y 16 (18.39%) 3 (18.75%) 0 – 19

(16.10%)
30–39y 21 (24.13%) 2 (12.5%) 0 – 23

(19.49%)
40–49y 20 (22.98%) 4 (25%) 1(25%) 4 (36.36%) 29

(24.57%)
50–59y 14 (16.09%) 2 (12.5%) 0 1 (9%) 17

(19.54%)
≥60y 13 (14.94%) 2 (12.5%) 3(75%) 2 (18.18%) 20

(22.98%)

F* 7.606 12.714 5.581 2.245
P* Value 0 – 0 0.044
RCC, Rathke’s cleft cysts; PA, pituitary adenoma; co, co-existent; as, associated with. Other: include Lactotroph adenoma, Plurihormonal adenoma, non-functioning pituitary adenoma,
adrenocorticotropin adenoma, Thyrotroph adenoma. Other lesion: include Epidermoid Cyst, Dermoid Cyst, pituitary granulomatosis, Salivary, Salivary gland remnants. F* P*: P value from
post-hoc test for categorical variables. Hypop, Hypophysitis; Chor, Chordoma; Acro, Acromegaly; Cran, Craniopharyngioma.
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outlined follow-up period, 53.39% were considered to have an
unclear/uncertain follow-up time or follow-up was not
described, 1.69% patients died, and 98.31% patients survived.

Patients in with coexisting disease in different age subgroups
and with different pathological characteristics have a higher
degree of risk than other patients.

Stratified Identification Analysis of the
Incidence of RCC Associated With
Various Types of Sellar Lesions
The incidence of RCC associated with various types of sellar
lesions across different age subgroups are summarized in Table
1. The rates of coexistence with RCC were 5.93% in the 12- to 19-
year-old age groups and a mere 2.54% in the 0- to 11-year-old
age groups. The 40–49-year-old, 50–59-year-old, and ≥60-year-
old subgroups had rates of coexistence of 24.57, 19.54, and
22.98%, respectively.

Notably, the univariate subgroup analysis for age showed that
most patients in the 20- to 59-year-old group had the highest
incidence rates among all age groups, with tumors that develop
over time and remain subclinical until later in life (3). The
validation of the three prediction models was performed by
assessing the differences in the age groups in terms of the
cooccurrence of various types of diseases, along with categorical
data (Table 1). Figure 1 displays the most significant hazard
of various types of sellar lesions associated with high vs. low
exposure by age. The association between age and the
cooccurrence of various types of sellar diseases varied across age
groups and residual embryonic tissues. Regarding age variation,
the coexisting risk among patients in the 30–39-year-old, 50–59-
Frontiers in Oncology | www.frontiersin.org 59
year-old, 12–19-year-old, and ≥60-year-old subtypes was greatest
for the PA subtype, somatotroph (acromegaly acro) subgroup,
Hypo subgroup, and aneurysm subgroup.

Among the other sellar subtypes, the histologic evaluation
revealed two types of lesions: respiratory-type epithelium and
stratified squamous epithelium cells and ciliated columnar cells
(Table 3).

Clinicopathologic Features of Lesion
Tissue From Patients With S-ErACT
Tables 2 and 3 show the significance of each clinicopathologic
factor used to identify RCC and various sellar lesions in the 118
patients with the corresponding HR. It is worth noting that the
incidence rates (IRs) of squamous metaplasia (SM)/or stratified
squamous epithelium cells (SSECs) show different ranges (1.46–
22.46%) for different subtypes (RCCs with various sellar lesions
and aneurysms) and an increased risk of recurrence.

These lesions (RCC co PA) have been found to contain
ciliated columnar cells or monolayers of cuboidal cells and
show different incidence rates (IRs), ranging from 0.02 to
27.62%, suggesting that the resected lesion met the criteria of
RCC, with extensive squamous metaplasia possessing apical
ciliated columnar epithelium and interspersed goblet cells (16).
There were inconsistencies in the surgical modalities due to the
long treatment era studied.

The analysis of 31 patients with various coexisting types
of sellar lesions is presented in Table 3. Here, SM+ goblet cells
(GC) (HR 46.326, 95% CI 8.080–265.600 P = 0.000),
foamy macrophages (FM) (HR 39.625, 95% CI 6.369–246.521
P = 0.000), epithelial cells, and multinucleated giant cells (EM)
TABLE 3 | RCC coexistent various type other sellar lesion and histopathological features and immunohistochemistry.

Coexistence sellar lesion category (No. Cases) Morphological (%) Immunohistochemistry (IHC) (%) HR (95% CI) P*

RCC as Hypophysitis n = 16
SM+GC/FM +CA-CCC+IC 4(25%) – 46.326 (8.080–265.600) 0.000
No-FM+CA-CCC+IC 3(18.75%) – 39.625 (6.369–246.521) 0.000
EM+CA-CCC+IC 9(56.25% – 13.195 (2.152–80.917) 0.005
– - –

RCC co Aneurysm n = 4
CP-ICA+ CA-CCC/SSEC 1 (25%) 1 (25%) 9.427 (1.225–72.555) 0.031
ACA+ CA-CCC/SSEC 1 (25%) 1 (25%) 9.427 (1.225–72.555) 0.031
A-A1-C A+ CA-CCC/SSEC 1 (25%) 1 (25%) 9.427 (1.225–72.555) 0.031
A-com A+ CA-CCC/SSEC 1 (25%) 1 (25%) 3.111 (0.425–22.772) 0.264
RCC co Chordoma and Craniopharyngioma n = 5
EITC+CA-CCC/SSEC 3 (60%) 3 (60%) 0.728 (0.230–2.304) 0.589
mMC+CA-CCC 2 (40%) 2 (40%) 3.244 (0.782–13.466) 0.105
EMA – – –

RCC co Other sellar lesion n = 6
EC-CC+ CA-CCC/SSEC 1 (16.66%) 1 (16.66%) 8.456 (1.108–64.522) 0.039
RTE+ CA-CCC/SSEC 1 (16.66%) 1 (16.66%) –

Xantho+CA-CCC/SSEC 1 (16.66%) 1 (16.66%) 3.275 (0.447–24.008) 0.243
CIC + CA-CCC/SSEC 1 (16.66%) 1 (16.66%) 5.194 (0.698–38.679) 0.108
SGR+ CA-CCC/SSEC 1 (16.66%) 1 (16.66%) 2.560 (0.351–18.666) 0.354
HA+ CA-CCC/SSEC 1 (16.66%) 1 (16.66%) 0.633 (0.88–4.560) 0.650
April 2021
CA-CCC, ciliated columnar cell or monolayer of cuboidal; SSEC, stratified squamous epithelium cell; EITC, epithelioid-like tumor cells; SM, squamous metaplasia; GC, goblet cells; MC,
mucous cells and basal cells; EC-CC, epidermoid cyst with ciliated cuboidal; FM, foamy macrophages; EM, epithelial cells and multinucleated giant cells or cholesterin; RTE, respiratory
type epithelium; Xantho, xanthogranulomatous, CIC, chronic inflammatory cells; SGR, salivary gland remnants; HA, hematoma; CP-ICA, cavernous portion of the right internal carotid
artery; ACA, anterior cerebral artery; AcomA, anterior communicating artery aneurysm; IC, inflammatory cells (mainly lymphocytes and plasma); HR, hazard ratio; CI, confidence interval.
Other sellar lesion: include Epidermoid Cyst, Dermoid Cyst, pituitary granulomatosis, Salivary, Salivary gland remnants. P*: P value.
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(HR 13.195, 95% CI 2.152–80.917 P = 0.005), epithelial cells with
ciliated cuboidal (EC-CC) (HR 8.456, 95% CI 1.108–64.522 P =
0.039), and CP-ICA (HR 9.427, 95% CI 1.225–72.555 P = 0.031)
had a highly significant association. A high-risk pathological type
can increase the risk of coexistent RCC and was found to be
independently associated with RCC pathological status to
various degrees.

Validation of the Collision Accuracy of
Different Subtypes by ROC Curve Analysis
in an Independent Cohort of S-ErACT
The AUCs derived from this analysis equaled 0.848 (95% CI
0.687–1.008) for the hypophysis associated with RCC, 0.981
Frontiers in Oncology | www.frontiersin.org 610
(95% CI 0.959–1.005) for subtype PA, and 0.926 (95% CI
0.806–1.046) for other sellar lesions (Figure 2), and there were
marginally significant differences among the six sellar lesion
subtypes. The results of the S-ErCT subtype prediction by the
ROC curve analysis model with existing unique clinicopathologic
features are shown in Table 4. The accuracy rate of subtype
diagnosis was 89.83%, with the highest accuracy rate achieved for
the PA subtype (93.94%). The accuracy rates for hypophysitis,
aneurysm, and other sellar lesions were 82, 75.75, and
81.82%, respectively.

To assess the utility of these clinicopathologic feature
parameters as diagnostic tools, we performed ROC curve
analysis. The ROC curve shows [ciliated columnar cell or
TABLE 4 | Total surgical data and follow-up sellar lesion and pituitary adenoma subtype.

Factors
parameters

RCC co PA Subtypes—other and Acromegaly N = 87 RCC as
Hypophysitis

N = 16

RCC co
Aneurysm

N = 4

RCC co Other sellar lesion-N = 11

RCC co Subtype PA—
other
N = 67

RCC co Subtype PA—
Acromegaly

N = 20

Chordoma and
Craniopharyngioma

N = 5

Other sellar
lesions
N = 6

HR 4.415 2.286 3.31 0.937 2.467 1.068
(95% CI) (1.803–10.808) (0.886–5.898) (1.230–8.907) (0.263–

3.340)
(0.736–8.269) (0.299–3.807)

P* 0.001 0.087 0.018 0.92 0.143 0.92
AUC 0.981 0.848 0.531 0.926
(95% CI) (0.959–1.005) (0.687–1.008) (0.104–

0.958)
(0.806–1.046)

Preoperative-PF
(%)
PRL↑ 32 (47.76%) – – – 1 (20%) –

GH↑ 4 (5.97%) 10 (50%) – – – –

ACTH↑ 5 (7.46%) – 1 (6.25%) – 1 (20%) –

DI/+Hypo – 1 (5%) 3 (18.75%) – – –

FSH/LH/T TSH/
FSH

2 (2.98%) – – – 1 (20%) –

Unknown 2 (2.98%) – 1 (6.25%) – – 1 (20%)
Hypo/PHP 6 (8.95%) 9 (45%) – – 3 (60%) 4 (60%)
Normal 2 (2.98%) 10 (62.5%) 1 (20%) 1 (20%)

14 (20.89%) 2 (12.5%) 1 (20%)
Postoperative-PF
(%)
DI/+Hypo/+AI 6 (8.95%) 2 (10%) 5 (31.25%) – 1 (20%) 1 (20%)
Hypo/+TD - – – 1 (25%) – 1 (20%)
PHP 3 (4.47%) – 4 (25%) – 1 (20%) 2 (30%)
Normal 56 (83.58%) 13 (65%) 6 (37.5%) 3 (75%) 3 (60%) 2 (30%)
Unknown 2 (2.98%) 5 (25%) 1 (6.25%)
Therapeutics (%)
TSS 60 (89.55%) 19 (95%) 15 (93.75%) – 4 (66.67%) 4*(70%)
Cr/ ± CE 5 (7.46%) – 1 (6.25%) 4 (100%) 2 (33.33%) 2 (30%)
Conservative 1 (1.49%) 1 (5%) – – – –

REPL-T 2 (2.98%) – – – – –

Follow-up time
(%)
3–12 months 9(14.43%) 5 (25%) – 3 (75%) – 1 (20%)
1–3 years 13 (19.40%) 2 (10%) 5 (31.25%) 1 (25%) 1 (20%) 2 (30%)
3–7 years 7 (10.44%) 1 (5%) 1 (6.25%) – – –

Uncertain 34 (50.75%) 12 (60%) 10 (62.5%) 4 (80%) 3 (50%)
Recurrence 2 (2.98%)
Died 2 (2.98%)
April 2021 | Volume 1
PF, Pituitary Function; co, coexistent; as, associated with; other, pituitary adenomas of other types except growth hormone adenomas type; Hypo, Hypopituitarism; AI, adrenal
insufficiency; TSS, trans-sphenoidal surgical; CCC, Ciliated columnar cells; SSC, stratified squamous cells; DI, diabetes insipidus; PHP, panhypopituitarism; TD, thyroid dysfunction; Cr,
Craniotomy; CE, coil embolization. Other sellar lesion：Epidermoid+ Dermoid+Salivary gland remnants+granulomatosis+pituitary abscess+pituitary apoplexy. 4*, one of the1case had
5time TSS; HR, hazard ratio; CI, indicates confidence interval; REPL-T, Replacement therapy. P*, P value. AUC, area under the curve. Uncertain, include lost follow-up; follow-up time.
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FIGURE 1 | Forest plot for the subgroup analysis of various population-based age groups and risk of age graph. This graph compares the risk of various subgroups
(represented by combined RCC with sellar lesion) in each age group and the degree of merger risk within the age group (30–39 y, 50–59 y) calculated using our
predictive model.
Frontiers in Oncology | www.frontiersin.org April 2021 | Volume 11 | Article 649958711
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FIGURE 2 | AUC determination using receiver operating characteristic (ROC) curves. (A) Information on the results of age group value markers and RCC coexisting
with pituitary adenoma subtype, assessed by the AUC. (B) Information on the age group value markers and RCC coexisting with hypophysitis, assessed by the
AUC. (C) Information on the age group value markers and RCC coexisting with aneurysm, assessed by the AUC. (D) Information on the age group value markers
and RCC coexisting with other sellar lesions, assessed by the AUC. (E) RCC and various sellar lesions in 118 patients classified into five groups according to
different sellar lesions. Total ROC plot.
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monolayer of cuboidal (CA-ccc)] a sensitivity of 89.93% and a
specificity of 100%.

Factors Associated With S-ErACT
Formation Included RCC and Various
Sellar Lesions and Clinical Characteristics
As presented in Table 4, all four subtypes of S-ErACT were
significantly associated with RCCs and with all types of PAs
(HR 4.415, 95% CI 1.803–10.808, P = 0.001, HR 2.286, 95% CI
0.886–5.898, P = 0.087), Hypo (HR 3.310, 95%CI 1.230–8.907, P =
0.018), CD and CP (HR 2.467, 95% CI 0.736–8.269, P = 0.143),
EC and DC and PG and SGR (HR 1.068, 95% CI 0.299–3.807, P =
0.920) coexisting with RCC. An additional analysis was performed
to assess the correlations between the clinical features and
embryonic remnant-associated tumors of the sellar region in
patients with collision lesions. As indicated in Table 4,
concerning the association of RCC coexisting with all types of
sellar lesions by specific subtypes, no difference was observed,
regardless of whether CA-ccc and SSEC or GA and SA were
present. Among embryonic remnant-related lesions, intermediate
lobe-located lesions were associated with the pituitary and CP
compared with the suprasellar septum or posterior lobe. RCC and
sellar lesions showed an association with coexisting lesions.

In the follow-up analysis, various subgroups showed no
difference in overall survival (OS), and relapse-free survival (RFS)
(P = 0.231, P = 0.664) (Figure 3). TheMedian overall survival period
was 22.93 months. The 3- and 5-year OS rates were 95.50 and
95.77%, respectively, which did not differ based on imaging
evidence. In this group, 2 (2.98%) patients experienced recurrence.
Frontiers in Oncology | www.frontiersin.org 913
Risk of Bias (Methodological Quality)
The risk of bias in the included case series/case-control original
studies is shown in Figure 4. The bias risk of all studies in the
literature was evaluated in seven domains; 50 studies (case series)
and 17 studies (case controls) were at risk of unbiased data
(attrition bias) and were considered low risk in terms of bias. In
terms of bias in measuring the results, only one study in the case
series had incomplete outcome data (attrition bias).

Disease Model Validation
A 23-year-old Chinese man presented to the clinic 2 days
following sudden onset of headache and vomiting. Neurological
examination revealed no focal deficit include oculomotor palsy or
visual field defect. Computerized tomography (CT) and MRI
image showed 2.5 × 2.4 × 2.3 cm cystic-solid lesion in the sellar
and suprasellar regions, which had low signal intensity on T1-
weight image and high signal intensity on T2-weighted image. The
cystic mass located between the anterior and posterior pituitary
lobes, and no evidence of SAH (Case illustrate - Figure 1A). A
disease was suspected. Endocrinological evaluation revealed a
serum prolactin level of 12.0 ng/mL (reference range, normal
2.1–11.7 ng/mL), testosterone level of 255.9 ng/dL (reference
range, normal 358–1217 pg/dL), and estradiol level of 0.0 pg/mL
(reference range, normal 19.9–47.9 pg/dL), adrenocorticotrophic
hormone, follicle stimulating hormone, luteinizing hormone,
growth hormone, insulin-like growth factor, thyroid stimulating
hormone, free T3, free T4, and cortisol were within normal limits.

The patient underwent microsurgical resection using the
trans-sphenoidal surgery (TSS) approach under general
A B

FIGURE 3 | Kaplan-Meier plot for overall survival (OS) (A) and relapse-free survival (RFS) (B) in patients with RCC coexisting with various sellar lesions. (A, 1):
Kaplan-Meier plot for overall survival in patients. The solid blue line represents patients with the coexistence of RCC and PA (n = 67). The solid green line represents
patients with the coexistence of RCC and somatotroph adenoma (acromegaly) (n = 20). The solid yellow line represents patient with the coexistence of RCC and
hypophysitis (n = 16). The solid purple line represents patients with the coexistence of RCC and aneurysm (n = 4). The solid yellow line represents patients with the
coexistence of RCC and chordoma and craniopharyngioma (n = 5). The solid red line represents patients with the coexistence of RCC and other sellar lesions (n = 6)
(epidermoid cyst, dermoid cyst, pituitary granulomatosis, salivary tumor, salivary gland remnants). There was no significant difference in OS and RFS between the six
subgroups of patients (P = 0.231). (B, 2): Kaplan-Meier plot showing the relapse-free survival (RFS) of patients. There was no significant difference in OS and RFS
among the six subgroups of patients (P = 0.664). The P-values were obtained by the log-rank (Mantel-Haenszel) test.
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anesthesia. Intraoperatively, the cyst was found to contain
whitish yellow free-flowing mucus (Case illustrate - Figure 1)
the pathology was consistent with that of an RCC (Case
illustrate - Figure 3). Gross total resection (complete cyst and
wall excision) was performed without intraoperative tearing of
the arachnoid membrane or subsequent cerebrospinal fluid
(CSF) leakage and massive hemorrhage.

The patient’s level of arousal at postoperative 24 hours
decreased to somnolence. The pupils were equal and reactive
to light bilaterally. The visual fields were full, and the extraocular
eye movements were intact. Laboratory test results were normal.
Postoperative CT (postoperative day 1) revealed Fisher grade IV
SAH (Case illustrate - Figure 1). Computerized tomographic
angiography (CTA) demonstrated a 5 mm AComA aneurysm
with diffuse perfusion delay in the anterior longitudinal fissure
and bilateral sylvian fissures (Case illustrate - Figure 2). The
patient underwent a right frontotemporal craniotomy to treat
the aneurysm (postoperative day 3). When the dura mater
was opened, the brain was found to be swollen and the SAH
was clearly observed. Intraoperative findings were consistent
with that of a ruptured AComA aneurysm (Case illustrate -
Figure 2). The patient recovered well following craniotomy and
clipping of the aneurysm and was discharged home 5 days
following the clipping. There was no symptomatic cerebral
vasospasm or hydrocephalus. At 6 months follow-up, visual
field acuity had fully recovered to the preoperative level, and
physical examination findings remained unchanged. A repeat
CT and MRI of the brain with gadolinium showed no residual
tumor or cyst recurrence.
DISCUSSION

S-ErACT is a rare entity that consists of two distinct neoplasms
that have an embryological ancestry (or share common
embryologic ancestry), develop in juxtaposition to one another
and have no or varying degrees of involvement intermingling
between them; moreover, one of the tumors may exhibit
characteristics of pluripotent stem cells (stratified squamous
epithelial progenitor cells) (7). The use of preoperative MRI/
CT diagnosis to distinguish both lesions is challenging, as they
share similarities in radiological appearance and are often
incidental. However, the presence of both lesions significantly
alters the biological behavior of tumors and can be mistaken for
cystic sellar lesions (17, 18), and postoperative pathological
diagnosis is the only main basis for distinguishing the two.

Whereas the results of analyses on the outcomes of RCC
coexisting with sellar lesions in adults are available, there are no
such studies on different age groups and the clinicopathology of
sellar collision lesions. Thus far, it is known from the MEDLINE
database that embryonic remnants are significant risk factors for
sellar tumors. In this study, the incidence rates of concomitant
sellar lesions were influenced by the presence of RCC, PA, age,
and S-ErACTs but not by location. The risk of coexistence was
most significant in patients aged 30–39 years (PA), 50–59 years
(SA), 12–19 years (Hypo), and ≥60 years (aneurysm), compared
FIGURE 4 | Review author's judgements about each risk of bias item for
each included case series /case-control.
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FIGURE 5 | Histological feature of Aneurysm with Rathke’s cleft cyst, H&E stained section. (A) Shows the histological features of simple partial covered squamous
epithelium with fibrous connective tissue presents acute and chronic inflammation (×150). (B) Squamous epithelial mucosa (×300). (C) The keratin in the cyst wall.
(D) cystic wall lined by a squamous epithelium (×400). (E) Groups of inflammation cells (400×). (F) cuboidal ciliated epithelium cells(arrows) (×400).
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with those who were in other age groups (various sellar lesions).
Women had a higher prevalence of the coexistence of RCC with
sellar lesions than men. Patients with coexisting PA and Hypo or
CD and CP had a higher prevalence than those with coexisting
aneurysm. The coexistence of RCCs and AComA aneurysms has
rarely been reported, and systematic reviews of just four cases
(including our one case) have been published from 1920 to 2018
(19–22).
Frontiers in Oncology | www.frontiersin.org 1115
We calculated that in a population of people with collision
lesions consisting of men and females of various ages, the
incidence rates of RCC coexisting with PA ranged from 0.02 to
57.91%. This is higher than that in previous studies, which
reported a range of 1.7–1.9%. This difference can be explained
by adjustments for age and sex in retrospective studies. Our
present findings are probably more accurate because we included
approximately several times more studies than previous works,
April 2021 | Volume 11 | Article 649958
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FIGURE 6 | Histological features of Human bronchial epithelium and Rathke’s cleft cyst epithelium, H&E stained section. (A) Ciliated bronchial epithelium (arrows)
(×100). (B) Cuboidal ciliated epithelium (arrows) (×400).
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and more importantly, we were able to adjust IR for different
age groups.

Different age groups and histopathological characteristics are
major risk factors for RCC coexisting with various sellar lesions,
and patients who have sellar embryonic remnants are at
increased risk of developing this disease over time. Owing to
abundant data, we could separately assess the incidence of
concomitance (RCC and various sellar lesions) in different age
groups and patients with various subtypes of coexistence of sellar
lesions. For patients who are in different age groups and have
sellar embryonic remnant-associated disease, there may be a
clear association. This means that these embryonic residues,
which should have disappeared after birth or with
development, are affected by acquired factors, such as hormone
axes and changes in the developmental environment.

Although collision lesions of the sellar region are incidentally
found at the clinic or on imaging, the rate of asymptomatic cystic
lesions identified at autopsy is as high as 33% (9). The cell
distribution of the various embryonic remnants in
histopathological patterns is as follows: ciliated columnar cells
or monolayers of cuboidal, stratified squamous epithelium,
inflammatory cells, respiratory type epithelium, cilia, and
mucous secreting goblet cells, and some were squamous
metaplasia (see Figure 5). They have a similar location in the
sellar and suprasellar regions and show overlapping
histopathologic features, namely, ciliated columnar epithelium
to ciliated squamous epithelium to squamous epithelium. This
reflects the process of lesion development; the changes in these
Frontiers in Oncology | www.frontiersin.org 1216
pathological cells are similar to embryonic esophageal epithelial
replacement during the embryonic period. These pathological
changes in the respiratory-type epithelium (see Table 3)
prompted us to examine the bronchial epithelial structure. In
contrast, the pathological structure of the RCC cyst wall was
surprisingly similar to that of bronchial epithelial cells (see
Figure 6), suggesting that the presence of squamous metaplasia
or pseudostratified cuboidal cells in the cyst wall was regenerative
and revealing that this layer of cells has the characteristics of
progenitor cells or stem cells. Recent experimental studies have
also confirmed this view (23). Another study suggested that
squamous metaplasia and isointensity on T2-weighted MRI were
independent predictors of cyst recurrence (24).

The changes in RCC pathological cells and the similarity
between the pathological structures and the bronchial epithelium
structure support the theory of the development of the
pharyngeal bursa after migration (25). There is compelling
evidence to show that a proportion of stem cells around
the pituitary cleft and marginal zone in the pituitary or
epithelial cells in Rathke’s pouch wall formed by mesenchyme
accumulation may undergo further differentiation in response
to some growth (23, 26–28). Under different inducing factors,
these progenitor cells behave similarly to the transition cells
proposed by Kepes (29). This finding illustrates the replacement/
or renewal process to transitional and accumulation of
epithelial cells (30). In a more recent report published in
2018, four cases of previously diagnosed RCC were
reclassified as papillary craniopharyngioma because they were
April 2021 | Volume 11 | Article 649958
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BRAFV600E positive, implying the transformation of RCC into
papillary craniopharyngioma (16).

This evidence supports our study as the basis for the theory of
the postmigration development of the pharyngeal bursa.
However, evidence of a common origin remains controversial.
To our knowledge, PA is the independent risk factor with the
highest risk (minimal difference in collision accuracy) according
to the pathological graded risk for association with RCC.
Interestingly, we found that gonadotroph hormone adenoma
(HR 2.719) and corticotrophin hormone adenoma (HR 2.652)
had the highest risk of merging with RCC among the
pathological subtypes of PA (Table 2). Evaluations of both age
and pathology for sellar lesions may provide meaningful
information to determine whether there are pathological
structures and cells with potential stem cell characteristics in
constantly changing pathological tissues and concomitant/
associated diseases in the sellar region.

In fact, we observed differentiated epithelial cells in RCC,
from single columnar epithelium to ciliated epithelium, and GC
(HR 13.195, P = 0.005) and/or stratified epithelium had a
significantly higher risk of replacement/renewal to transitional/
accumulation. This finding shows the process of replacement/
renewal or transition and accumulation of epithelial cells, which
may arise from Rathke’s pouch parietal cells, as they are
composed of progenitor cells, which directly differentiate
from stem cells. These lesions (RCC co PA) have been found
to contain ciliated columnar cells or monolayers of cuboidal
cells and show different incidence rates (IR) ranging from
0.02 to 27.62%, suggesting an intermediate entity between RCC
and sellar lesions, and this evidence lends support to this
idea (13).

Our data also demonstrated that the different sellar
embryonic remnants associated with tumor progression
represent a multistep process that involves age and the
accumulation of heterogeneous genetic mutations. Previous
studies have reported that the pathological findings of various
diseases in the sellar region are consistent with RCC embryology
and elements (6, 31). However, it has recently been asserted that
the persistence of the embryonal morphology of the infundibular
recess might then be the result of dysembryogenesis in humans.
No data have yet confirmed the neoplastic nature of the lesion
(8). In addition, evaluating RCCs and sellar lesions is useful
because it yields information on RCCs and the pathological
tissue in sellar lesions. However, its role in pathogenesis
remains unclear.

This study has several limitations. First, it was a retrospective
study, so unknown biases could be present, and any biases
would affect positive results. Another limitation is the small
sample size. We only provide pooled data for patients who had
reported morbidities, but those who were already sick and
reported were not included (patients not included because of
incomplete full-text retrieval or inconsistent data). Thus, more
studies are needed to focus on such patients. The unknown
heterogeneity of the included studies in terms of study design,
regions of study, time of onset, age at diagnosis, living
environment, and other factors made it difficult to achieve
valid and stable meta-analysis.
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CONCLUSIONS

These pathological changes represent crucial information on
sellar embryonic remnant-associated collision tumors and
provide necessary clinical observation data to these tumors.
Exploratory traceability studies have shown that our clinical
observation data verify the accumulation process from ciliated
columnar epithelium to ciliated squamous epithelium to
squamous epithelium and that the RCC cyst wall has
tracheobronchial airway epithelium with similar characteristics
to progenitor cells. It is necessary to further expand this work to
find more evidence.
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Objective: Atypical meningioma is a non-benign tumor, and its prognostic factors and
treatment strategies are unclear.

Methods: Patients with atypical meningioma, between 2004 and 2016, were collected
from the Surveillance, Epidemiology, and End Results database. Then, we randomly
divided patients into a training set and a validation set at a ratio of 8:2. The nomogram was
constructed based on the multivariate Cox regression analyses. And the concordance
index, calibration curves, and receiver operating character were used to assess the
predictive ability of the nomogram. We divided the patient scores into three groups and
constructed a survival curve using Kaplan–Meier analysis.

Results: After our inclusion and exclusion criteria, 2358 patients were histologically
diagnosed of atypical meningioma. The prognostic nomogram comprised factors of
overall survival, including age, tumor size and surgery. The concordance index was 0.715
(95%CI=0.688-0.742) for overall survival in the training set and 0.688 (95%CI=0.629-
0.747) for overall survival in the validation set. The calibration curves and receiver
operating character also indicated the good predictability of the nomogram. Risk
stratification revealed a statistically significant difference among the three groups of
patients according to quartiles of risk score.

Conclusion:Gross total resection is an independent factor for survival, and radiation after
non-gross total resection potentially confers a survival advantage for patients with atypical
meningioma.

Keywords: atypical meningioma, prognostic factor, treatment, SEER database, nomogram
INTRODUCTION

Meningiomas constitute the most prevalent primary intracranial tumor, with an annual incidence of
around 5 per 100,000 individuals, which account for approximately 30% of central nervous system,
ranging from World Health Organization (WHO) grade I benign to WHO grade III malignant
meningioma (1, 2). Atypical meningioma, as grade II, belongs to a distinctive category with a typical
behavior, accounting for 8% of all meningiomas (3).

For treatment strategy in the atypical meningioma, an increasing number of reports advocated
the critical importance of extensive resection as initial therapy (4, 5), which indicated the extent of
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resection affected prognosis. But some scholars suspected the
role of aggressive resection on survival. On the other hand,
limited literature existed over whether radiotherapy should be
added into standard therapy regardless of the extent of resection
for this non-benign tumor (6–9).

Given the controversy in the literature, and undetailed
enunciation about prognostic factors for atypical meningioma
from small series (10–12), we aimed to identify the prognostic
factors to modify treatment strategies so as to improve the
survival of patients with this tumor. Meanwhile, a nomogram
model was established and validated for reliable estimation of 3-,
5-, and 8-year survival.
MATERIAL AND METHODS

The National Cancer Institute’s Surveillance, Epidemiology and
End Results (SEER) database includes incidence, patient
demographics, clinic-pathological, treatment, and survival data
from approximately 28% of the US cancer cases. This study
cohort included adult patients more than 18 years old with
histologically confirmed atypical meningioma. The extracted
clinical information included in the following: patient ID, age
at diagnosis, sex, race, year of diagnosis, primary site, laterality,
tumor size, diagnostic confirmation, surgery at the primary site,
radiation code, survival months, and vital status. The exclusion
criteria were as follows (Supplementary Figure 1): 1) missing
critically clinical patient information; 2) not confirmed
histologically atypical meningioma; 3) patient survival time
equally to 0 month; 4) not primary sequence only; 5) patients
without surgical resection.

After filtering the data, additional classification was
performed: sex (female vs. male), location (cerebral menings vs.
non-cerebral menings), laterality (left vs. right vs. bilateral vs.
others), surgery (gross total resection (GTR) vs. non-GTR), and
radiation (yes vs. no). The age and tumor size were divided into
subgroups using the receiver operating character (ROC). For the
extent of resection, “radical resection” was considered GTR;
“biopsy”, “subtotal resection”, and “partial resection” were
considered non-GTR. The endpoint was defined as overall
survival (OS).

Construction and Validation
of the Nomogram
The enrolled patients were randomly divided into training and
validation sets at a ratio of 8:2, and the clinical information of
two groups were described. Survival analysis were performed
using univariate and multivariate proportional hazard models.
Univariate analysis was performed first and variables were
inclusion for multivariate analysis if the univariate p value<0.15.

The nomogram was established to estimate 3-, 5-, and 8-year
OS rates for patients with atypical meningioma, and then
Abbreviations: C-index, concordance index; GTR, gross total resection; OS,
overall survival; PFS, progression-free survival; ROC, receiver operating
characteristic; SEER, Surveillance, Epidemiology and End Results; STR, subtotal
resection; WHO, World Health Organization.
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nomogram models were internally validated. To verify the
discrimination ability of the nomogram, we used concordance
index (C-index) and ROC in the training and validation sets. In
addition, calibration curve was performed to assess the
consistency between actual prognosis and predicted survival.

Categorical variables were compared with the Chi-square or
Fisher’s exact test, and continue variables were compared with
the independent-samples student’s t-test. In addition, we
calculated the scores of each patient in the training cohorts
based on the nomogram models. Then, we divided the training
set into three groups according to the total score of each patient,
and constructed the survival curve and log-rank test to compare
the OS of patients in the different groups.

Statistical Analysis
Statistical analysis was performed using R statistical software
(version 3.6.3) and SPSS software (version 25.0; IBM Corp,
Armonk, NY, USA), p<0.05 was considered statistically significant.
RESULTS

After our inclusion and exclusion criteria, 2358 patients with
histologically-identified atypical meningioma in the SEER
database and were included in our further analysis. The best
cut-off value for the age and the tumor size were determined to
be 67.5 years and 52.5 mm, respectively. The clinical variables of
patients were in the training and validation sets (Table 1).

The Training Set
Of 1888 patients in the training set, there was 1105 (58.5%)
female patients and 783 (41.5%) male patients, with a female-
male ratio of 1.4. The median age at diagnosis was 61 years, with
an age range of 20-93 years. The majority of patients (n=1110,
58.8%) were diagnosed after year 2011. The 3-, 5-, and 8-year OS
for all patients by Kaplan-Meier analysis were 87.1%, 78.9%, and
67.7%, respectively. GTR was achieved in 1098 (58.2%) patients,
and non-GTR was achieved in 790 (41.8%) patients. Most
patients (n=1375, 72.8%) declined adjuvant radiotherapy.

Using univariate analysis, factors significantly predicting
worse OS included age more than 67.5 years (HR=4.219, 95%
CI=3.454-5.153; p<0.001) (Figure 1A), and tumor size more
than 52.5mm (HR=1.752, 95% CI=1.441-2.130; p<0.001)
(Figure 1B); factors trending toward a better OS included male
(HR=1.193, 95%CI=0.981-1.450; p=0.077) and GTR (HR=0.825,
95%CI=0.678-1.003; p=0.053) (Figure 1C). By multivariate
analysis, older age (HR=4.184, 95%CI=3.417-5.124; p<0.001),
larger tumor size (HR=1.692, 95%CI=1.389-2.061; p<0.001)
significantly predicted worse OS, and GTR (HR=0.818, 95%
220 CI=0.673-0.995; p=0.045) was an independent favorable
factor of better OS (Figure 2).

The prognostic nomogram (Figure 3A) comprised all
significant factors of OS based on the multivariate analysis.
The C-index for OS was 0.715 (95%CI=0.688-0.742). AUCs for
ROC curves (Figure 3B) and the calibration plot (Figures 3C–E)
for the probability of survival at 3, 5, and 8 years displayed an
ideal agreement between the prediction and actual observations
May 2021 | Volume 11 | Article 676683
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by nomogram, which suggested that the best discriminative
ability of nomogram models.

The Validation Set
A total of 470 patients were included in the validation set. The
median age at diagnosis was 60 years (range, 21-90 years), and the
sex distribution showed a slight female predominance (n=261,
55.5%). 75.1% of patients (n=353) were white, 14.3% of patients
(n=67) were black, and 10.7% of patients (n=50) were others and
unknown. The median tumor size was 47mm, ranging from 5 to
120mm. Therapeutically, 266 (56.6%) patients underwent GTR
and 147 (31.3%) patients received adjuvant radiation. We did not
Frontiers in Oncology | www.frontiersin.org 321
get the median OS. The 3, 5-, and 8-year OS rates were 87.5%,
80.3% and 69.0%, respectively, ranging from 1 to 155 months.

Univariate analysis revealed that age more than 67.5 years
(HR=3.336, 95%CI=2.218-5.020; p<0.001) (Figure 4A), and
tumor size more than 52.5 mm (HR=1.524, 95%CI=1.013-
2.293; p=0.043) were significantly associated with worse
survival (Figure 4B). GTR (HR=0.680, 95%CI=0.452-1.024;
p=0.065) trending toward a better survival (Figure 4C).
Multivariate analysis revealed that age more than 67.5 years
(HR=3.474, 95%CI=2.304-5.239; p<0.001) and tumor size more
than 52.5mm (HR=1.619, 95%CI=1.075-2.439; p=0.021)
remained statistical significance (Figure 5).
TABLE 1 | Demographic characteristics of included 2358 cases with atypical meningioma.

Variable Total Training set Validation set P value
n (%) n (%) n (%)

2358 1888 (80.1) 470 (19.9)
Sex 0.239*
Male 992 (42.1) 783 (41.5) 209 (44.5)
Female 1366 (57.9) 1105 (58.5) 261 (55.5)
Race 0.554*
White 1738 (73.7) 1385 (73.4) 353 (75.1)
Black 325 (13.8) 258 (13.7) 67 (14.3)
Other 275 (11.7) 229 (12.1) 46 (9.8)
Unknown 20 (0.8) 16 (0.8) 4 (0.9)
Age, years 0.192†

Range 20-93 20-93 21-90
Mean 59.2 ± 15.0 59.4 ± 15.1 58.4 ± 14.8
Median 60 61 60
Location 0.981*
Cerebral meninges 2165 (91.8) 1731 (91.6) 434 (92.3)
Meninges, NOS 165 (7.0) 132 (7.0) 33 (7.0)
Cerebrum 2 (0.1) 2 (0.1) 0
Frontal lobe 13 (0.6) 11 (0.6) 2 (0.4)
Temporal lobe 2 (0.1) 2 (0.1) 0
Parietal lobe 2 (0.1) 2 (0.1) 0
Occipital lobe 2 (0.1) 2 (0.1) 0
Cerebellum 2 (0.1) 2 (0.1) 0
Brain, NOS 2 (0.1) 1 (0.1) 1 (0.2)
Overlapping lesion of brain 2 (0.1) 2 (0.1) 0
Pineal gland 1 (0) 1 (0.1) 0
Year of diagnosis 0.846*
2004-2010 974 (41.3) 778 (41.2) 196 (41.7)
2011-2016 1384 (58.7) 1110 (58.8) 274 (58.3)
Laterality 0.164*
Bilateral 51 (2.2) 36 (1.9) 15 (3.2)
Left 1072 (45.5) 868 (46.0) 204 (43.4)
Right 1032 (43.8) 820 (43.4) 212 (45.1)
Not a paired site 97 (4.1) 78 (4.1) 19 (4.0)
Only one side 3 (0.1) 1 (0.1) 2 (0.4)
Paired site 103 (4.4) 85 (4.5) 18 (3.8)
Tumor size, mm 0.078†
Range 5-145 6-145 5-120
Mean 49.3 ± 17.2 49.6 ± 17.2 48.0 ± 16.9
Median 49 49 47
Surgery 0.540*
Non-GTR 994 (42.2) 790 (41.8) 204 (43.4)
GTR 1364 (57.8) 1098 (58.2) 266 (56.6)
Radiation 0.076*
Yes 660 (28.0) 513 (27.2) 147 (31.3)
None 1698 (72.0) 1375 (72.8) 323 (68.7)
May 2021 | Volume 11 | Article
*Chi-square test.
†Independent t-test.
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The prognostic nomogram (Figure 6A) comprised two
significant factors (age and tumor size) and one therapeutic
factor (surgery, p=0.051). The C-index was 0.688 (95%CI=0.629-
0.747) for OS, the AUCs for ROC curves indicated that
nomogram models had best risk discriminative ability
(Figure 6B), and the predicted calibration curves were closed
to the standard curves for 3-, 5-, and 8-year survival for OS
(Figures 6C–E).

Risk Stratification
The total score was calculated for each patient in the training
and validation sets, and the scores were divided into three
subgroups for OS (0-14.1, 14.1-52, 52-152, training set; 0,
33-71.7, 71.7-171.7, validation set) to display different outcomes
(Supplementary Figure 2A and Figure 2B).
Frontiers in Oncology | www.frontiersin.org 422
To explore the role of adjuvant radiotherapy in addition to
STR in survival, the entire cohort was divided into GTR and non-
GTR groups. In the both GTR and non-GTR groups, there was
no significant difference in survival between surgery alone and
surgery with radiation. (Chi-square=0.018, p=0.893, log rank;
GTR group). But, in the non-GTR group, surgery with radiation
toward reaching a significantly increased survival compared with
surgery alone (111.7 vs. 107.2 months) (Chi-square=2.363,
p=0.124, log-rank; non-GTR group).
DISCUSSION

Prior to this study, to our best knowledge, there was no
nomogram model for atypical meningioma, and because of
A B C

FIGURE 1 | Kaplan–Meier estimated overall survival in patients with atypical meningioma that were: age<67.5 years vs. age≥67.5 years (A) tumor size<52.5mm vs.
tumor size≥52.5mm (B) non-gross total resection vs. gross total resection (C).
FIGURE 2 | The forest map of Cox regression analysis. Univariate and multivariate Cox regression analyses and estimating the risk factors for overall survival in the
training set. *Means P < 0.05.
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FIGURE 3 | Nomogram used to predict the 3-, 5- and 8-year OS rates of patients with atypical meningioma (A). AUC curve of receiver operating character of the
nomogram for predicting the 3-, 5- and 8- year overall rates of patients with atypical meningioma from the training set (B). Calibration curve of the nomogram for
predicting the 3- (C), 5- (D) and 8- (E) year OS rates of patients with atypical meningioma from the training set.
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhang et al. Atypical Meningioma
this, a nomogram was developed based on a SEER database in
this study. We identified the age, tumor size and surgical
treatment as significant prognostic factors of OS. The
nomogram established in this study not only was of high
predictive power but also significant for clinical treatment.

Female sex showed a predominance in terms of incidence, and
it conferred a toward OS advantage in univariate analysis. We
were aware that most benign meningioma had slight prediction to
affect female patients. But the potential relation between sex and
survival in atypical meningioma need to be further explored.
Older patients more than 67.5 years had an increased risk of
mortality, in our study, compared with those who were under
67.5 years, which was consistent with previous studies (13–15).

A larger tumor size was found to be a paramount
consideration associated with worse survival, which has been
rarely reported by others. Larger tumor size had greater mass
Frontiers in Oncology | www.frontiersin.org 624
effect and more non-tumor tissues were involved at a high risk,
which caused a difficulty for total resection.

Zaher et al. (13) reported on 44 patients with atypical
meningioma who were surgically treated between 2009 and
2012, GTR was achieved in 16 cases and subtotal resection
(STR) was achieved in 22 cases. A significant difference in OS
between GTR and STR was observed in their study. Also, in a large
series of 302 cases with atypical meningioma (16), the 3- and 5-
year OS rates for GTR were 94.0% and 83.9%, respectively, and the
3- and 5- year OS rates for STR were 84.5% and 70.0%,
respectively. Our study confirmed the findings of previous
literature regarding complete resection statistically associated
with increase in survival, which indicated that extent of resection
was the most significant factor for outcome. On the contrary to us,
some studies did not support the role of GTR in OS, although they
demonstrated that GTR as a favorable factor of better progression-
A B C

FIGURE 4 | Kaplan–Meier estimated overall survival in patients with atypical meningioma that were: age<67.5 years vs. age≥67.5 years (A) tumor size<52.5mm vs.
tumor size≥52.5mm (B) non-gross total resection vs. gross total resection (C).
FIGURE 5 | The forest map of Cox regression analysis. Univariate and multivariate Cox regression analyses and estimating the risk factors for overall survival in the
validation set. *Means P < 0.05.
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FIGURE 6 | Nomogram used to predict the 3-, 5- and 8-year OS rates of patients with atypical meningioma (A). AUC curve of receiver operating character of the
nomogram for predicting the 3-, 5- and 8- year overall rates of patients with atypical meningioma from the validation set (B). Calibration curve of the nomogram for
predicting the 3- (C), 5- (D) and 8- (E) year OS rates of patients with atypical meningioma from the validation set.
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free survival (PFS) (17). Moreover, many studies assessed the effect
of surgery on PFS following surgery, rather than OS after surgery
(7, 18). Our studies made up for the lack of association between
surgery and OS in the historical process.

The effect of adjuvant radiotherapy on survival of patients
with atypical meningioma remained controversial (14). In our
study, adjuvant radiation was not statistically related to increased
OS. A multi-institutional study of 166 patients with grade II
meningioma (atypical meningioma, n=149) by Purand et al. (19)
over 14 years showed radiation did not affect OS. In another
series of 99 cases with atypical meningioma, 72.7% patients
received adjuvant radiotherapy. A significant difference,
between surgery alone and surgery with radiotherapy, was not
observed in either PFS or OS (20). In addition, there was an
observe trend toward reduced risk of mortality with non-GTR+
radiotherapy compared with non-GTR alone, but it did not reach
a significance. Despite a large sample size, we failed to prove the
significant role of radiation in addition to non-GTR in survival.
While some studies showed benefits to adjuvant radiation only in
patients who underwent STR, rather than GTR (21–23). But in
MK et al. and HP et al. studies, they found that radiation after
even GTR could contribute to an improvement in PFS (24, 25).

There were several limitations of this study. The nomogram
was established based on SEER database in the United States,
which was probably not representation of patients worldwide
with atypical meningioma. Moreover, considering a retrospective
study, some critical prognostic factors were not included in our
study due to the limitations of SEER database, such as the clinical
presentation, bone/brain invasion and tumor markers, which
might affect survival. Additionally, it was unable to stratify for
Simpson grades and tumor location (convexity vs. non-
convexity) that might be potential factors of survival.
CONCLUSION

The proposal nomogram in this study accurately predicted the
OS. Accordingly, GTR is an independent factor for survival, and
Frontiers in Oncology | www.frontiersin.org 826
radiation after non-GTR potentially confers a survival advantage
for patients with atypical meningioma.
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Surgery for pituitary adenomas (PAs) with cavernous sinus (CS) invasion in Knosp grade 4 is
a great challenge and whether to adopt a conservative or aggressive surgical strategy is
controversial. The aim of this study is to provide the outcomes and complications of an
aggressive resection strategy for Knosp grade 4 PAs with transsphenoidal endoscopic
surgery. Outcomes and complications were retrospectively analyzed in 102 patients with
Knosp grade 4 PAs. Among them, primary PAs were seen in 60 patients and recurrent PAs
were seen in 42 cases. Gross total resection (GTR) of the entire tumor was achieved in 72
cases (70.6%), subtotal tumor resection (STR) in 18 cases (17.6%), and partial tumor
resection (PTR) in 12 cases (11.8%). Additionally, GTR of the tumor within the CS was
achieved in 82 patients (80.4%), STR in 17 patients (16.7%), and PTR in 3 patients (2.9%).
Statistical analyses showed that both recurrent tumors and firm consistency tumors were
adverse factors for complete resection (P<0.05). Patients with GTR of the entire tumor were
more likely to have favorable endocrine and visual outcomes than those with incomplete
resection (P<0.05). Overall, the most common surgical complication was new cranial nerve
palsy (n=7, 6.8%). The incidence of internal carotid artery (ICA) injury and postoperative
cerebrospinal fluid (CSF) leakage was 2.0% (n=2) and 5.9% (n=6), respectively. Six patients
(5.9%) experienced tumor recurrence postoperatively. For experienced neuroendoscopists,
an aggressive tumor resection strategy via transsphenoidal endoscopic surgery may be an
effective and safe option for Knosp grade 4 PAs.

Keywords: endoscopic, cavernous sinus, pituitary adenoma, outcome, surgery
INTRODUCTION

Pituitary adenomas (PAs) are the third most common primary intracranial tumor, following
meningiomas and gliomas, accounting for about 10% to 25% of intracranial tumors (1, 2). Some PAs
invade surrounding structures such as the diaphragma sellae, the sphenoid sinus, and the cavernous
sinus (CS), with approximately 10% involving the CS (3, 4). PAs invading the CS are particularly
surgically challenging due to their close proximity to critical neurovascular structures and their deep
intracranial location.
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For PAs with CS invasion, surgical approaches include
transcranial microscopy, transsphenoidal microscopy, and
transsphenoidal endoscopy. Transcranial microscopy is a “lateral to
medial” approach that basically entails entering from the lateral wall
of theCSwheremultiple cranial nerves are located (5, 6). In addition,
surgical visualization when utilizing the transcranial microscopy
approach is often insufficient. These disadvantages support the
argument that transcranial microscopic surgery is not an ideal
approach for the removal of PAs with CS invasion. Since its
introduction, the transsphenoidal approach has been continuously
refined and popularized, and to date is the most common approach
for PAs. Transsphenoidal approach is a “medial to lateral” approach
that enters theCS through themedialCSwall, thereby avoidingdirect
obstructionby the cranial nerveswithin the lateralCSwall.Moreover,
PAs invade the CS in a medial to lateral direction, often pushing the
CS contents medially to laterally. Therefore, the transsphenoidal
approach is an excellent and logical route for the removal of PAs
within the CS through the medial CS wall. However, certain
limitations such as a narrow surgical corridor and insufficient
visualization, confine use of the transsphenoidal microscopic
approach to those PAs with mild CS invasion (Knosp grades 1-2)
(7). Compared with transsphenoidal microscopy, transsphenoidal
endoscopic surgery not only improves surgical visualization, but also
provides greater exposure to the lateral CS extension of tumors (7, 8).
Consequently, transsphenoidal endoscopic surgery is the preferred
choice for PAs with severe CS invasion (Knosp grades 3-4) (9, 10).

For PAs with severe CS invasion, especially grade 4 PAs, gross
total resection (GTR) with transsphenoidal endoscopic surgery
still presents a great challenge. To illustrate, Hwang et al. (11)
retrospectively examined data on 275 patients with non-functional
PAs with CS invasion from 2000-2012, and reported a GTR rate of
5.9% in transsphenoidal endoscopy for grade 4 PAs. This low GTR
rate reflects the conservative strategy regarding tumor resection,
but it also indicates that in some cases with grade 4 PAs, GTR can
be achieved by transsphenoidal endoscopic surgery. Of note, these
cases occurred a decade ago when transsphenoidal endoscopic
technology was still in its infancy.

With the recent, rapid development in transsphenoidal
endoscopic techniques and advances made through in-depth study
of the endoscopic anatomyof theCS (12, 13), aswell as theavailability
of intraoperative neuronavigation, doppler ultrasonography, and
cranial nerve monitoring, it is worth reconsidering whether it is
best to adopt a conservative or aggressive surgical strategy for grade 4
PAs. The current study provides the outcomes and complications of
an aggressive surgical strategy for 102 patients with grade 4 PAs
treated by transsphenoidal endoscopic surgery performed by the
same surgeon.
MATERIALS AND METHODS

Clinical Materials
Between January 2014 and August 2020, 908 consecutive patients
undergoing transsphenoidal endoscopic surgery for PAs were
evaluated. A total of 102 patients were included in this study
according to the following criteria: 1) Knosp grade 4 PAs
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identified jointly by a neuroradiologist and two neurosurgeons;
2) Complete preoperative and postoperative magnetic resonance
imaging (MRI) data and follow-up data; and 3) All operations
performed by the same neurosurgeon (Tao Hong). A total of 4
cases were excluded due to lack of complete follow-up data.
Hospital review board approval was obtained from the
Institutional Ethics Committee of the First Affiliated Hospital
of Nanchang University.

Neuroradiological Evaluation
MRI examination was performed for all patients to evaluate
tumor size and volume. Tumors with a maximum diameter
(MD) of more than 1 cm were defined as macroadenomas, and
tumors with a MD of more than 4 cm were defined as giant PAs.
Tumor volume was approximated by calculations using the
sphericity formula (A×B×C) ×p/6, where A, B and C represent
the maximum length in three dimensions of the PA. Extent of
resection for the entire tumor and tumors within the CS were
analyzed and the extent of resection was then classified into
categories: gross-total resection (GTR) (no residual enhancing
lesion), subtotal tumor resection (STR) (residual enhancing
lesion ≤ 20%) and partial tumor resection (PTR) (residual
enhancing lesion >20%).

Evaluation of the Internal Carotid Artery (ICA)
A preoperative balloon occlusion test was used to evaluate the
contralateral compensatory capability of the ICA in case of injury.
Although the anatomy of the ICA was generally consistent, the
shape of the ICA under the influence of the tumor was inconsistent
and individualized depending on the tumor location.
Preoperatively, three-dimensional (axial, coronal, and sagittal)
MRI was used to individually analyze the spatial relationship
between the ICA and the CS tumor, and further, to determine the
size of the space for each compartment within the CS. For example,
when the horizontal ICA was inferior to the tumor, it caused the
horizontal ICA to sink due to the depression of the tumor, resulting
in a larger posterosuperior compartment and a smaller
anteroinferior compartment within the CS. When the horizontal
ICA was superior to the tumor, it caused the horizontal ICA to be
raised by the tumor, leading to a smaller posterosuperior
compartment and a larger anteroinferior compartment within the
CS. When the horizontal ICA was in the middle of the tumor, the
result was a combination of the above two conditions, leaving large
posterosuperior and anteroinferior compartments.

Endoscopic Surgery of PA in Knosp Grade 4
For PAs invading the CS, transsphenoidal endoscopic surgery
mainly included medial (transsphenoidal transsellar) and lateral
(transmaxillary transpterygoidal) approaches. The medial approach
was used to remove tumors in the posterosuperior and lateral
compartments of the CS. The lateral approach, including an
anteroinferior approach and a lateral-superior approach, was used
to open the pterygopalatine fossa to obtain more exposure, and to
remove tumors in the anteroinferior and lateral compartments of
the CS. These approaches were shown in Figure 1. An angular
endoscope was used to obtain different angles of surgical field
visualization, and various other angular instruments were used to
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assist with the medial and lateral approaches. In many cases, a
combination of medial and lateral approaches was required to
radically remove the tumor. Intraoperative navigation and
doppler ultrasonography were used to assist in determining the
exact position and shape of the ICA. Before entering the CS to
remove the tumor, the proximal end (paraclivus segment) of the
ICA was exposed in order to temporarily block the proximal end in
the event of injury to the ICA. Based on these analyses above, the
individual spatial relationship among the ICA, the CS tumor, and
various compartments of the CS were evaluated in order to
determine the point of entry to the CS and the type of surgical
approach to take within the CS. For example, when the horizontal
ICA was inferior to the tumor, first, the medial wall of the CS was
opened into the posterosuperior compartment of the CS, and then a
combination of angle endoscopy and the medial approach was used
to remove the tumor in the posterosuperior and lateral
compartments. With this approach, the tumor extending into the
oculomotor nerve triangle of the posterosuperior compartment
might remain unresectable; in this case, a combination of the
lateral-superior approach and the medial approach was required.
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When the horizontal ICA was superior to the tumor, first, the
anterior wall of the CS was opened and then the anteroinferior
approach was used to remove the tumor in the anteroinferior
compartment and a lateral-superior approach was used for
removing the tumor in the lateral compartment. When the
horizontal ICA was in the middle of the CS tumor, which is a
combination of the two conditions, then various approaches could be
used. Particularly, in some special cases, such as when the ICA was
medial to the tumor, which was common in recurrent tumors, a
lateral approach was used to remove the tumor. When the ICA was
lateral to the tumor, amedial approach alone was used. During tumor
resection, any adhesion between the ICA and the abducens nerve
requires sharp dissection to avoid injury to the abducens nerve. Care
also needs to be taken to avoid injury to the oculomotor nerve in the
removal of tumors within the posterosuperior compartment of the CS
or even when extending to the temporal lobe through the oculomotor
nerve triangle.

After tumor removal, the multilayered method of fat +
artificial dura + fascia lata + pedicled mucosal flap + biological
glue was used to reconstruct the sellar floor. For patients at high
FIGURE 1 | This shows the common location of the horizontal ICA in Knosp grade 4 PAs and the main surgical approaches. When the horizontal ICA was inferior to
the tumor (A1), it caused the horizontal ICA to sink due to the oppression of the tumor, resulting in a larger posterosuperior compartment and a smaller anteroinferior
compartment within the CS. The medial approach, often combined with the superior-lateral approach was mainly used to remove the tumor (C1, D1). Postoperative
MRI revealed a subtotal resection of the tumor (B1).When the horizontal ICA was superior to the tumor (A2), it caused the horizontal ICA to be raised by the tumor,
leading to a smaller posterosuperior compartment and a larger anteroinferior compartment within the CS. The anteroinferior approach was mainly used to remove
the tumor (C2, D2). Postoperative MRI revealed a total resection of the tumor (B2). When the horizontal ICA was in the middle of the CS tumor (A3), which was a
combination of the two conditions, then the medial, superior-lateral, and anteroinferior approaches could be used (C3, D3). Postoperative MRI revealed a total
resection of the tumor (B3). The red, thick arrow ‘M’ represents the medial approach, the orange-yellow, thick arrow ‘SL’ represents the superior-lateral approach,
and the blue, thick arrow ‘A’ represents the anteroinferior approach.
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risk of cerebrospinal fluid (CSF) leakage, a lumbar puncture
catheter drainage system was used to release CSF to prevent CSF
leakage after surgery.

Endocrinological Assessment
Endocrinological results of all the patients were evaluated
preoperatively and at 3 months postoperatively. Hormone
remission was based on the following criteria (14–17): for
prolactin (PRL)-secreting adenomas, serum PRL <20 ng/mL in
female patients or, <15 ng/mL in male patients; for
adrenocorticotropic hormone (ACTH)-secreting adenomas, a
serum cortisol nadir of < 2 mg/dL or normal 24-hour urinary
free cortisol test at 3 months; and for growth hormone (GH)-
secreting tumors, normalization of serum insulin-like growth
factor-1 level (IGF-1), basal serum GH <2.5 ng/mL, or an oral
glucose tolerance test of 0.4 ng/mL. During the test, IGF-1 levels
were expressed relative to the upper limit of the patient’s normal
values for the patient’s age and sex. The first choice for the
treatment of PRL-secreting adenomas was drugs, and surgical
indications were mainly drug-resistant tumors and drug
intolerance, and rarely, patient choice.

Visual Assessment
All patients received preoperative and postoperative formal
visual function examinations. During follow-up, a visual
examination was performed at 3 months, postoperatively.

Statistical Analysis
Statistical analyses comparing categorical variables were performed
using X2 tests or Fisher’s exact tests. A two-tailed P<0.05 was
considered to be statistically significant. Data were analyzed using
SPSS version 25.0 (IBM Corporation, Armonk, New York).
RESULTS

Patient Population and
Clinical Presentation
The 102 patients in the final analysis included 53 females and 49
males, of mean age 39.1 years (range 24-71 years). Primary PAs
were seen in 60 patients and recurrent PAs were seen in 42 cases.
Preoperative headache symptoms were seen in 33 patients
(32.4%), visual dysfunction in 38 patients (37.3%), incidental
discovery in 8 patients (7.8%), and cranial nerve palsy in 6
patients (5.9%). The detailed results are shown in Table 1.

Neuroradiological Outcomes
Of the 102 cases, 39 patients had giant PAs and 63 patients had
macroadenomas. The median tumor volume in all patients was
23.8 cm3, ranging from 1.63~182 cm3. In 36 patients, bilateral CS
invasion was in grade 4, while unilateral CS invasion in grade 4
was observed in 66 patients (Table 1).

Extent of Resection
GTR of the entire tumor was achieved in 72 cases (70.6%), STR
in 18 cases (17.6%), and PTR in 12 cases (11.8%). Figure 2
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illustrated the GTR of the entire tumor. For tumors within the
CS, GTR was achieved in 82 patients (80.4%), STR in 17 patients
(16.7%), and PTR in 3 patients (2.9%). The GTR rates of the
entire lesion and the CS lesion in the primary tumor were 80%
and 91.7%, respectively, while the GTR rates of the entire lesion
and the CS lesion in recurrent tumors were 57.1% and 64.3%,
respectively. These results are shown in Tables 2 and 3. Statistical
analyses showed that recurrent tumors and firm consistency
tumors had lower GTR rates (p<0.05). However, no statistical
differences were found between tumor size or tumor volume and
the extent of resection (p>0.05). Additionally, there was no
statistically significant relationship between extent of resection
and postoperative CSF leakage or cranial nerve palsy (p>0.05).
These results are shown in Tables 3 and 4.

Surgical Complications
Surgical complications were uncommon. Overall, the most
common complications were new cranial nerve palsy (n=7,
TABLE 1 | Demographic and clinical characteristics of the 102 patients with
pituitary adenomas invading the CS.

Variables Value

Mean age, years (range) 39.1 (24~71)
Females (%) 53 (52.0)
Preoperative manifestation
High hormone level (%) 40 (39.0)
Headache (%) 33 (32.4)
Visual dysfunction (%) 38 (37.3)
Cranial nerve palsy (%) 6 (5.9)
Incidental discovery (%) 8 (7.8)
Endocrinological types
Non-functional (%) 62 (60.8)
GH (%) 13 (12.7)
GH/PRL mixed (%) 10 (9.8)
PRL (%) 9 (8.8)
ACTH (%) 5 (4.9)
FSH (%) 2 (2.0)
TSH (%) 1 (1.0)
Direction of invasion
Bilateral (%) 36 (35.3)
Unilateral (%) 66 (64.7)
Left (%) 35 (53.0)
Right (%) 31 (47.0)
Contralateral (%)
Knosp 0 (%) 19 (28.8)
Knosp 1 (%) 17 (25.8)
Knosp 2 (%) 14 (21.2)
Knosp 3 (%) 16 (24.2)

Size of tumor
Giant pituitary adenoma 39 (38.2)
Macroadenoma 63 (61.8)
Volume of tumor (V, cm3)
V<15 22 (21.6)
15≤V ≤ 30 37 (36.3)
>30 43(42.1)
Previous treatment
No surgery (%) 60 (58.8)
Craniotomy (%) 5 (4.9)
Transnasal microscopy (%) 12 (11.8)
Transnasal endoscopic (%) 15 (14.7)
Mixed surgery (%) 10 (9.8)
Radiotherapy (%) 16 (15.7)
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6.8%) (Table 5), followed by postoperative CSF leakage (n=6,
5.9%), intracranial infection (n=5, 4.9%), and ICA injury (n=2,
2.0%). New cranial nerve palsy consisted of oculomotor nerve
and abducens nerve palsy, with an incidence of 3.9% and 2.9%,
respectively. For the two patients with ICA injury, the injured
ICA was completely clipped in one patient, and the ICA wall was
electrocoagulated in the other patient. During the follow-up
period, both patients underwent cerebral angiography; no
pseudoaneurysm formation was found, and no obvious
symptoms were observed. CSF leakage occurred in 6 patients
and was managed by lumbar puncture catheter drainage in 2
patients and endoscopic repair surgery in the remaining 4 cases.
Of the 5 patients with intracranial infection, 4 patients recovered
through the use of antibiotics and lumbar puncture catheter
drainage, and the remaining 1 patient died of infection.

Endocrinological Outcomes
Of the 102 patients, 40 cases (39.2%) were classified as functional
PAs, and hormone remission was seen in 29 of these 40 patients
(72.5%), postoperatively. Statistical analysis showed no statistical
differences between endocrine outcomes and tumor size, tumor
recurrence, or extent of CS lesion (p>0.05). However, for the
entire tumor, patients with GTR had better endocrine outcomes
than those with incomplete resection, and the difference was
statistically significant (p=0.028). These results are shown
in Table 6.
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Visual Outcomes
Preoperative visual dysfunction was found in 38 patients, of
which 28 patients (73.7%) improved postoperatively. For the
entire tumor, the visual improvement rate was 90.9% in the GTR
group, compared with 63.6% in the STR group and 20.0% in the
PTR group. The difference between the three groups was
statistically significant (p=0.003). However, preoperative visual
function, extent of resection of CS lesion, tumor size, tumor
volume, tumor recurrence or tumor consistency were not
significantly associated with postoperative visual outcomes
(p>0.05). These results are shown in Table 7.

Follow-Up Results
The follow-up period was 7-87 months, with an average of 46
months. Postoperatively, of the 30 patients with incomplete
tumor resection, 5 patients with functional PAs received
medical treatment and 12 patients (1 patient with functional
PA and 11 patients with non-functional PAs) received
radiotherapy. Among the 7 patients with postoperative new
cranial nerve palsy, improvement was observed in 3 patients.
For the 6 patients with preoperative cranial nerve palsy,
improvement was seen in 4 patients. Six patients, including
four patients with PTR, one with STR and one with GTR,
experienced tumor recurrence and accepted reoperation. The
follow-up methods were conducted through outpatient visits and
telephone calls.
FIGURE 2 | This was a 32-year-old male patient who was admitted to hospital after the accidental discovery of a pituitary tumor due to trauma. The preoperative
visual examination was normal, and the preoperative PRL and ACTH hormones were increased. A preoperative MRI (A, B) showed that the tumor was in Knosp
grade 4 and was mainly distributed in both posterosuperior and anteroinferior compartments of the CS. Intraoperatively, various compartments (G) and nerves (H) in
the CS could be observed after total tumor resection. Postoperative MRI (E, F) also confirmed total tumor resection. The yellow dotted circle indicated entry into the
CS from above (C) and below (D) the horizontal ICA. The pathological examination of the tumor was mixed pituitary adenoma. The visual and endocrine function of
the patient were all normal three months after the operation. Post., posterior compartment; Med., medial compartment; Lat., lateral compartment; Inf., inferior
compartment; ICA, internal carotid artery; III, oculomotor nerve; IV, trochlear nerve; V1, first branch of the trigeminal nerve; VI, abducens nerve.
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DISCUSSION

Outcomes of Aggressive Tumor Resection
Extent of Resection
This study outlines the surgical outcomes and experiences of 102
patients with grade 4 PAs who underwent endoscopic
transsphenoidal surgery. To date, this is the largest study
conducted on grade 4 PAs, and is the first study to specifically
focus on functional and non-functional grade 4 PAs. One of the
study’s strengths is that all of the surgeries in this study were
performed by the same surgeon, eliminating variability and
rendering more credibility to the study results. Management of
the intracavernous ICA contributes to some of the challenges
surrounding the surgical removal of grade 4 PAs. To address this,
individual spatial relationships among the ICA, the CS tumor,
and various compartments of the CS were evaluated in detail
preoperatively, and different CS approaches were adopted,
accordingly. For example, when the horizontal ICA was
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superior to the tumor, the anterior wall of the CS was opened,
and then an anteroinferior approach was used to remove the
tumor from within the anteroinferior compartment, while a
lateral-superior approach was used to remove the tumor from
within the lateral compartment. This study represents the first
time that these methods were carried out for grade 4 PAs. In this
study, an aggressive resection strategy was adopted, not only for
tumors in the medial CS, but also for tumors in the lateral CS.
This approach differs from the previous surgical resection
strategies of Woodworth et al. (18) and Toda et al. (19). Their
surgical concept included using an aggressive strategy for tumors
in the medial CS and a conservative strategy for tumors in the
lateral CS. Both reported GTR rates for grade 4 PAs of no more
than 10%. However, our study reported a GTR rate of 70.6%,
which is significantly higher than the GTR rates (from 0 to
53.8%) reported in the previous literature (19–27) (Table 8). Of
note, while we adopted an aggressive tumor resection
strategy to obtain a considerable GTR rate, the incidence of
surgical complications was still within an acceptable range.
This indicates the feasibility and efficacy of aggressive
resection strategy via transsphenoidal endoscopic surgery for
grade 4 PAs.

Factors Influencing the Extent of Resection
The factors that influence the extent of resection for grade 4 PAs
are unclear, because no previous study has ever specifically
examined these potential factors. Any previous studies that did
report on potential factors influencing the extent of resection
included common PAs without CS invasion, or invasive PAs
with varying extents of CS involvement. Chabot et al. (28) found
that factors influencing the extent of resection included tumor
recurrence, preoperative hormone replacement therapy, and
Knosp grade. Bao et al. (24) also found that tumor recurrence
and high Knosp grade were adverse factors affecting the extent of
resection. In our study, we analyzed various potential factors,
including tumor recurrence, tumor size, tumor volume, and
tumor consistency, and found that tumor recurrence and
consistency affected the extent of resection, while the other
factors did not. In addition, we also found that there was no
statistical correlation between the extent of tumor resection and
the occurrence of CSF leakage and postoperative cranial nerve
palsy (P >0.05).

Visual Outcome
In a 2012 systematic review by Komotar et al. (29), those patients
who underwent transsphenoidal microscopic approach showed
that the rate of visual improvement after PA surgery was 34.8%.
Kalinin et al. (25) reported on a transsphenoidal endoscopic
study of 97 patients with PAs invading CS in 2016, and vision
improvement was achieved in 41.4% of cases. In a study of 39
patients with transsphenoidal endoscopic surgery, Chabot et al.
(28) reported that 31 had CS invasion and the improvement rates
of visual acuity and visual field were 73.9% and 72.4%,
respectively. In our study, of the 38 patients who had visual
impairment before surgery, visual improvement was achieved in
28 patients (73.7%), postoperatively. The visual results in our
study were better than those reported for transsphenoidal
TABLE 2 | Surgical results and postoperative complications in the 102 patients
who underwent transsphenoidal endoscopic surgery for pituitary adenomas in
Knosp Grade 4.

Variable Value

Extent of resection
GTR (%) 72 (70.6)
STR (%) 18 (17.6)
PTR (%) 12 (11.8)
Extent of CS resection
GTR (%) 82 (80.4)
STR (%) 17 (17.6)
PTR (%) 3 (2.0)
Intraoprative variables
Mean operation time (min) 158.5
Mean intraoperative hemorrhage (ml) 456.7
Firm consistency (%) 31 (30.4)
ICA rupture (%) 2 (2.0)
CSF leakage (%) 11 (10.8)
Postoperative variables
Headache 33
Better (%) 22 (66.7)
No change (%) 11 (33.3)
Visual dysfunction 38
Better (%) 28 (73.7)
No change (%) 10 (26.3)
Hormone remission 40
Yes (%) 29 (72.5)
No (%) 11 (27.5)
Postoperative complications
abducens nerve palsy (%) 3 (2.9)
oculomotor nerve palsy (%) 4 (3.9)
CSF leakage (%) 6 (5.9)
CNS infection (%) 5 (4.9)
Monocular blindness (%) 2 (2.0)
Panhypopituitarism (%) 3 (2.9)
Permanent diabetes insipidus (%) 2 (2.0)
Follow-up treatments
Radiotherapy (%) 12 (11.8)
Medical therapy (%) 5 (4.9)
Recurrence (%) 6 (5.9)
GTR, gross total resection; STR, subtotal tumor resection; PTR, partial tumor resection;
CS, cavernous sinus; CSF, cerebrospinal fluid; CNS, Central Nervous System; ICA,
Internal carotid artery.
June 2021 | Volume 11 | Article 693063

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Ouyang et al. Aggressive Resection for Pituitary Adenomas
TABLE 3 | Surgical results and postoperative complications stratified by primary and recurrent pituitary adenomas.

Variables Primary Recurrent P value

No. of patients (%) 60 (58.8) 42 (41.2)
Extent of resection
GTR (%) 48 (80.0) 24( 57.1) 0.013
STR (%) 8 (13.3) 10 (23.8) 0.172
PTR (%) 4 (6.7) 8 (19.1) 0.056
Extent of CS resection
GTR (%) 55 (91.7) 27 (64.3) 0.001
STR (%) 4 (6.7) 13 (31.0) 0.001
PTR (%) 1 (1.6) 2 (4.7) 0.363
Intraoprative variables
ICA rupture (%) 0 (0.0) 2 (4.8) 0.088
CSF leakage (%) 4 (6.7) 7 (16.7) 0.109
Firm consistency (%) 14 (23.3) 17 (40.5) 0.064
Postoperative complications
CSF leakage (%) 2 (3.3) 4 (9.5) 0.191
CNS infection (%) 2 (3.3) 3 (7.1) 0.380
Monocular blindness (%) 1 (1.7) 1 (2.4) 0.798
Panhypopituitarism (%) 1 (1.7) 2 (4.8) 0.363
Permanent diabetes insipidus (%) 1 (1.7) 1 (2.4) 0.798
Follow-up treatments
Radiation therapy (%) 5 (8.3) 7 (16.7) 0.199
Medical therapy (%) 2 (33.3) 3 (7.1) 0.380
Frontiers in Oncology | www.frontiersin.org
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CS, cavernous sinus; CSF, cerebrospinal fluid; GTR, gross total resection; STR, subtotal tumor resection; PTR, partial tumor resection; CNS, central nervous system; ICA: internal
carotid artery.
In bold: represent statistical significance.
TABLE 4 | Extent of resection correlated with multiple potential variables.

Variables Within the CS Entire tumor

GTR of CS STR of CS P value GTR STR P value

Size of tumor
Giant PA 31 (37.8) 7 (41.2) 28 (38.9) 9 (50.0)
Macroadenoma 51 (62.2) 10 (58.8) 0.795 44 (61.1) 9 (50.0) 0.391
Volume of tumor(V, cm3)
V<15 19 (23.2) 3 (17.6) 16 (22.2) 4 (22.2)
15≤V ≤ 30 32 (39.0) 4 (23.5) 29 (40.3) 6 (33.3)
>30 31 (37.8) 10 (58.9) 0.269 27 (37.5) 8 (44.5) 0.836
Firm consistency
Yes 19 (23.2) 12 (70.6) 16 (22.2) 10 (55.6)
No 63 (76.8) 5 (29.4) <0.001 56 (77.8) 8 (44.4) 0.005
Postoperative CSF leak
Yes 4 (4.9) 2 (11.8) 3 (4.2) 3 (16.7)
No 78 (95.1) 15 (88.2) 0.279 69 (95.8) 15 (83.3) 0.057
Postoperative cranial nerve palsy
Yes 4 (4.9) 3 (17.6) 4 (5.6) 3 (16.7)
No 78 (95.1) 14 (82.4) 0.062 68 (94.4) 15 (83.3) 0.115
PA, pituitary adenoma; CS, cavernous sinus; CSF, cerebrospinal fluid; GTR, gross total resection; STR, subtotal tumor resection.
In bold: represent statistical significance.
TABLE 5 | Complications of cranial nerve palsy.

Postoperative Improvement during follow-up

Total Primary Recurrent Total Primary Recurrent

CN III 4 1 3 2 1 1
CN IV 0 0 0 0 0 0
CN V 0 0 0 0 0 0
CN VI 3 1 2 1 1 0
CN III, oculomotor nerve, CN IV, trochlear nerve, CN V, trigeminal nerve, CN VI, abducens nerve.
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microscopy, and this is broadly consistent with the results of
previously published endoscopic studies. The superior visual
outcomes of endoscopic endonasal surgery reflect the ability of
the endoscope to visualize and protect the optic apparatus and its
blood supply in the subarachnoid space, which these tumors can
sometimes invade. In our study, patients with a total resection
Frontiers in Oncology | www.frontiersin.org 835
were more likely to have visual improvement than those with
incomplete resection.

Endocrine Outcome
In addition to removal of the tumor, hormone remission is an
important indicator of surgical outcome for functional PAs.
TABLE 6 | Endocrine outcomes correlated with multiple potential variables.

Variables Hormone remission Hormone remission P
Yes No Value

Size of tumor
Giant PA 13 (76.5) 4 (23.5)
Macroadenoma 16 (69.6) 7 (30.4) 0.629
Volume of tumor(V, cm3)
V<15 6 (75.0) 2 (25.0)
15≤V ≤ 30 11 (78.6) 3 (21.4)
>30 12(66.7) 6 (33.3) 0.744
Extent of resection
GTR 16 (88.9) 2 (11.1)
STR 11 (68.7) 5 (31.3)
PTR 2 (33.3) 4 (66.7) 0.028
Extent of CS resection
GTR 18 (75.0) 6 (25.0)
STR 10 (71.4) 4 (28.6)
PTR 1 (50.0) 1 (50.0) 0.744
Tumor characteristics
Primary 19 (76.0) 6 (24.0)
Recurrent 10 (66.7) 5 (33.3) 0.522
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GTR, gross total resection; STR, subtotal tumor resection; PTR, partial tumor resection; CS, cavernous sinus.
In bold: represent statistical significance.
TABLE 7 | Visual outcomes correlated with multiple potential variables.

Variables Improved Unchanged P
value

Preoperative visual
symptoms
Unilateral 17(70.8) 7(29.2)
Bilateral 11(78.6) 3(21.4) 0.601
Size of tumor
Giant PA 19(79.2) 5(20.8)
Macroadenoma 9(64.3) 5(35.7) 0.315
Volume of tumor(V, cm3)
V<15 12(80.0) 3(20.0)
15≤V ≤ 30 9(69.2) 4(31.8)
>30 7(70.0) 3(30.0) 0.774
Firm consistency
Yes 9(60.0) 6(40.0)
No 19(82.6) 4(17.4) 0.122
Extent of resection
GTR 20(90.9) 2(9.1)
STR 7(63.6) 4(36.4)
PTR 1(20.0) 4(80.0) 0.003
Extent of CS resection
GTR 20(83.3) 4(16.7)
STR 7(58.3) 5(41.7)
PTR 1(50.0) 1(50.0) 0.203
Tumor characteristics
Primary 18(85.7) 3(14.3)
Recurrent 10(58.8) 7(41.2) 0.061
PA, pituitary adenoma; GTR, gross tumor resection; STR, subtotal tumor resection; PTR, partial tumor resection.
In bold: represent statistical significance.
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Hofstetter et al. (30) reviewed 86 consecutive functional PAs (18
cases with CS invasion and 68 cases without CS invasion) by
transsphenoidal endoscopy and the overall hormone remission
rate was 60%. Bao et al. (24) reported a study of 52 cases of PAs
that had invaded the CS, including 25 cases of functional PAs.
Among the functional PAs, the hormone remission rate was
76%. In our study, among the 40 cases of functional PAs, the rate
of hormone remission was 72.5%, which is consistent with
previous studies. Patients with GTR of the entire tumor were
more likely to experience hormone remission than those with
incomplete resection (P<0.05). Of note, in our study, the
endocrine outcomes were difficult to compare with previous
endoscopic studies, which included tumors that did not invade
the CS or different extents of CS invasion, whereas our study only
included grade 4 PAs.

PRL-secreting adenomas with CS invasion present a
significant challenge to pharmacologic treatment. In our study,
indications for surgery mainly included drug-resistant tumors
and patients who experienced drug intolerance due to side
effects. Residual tumors in the CS can continue to cause
endocrinological symptoms, and tumors with CS invasion are
more likely to develop drug resistance. In some patients, residual
CS lesions may remain even after continued medical treatment
(31, 32).

Tumor Recurrence
PAs are benign tumors, although they often invade
surrounding structures such as the CS and the sphenoid
sinus. For benign tumors, patients have a good prognosis if
the tumor can be completely removed; on the contrary,
incomplete tumor resection may result in tumor recurrence.
Prior studies have reported that incomplete tumor resection
leads to a high recurrence rate, as high as 40-70% (33, 34). In
contrast, the recurrence rate after GTR is significantly lower,
with a 6-21% recurrence rate reported in the literature (33, 35).
Notably, these studies include both invasive and non-invasive
PAs, not just PAs invading the CS. Recently, Hwang et al.
reported that up to 25% of cases with severe CS invasion
recurred after total resection or near-total resection via a
transsphenoidal endoscopic approach with long-term follow-
up (11). In our study, 6 patients (5.9%), including 4 patients
with PTR, 1 with STR and 1 with GTR, experienced tumor
Frontiers in Oncology | www.frontiersin.org 936
recurrence. Compared with the results reported in previous
literature, the tumor recurrence rate in our study was relatively
low. It is more difficult to achieve GTR in recurrent tumors,
due to the formation of tissue adhesion and scar tissue, and
changes that can occur in the normal anatomical structure after
the initial operation. Additionally, the possibility of
intraoperative injury to the ICA and surrounding cranial
nerves is significantly increased (36). This was also confirmed
in our study. Therefore, it is particularly important to
completely remove the tumor during the first operation.

The Safety of Aggressive Tumor Resection
Complications—ICA Injury
ICA injury is the most serious complication of transsphenoidal
endoscopic surgery and is the main obstacle to GTR within the
CS. Because of this, many tumors within the CS are not
aggressively removed. In practice, however, it is not impossible
to avoid ICA injury. Accumulated evidence has shown that the
incidence of ICA injury by the transsphenoidal approach to PAs
is low, reportedly 0-1.6% (22, 37–39). However, these studies
include PAs with or without CS invasion. In one study, Raithatha
et al. reported 41 cases of PAs involving CS that utilized
transsphenoidal endoscopic surgery, and the incidence of ICA
injury was 2.4% (40). In our study, among the 102 cases of grade
4 PAs, ICA injury occurred in 2 patients (1.9%). Given the
severity of risk with CS invasion, the incidence of ICA injury in
our study appears to be favorable, compared with what has been
previously reported. In our experience, the risk of ICA injury can
be reduced by the following: 1) Performing a preoperative
cerebral angiography balloon occlusion test to evaluate the
compensatory capacity of the contralateral ICA in case of
ipsilateral ICA injury; 2) Utilizing intraoperative navigation
and doppler ultrasonography to assist in determining the
position of the ICA in advance; 3) Exposing the proximal end
of the ICA before entering the CS to remove the tumor; and 4)
Using three-dimensional MRI to individually analyze the spatial
relationship between the ICA and the CS tumor, and further, to
determine the size of each compartment in the CS. After
following these steps, and, according to the individual spatial
relationship, it is possible to then decide the point of entry to the
CS and the type of surgical approach to take within the CS. If the
above four objectives are achieved, and intraoperative ICA injury
TABLE 8 | Comparison with similar studies of pituitary adenomas involving cavernous sinus published in the last decade.

Author Year No. of cases Grade 1 Grade 2 Grade 3 Grade 4 (GTR %) GTR (%) Mean follow-up(m)

Ceylan et al. (20) 2010 19 0 0 9 10 (NR) 63.2 26
Zhao et al. (21) 2010 61 0 0 21 40 (47.5) 62.0 38
Paluzzi et al. (22) 2013 403 105 142 81 75 (0.0) 64.1 NR
Taniguchi et al. (23) 2015 25 0 0 23 2 (0.0) 56.0 36
Ferreli et al. (27) 2015 56 0 0 28 28 (17.8) 30.3 61
Bao et al. (24) 2015 52 0 0 13 39 (53.8) 63.5 24
Kalinin et al. (25) 2016 97 11 22 23 41 (NR) 50.5 NR
Toda et al. (19) 2018 30 0 0 0 30 (10.0) 10.0 NR
Kosugi et al. (26) 2019 23 0 0 7 16 (6.3) 8.7 NR
Total 766 116 164 205 281
Present study 2020 102 0 0 0 102 (70.6) 70.6 46
Jun
e 2021 | Volume
NR, not reported; GTR, gross total resection.
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still occurs, then it is imperative to restore it intraoperatively in
the best way possible. Once injury occurs to the ICA, various
methods, such as electrocoagulation of the vessel wall, clipping
the proximal end of the ICA with an aneurysm clamp, or
interventional therapy, can be adopted to manage the injury
according to the extent of injury. For the 2 patients with ICA
injury in our study, the injured ICA was completely clipped in
one patient, and the ICA wall was electrocoagulated in the other
patient. During the follow-up period, cerebral angiography was
performed on the 2 patients, and for both, no pseudoaneurysm
formation occurred, and no obvious symptoms were observed.
Of note, both of these patients with intraoperative ICA injury
had undergone previous operations for PAs. This also further
demonstrates the importance of GTR at the first operation.

Complications—Cranial Nerve Palsy
Cranial nerve palsy is a common surgical complication of PAs
with CS invasion, especially in the transcranial microscopic
resection of CS tumors, because in traditional craniotomy, the
CS is entered from the lateral wall of the CS, which is the exact
location of multiple cranial nerves. In current transsphenoidal
endoscopic surgical procedures, the CS is entered through the
medial or anterior wall of the CS, which has no nerve structures.
Therefore, the incidence of cranial nerve palsy is low by
transsphenoidal endoscopy for the removal of PAs from the
CS. Toda et al. reported a study of 30 patients who underwent
transsphenoidal endoscopic surgery; the GTR rate of grade 4
PAs was 10% and the complication rate of cranial nerve palsy
was 6.7% (19). Similarly, another transsphenoidal endoscopic
study of 52 patients included 13 patients with grade 3 PAs
and 39 patients with grade 4 PAs, and the incidence of cranial
nerve palsy was 9.6% (24). These studies both show that
cranial nerve palsy occurred mainly in the oculomotor and
abducens nerves. In contrast, trochlear and trigeminal nerve
palsy rarely occurred. In our study, new postoperative cranial
nerve palsy was found in 7 cases (6.8%), including 3 cases of
abducens nerve palsy and 4 cases of oculomotor nerve palsy,
which is consistent with the findings of previous literature.
During the follow-up, improvement was observed in 3 of
the 7 patients, including 1 case with abducens nerve palsy and
2 cases with oculomotor nerve palsy. As the oculomotor nerve
is located in the oculomotor nerve triangle of the CS, damage
to the oculomotor nerve can occur when removing the tumor
from this area, especially a tumor that is invading the temporal
lobe through the oculomotor nerve triangle. Of note, the
oculomotor nerve triangle is often referred to as the blind
area of transsphenoidal endoscopic surgery (41). Unlike the
oculomotor nerve, the abducens nerve is not located on the
lateral wall of the CS, but rather within the space of the CS and
has adhesion connections with the ICA (12). During tumor
resection, it is necessary to be familiar with the shape of the
abducens nerve in the CS and to sharply separate adhesions from
the ICA to reduce the incidence of injury to the abducens nerve.
In our study, cranial nerve palsy occurred in 2 of the 60 patients
(3.3%) with primary PAs, compared with 5 of the 42 patients
(11.9%) with recurrent PAs. In order to avoid cranial nerve palsy
for PAs with CS invasion, especially for recurrent PAs, it is
Frontiers in Oncology | www.frontiersin.org 1037
necessary to monitor craniocerebral nerves, such as the
oculomotor nerve and the abducens nerve, by means of
intraoperative electrophysiological detection of extraocular
muscle movement (42).

Reasons for Aggressive Removal of
Grade 4 PAs
In our study, the GTR rate of Knosp grade 4 PAs was
significantly higher than any previously published study.
Additionally, patients maintained favorable visual function and
endocrine outcomes, and had low recurrence rates. Far more
importantly, for an experienced endoscopist, such an aggressive
tumor resection strategy did not significantly increase the
incidence of complications. This favorable surgical outcome is
due to the recent significant improvement in the understanding
of Knosp grade 4 PAs. A preoperative analysis of the individual
spatial relationship among the ICA, the CS tumor, and
various compartments of the CS, coupled with intraoperative
assistive techniques such as neuronavigation, doppler
ultrasonography and cranial nerve monitoring, have enabled us
to aggressively pursue GTR. However, it is important to
emphasize that a successful procedure requires extensive
experience in transsphenoidal endoscopic surgery.
CONCLUSIONS

For experienced neuroendoscopists, an aggressive tumor
resection strategy via transsphenoidal endoscopic surgery may
be an effective and safe option for Knosp grade 4 PAs.
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Invasive Corridor of Clivus Extension
in Pituitary Adenoma: Bony Anatomic
Consideration, Surgical Outcome
and Technical Nuances
Xiao Wu1†, Han Ding1†, Le Yang1†, Xuan Chu2†, Shenhao Xie1, Youyuan Bao1,
Jie Wu1, Youqing Yang1, Lin Zhou1, Minde Li1, Shao Yang Li1, Bin Tang1,
Limin Xiao1, Chunlong Zhong3, Liang Liang2* and Tao Hong1*

1 Department of Neurosurgery, The First Affiliated Hospital of Nanchang University, Nanchang, China, 2 Department of
Anatomy, School of Basic Medical Sciences, Anhui Medical University, Hefei, China, 3 Department of Neurosurgery, Shanghai
East Hospital, Tongji University School of Medicine, Shanghai, China

Background: It is well known that the clivus is composed of abundant cancellous bone
and is often invaded by pituitary adenoma (PA), but the range of these cancellous bone
corridors is unknown. In addition, we found that PA with clivus invasion is sometimes
accompanied by petrous apex invasion, so we speculated that the petrous apex tumor
originated from the clivus cancellous bone corridor. The aim of this study was to test this
hypothesis by investigating the bony anatomy associated with PA with clival invasion and
its clinical significance.

Methods: Twenty-two cadaveric heads were used in the anatomical study to research
the bony architecture of the clivus and petrous apex, including six injected specimens for
microsurgical dissection and sixteen cadavers for epoxy sheet plastination. The surgical
videos and outcomes of PA with clival invasion in our single center were also
retrospectively reviewed.

Results: The hypoglossal canal and internal acoustic meatus are composed of bone
canals surrounded by cortical bone. The cancellous corridor within clivus starts from the
sellar or sphenoid sinus floor and extends downward, bypassing the hypoglossal canal
and finally reaching the occipital condyle and the medial edge of the jugular foramen.
Interestingly, we found that the cancellous bone of the clivus was connected with that of
the petrous apex through petroclival fissure extending to the medial margin of the internal
acoustic meatus instead of a separating cortical bone between them as it should be. It is
satisfactory that the anatomical outcomes of the cancellous corridor and the path of PA
with clival invasion observed intraoperatively are completely consistent. In the
retrospective cohort of 49 PA patients, the clival component was completely resected
in 44 (89.8%), and only five (10.2%) patients in the early-stage had partial residual cases in
the inferior clivus.
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Conclusion: The petrous apex invasion of PA is caused by the tumor invading the clivus
and crossing the petroclival fissure along the cancellous bone corridor. PA invade the
clivus along the cancellous bone corridor and can also cross the hypoglossal canal to the
occipital condyle. This clival invasion pattern presented here deepens our understanding
of the invasive characteristics of PA.
Keywords: pituitary adenoma, clival invasion, endonasal endoscopic approach, epoxy sheet plastination, corridor,
cancellous bone, anatomy
INTRODUCTION

Pituitary adenoma (PA) is a common benign tumor, but it has the
biological characteristics of malignant tumors that invade adjacent
structures, such as the sphenoid sinus (SS), cavernous sinus,
suprasellar region, nasopharynx, and clivus (1). Cavernous sinus
invasion is considered to be almost equivalent to the invasiveness
of PA, until recently, still considered to be surgically challenging
(2–5). Nevertheless, tumor invasiveness has many aspects, and
clival invasion is also worthy of our attention.

The clivus used to be considered an unusual location for PA
invasion, and most of the reported cases involving the clivus were
ectopic PA cases (6–9). However, Chen et al. analyzed clival
invasion with multidetector CT in 390 pituitary macroadenomas,
and 32 (8.21%) patients had clival invasion (10). It is common
knowledge that the clivus has a cancellous bone that is often
invaded by PA. However, there are few studies on the clivus
corridor of PA, including how the tumor extends into the clivus
and the extent of cancellous bone involvement. In some cases,
PA invading the clivus may be accompanied by petrous apex
invasion, while petrous apex invasion is rarely seen in cases
without clivus involvement. Therefore, we hypothesize that
tumors in the petrous apex originate from the cancellous bone
corridor within the clivus.

In this study, we studied the bony architecture of the clivus
and petrous apex, including the extent and characteristics of the
cancellous bone, by performing microsurgical dissection and a
recently developed epoxy sheet plastination technique. We also
reviewed 49 cases of PA involving the clivus treated by the
endoscopic endonasal approach (EEA) in our institution. Finally,
information useful for eventual clinical applications, including
surgical techniques and outcomes, were discussed.
MATERIALS AND METHODS

Microsurgical Dissection
The research was authorized by the Ethics Committee of
Nanchang University. Six injected adult cadaveric specimens
(12 sides) were used to dissect the bony architectures of the clivus
and petrous apex (magnification ×4–40, surgical microscopes by
Zeiss). The heads were fixed in a Mayfield head holder to
maintain a stable position for navigation (Brainlab, Germany)
and drilling (NSK, Japan). The specimens were bisected axially
using a high-speed electric saw for stepwise superior-to-inferior
and medial-to-lateral dissection in the clivus.
241
Epoxy Sheet Plastination
Sixteen cadaveric heads with thirty-two sides underwent epoxy
sheet plastination. The cadavers were donated for anatomic
education and research to the Department of Anatomy at
Anhui Medical University. The skull base tissue blocks were
removed from the cadaver and plastinated by the E12/E6/E600
resin (Biodur, Heidelburg, Germany) ultrathin plastination
technique (11). These undecalcified resin blocks were serially
sectioned in the axial (eight sets), coronal (eight sets), and sagittal
(16 sets) planes with the Exakt 310 CP cutting system (Exakt,
Norderstedt, Germany). All sections stained with Stevenel’s blue
and Alisarin red S were examined and photographed by a Leica
DM6 B light microscope (Leica, Bensheim, Germany). This step
was performed to better understand the relationship between the
bony architectures of the clivus and the surrounding important
neurovascular structures, including the internal carotid artery,
petrous apex, hypoglossal nerve canal, and occipital condyle.
Patient Population
The data of 49 PAs with clival invasion who underwent EEA
between July 2015 and May 2020 in our single center were
retrospectively reviewed, including 31 females and 18 males, with
an average age of 49.1 years. The collection of medical records
and surgical videos was authorized by the Institutional Review
Board of Nanchang University. The patient’s age, sex, Knosp
grade, pathological type, and extent of tumor resection were
obtained from the medical records. Because the corridor of PA
with upper clivus (dorsum sellae) invasion is not consistent with
the middle and inferior clivus, it often directly invades the bony
structures of the posterior clinoid process and dorsum sellae. In
our study, we will not discuss this type of invasive PA.
Preoperative Evaluation
All patients underwent conventional T1- and T2-weighted MRI
scans and T1-weighted 3D MP-RAGE sequence scans before the
operation. Moreover, CT scans were performed to obtain
detailed information on the bony structures. In the preoperative
radiological evaluation, we evaluated the upper, middle, and lower
thirds of the clivus in the sagittal plane. The upper clivus extends
from the posterior clinoid process to the sellar floor, the middle
clivus extends from the sellar floor to the roof of the choana, and
the lower clivus extends from the roof of the choana to the
foramen magnum, corresponding to the nasopharyngeal
clivus (12).
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Preoperative Preparation
In addition to routine examinations for PAs (visual acuity, visual
field, endocrine examination), evaluations of the paraclival and
petrous segments of the internal carotid artery (ICA) were
performed. Under exceptional circumstances, evaluations of
collateral circulation were also performed, and a balloon
occlusion test was performed when necessary. Moreover, for
PA with extensive clival invasion, we paid attention to cranial
nerve-related symptoms such as abducens, acoustic and
hypoglossal nerve-related symptoms.

Assessment of the Path
of PA Invading Clivus
The CT bone window was used to evaluate the type of SS
pneumatization. The type of SS pneumatization was determined
by themethodproposedbyHammeret al. (13).A surgical videowas
used to further confirm the type of SS pneumatization and assess
the relationship between SS pneumatization and clival invasion.

Postoperative Imaging Evaluation
All patients were reexamined with MRI on the 3rd day after the
operation. To minimize interrater variability, the extent of
resection was assessed by two independent neurosurgeons in
the First Affiliated Hospital of Nanchang University according to
the postoperative enhanced MRI and CT thin-section data. We
defined gross total resection as the absence of a residual tumor,
subtotal resection as ≥80% of the tumor being resected, and
partial resection as <80% of the tumor being resected.
RESULTS

Microsurgical Dissection
Cancellous bone within clivus is composed of irregular grids,
which are separated by bony septa and resemble honeycomb-like
structures. The bony septa separating these grids are very thin
and weak and are easily penetrated by the spatula into the next
grid. These characteristics are obviously beneficial for the
extension of the clival corridor in PA. However, we observed
that the bony canal of hypoglossal nerve is composed of cortical
bone. Therefore, the extent of cancellous bone within the clivus
extend across the hypoglossal canal and reach the occipital
condyle and the medial edge of the jugular foramen.

The bony architecture of the petrous apex is similar to that of the
clivus. Interestingly, we found that the cancellous bones of the
clivus and petrous apex were connected through petroclival fissure,
and no tough cortical bone between them was found. Due to the
bony canals of the acoustic nerve is composed of cortical bone,
the cancellous bone corridor of the petrous apex only reached the
medial edge of the internal acoustic meatus (Figure 1).

Epoxy Sheet Plastination
Most of the microanatomy results are consistent with those of
plastination anatomy studies. The bony surface of the clivus and
petrous apex is composed of dense cortical bone, while the inner
part is composed of loose cancellous bone separated by
numerous thin bony septa. Dense cortical bone was not found
Frontiers in Oncology | www.frontiersin.org 342
between the petrous apex and the clivus, which indicated that PA
can easily extend to the petrous apex through the clival
cancellous corridor. Moreover, the bone canal of the petrous
ICA surrounded by cancellous bone is relatively thin and weak,
thereby careful manipulation is needed to protect the petrous
ICA during tumor resection of the petrous apex component

Clivus is formed by the synostosis of the sphenoid bone and
the basilar part of occipital bone. It was found that the bony
structure of spheno-ocipital synchondrosis was similar to
petroclival fissure, and there was no dense cortical bone to
separate it, but communicated through cancellous bone, which
also became the anatomical corridor for PA to enter the lower
clivus. The bony structure of upper clivus is relatively complex,
which can be mainly composed of cortical bone, or the outer
layer is surrounded by cortical bone, while the inner part is full of
cancellous bone (Figure 2).

Relationship Between SS Pneumatization
and Clival Invasion
The CT bone window can be used to determine the type of SS and
the corridors of the invading clivus. Conchal-type SSwas not found
in our case series due to its rarity. For patients with medium SS
pneumatization, that is, the presellar type, PA can directly invade
the clivus through the sellar floor (Figure 3A). In other cases, clival
invasion may be accompanied by SS invasion, and PA can also
invade the clivus through the SS floor (Figure 4A).

For patients with sufficient SS pneumatization, that is, the
sellar type, the tumor can break through the sellar floor into
the SS and then further invade the bone within the clivus through
the SS corridor (Figure 5A).

Surgical Techniques
All operations were performed under intraoperative
electrophysiological monitoring. The surgical approach and
preparation process are described in a previous report (14). Two
surgeons (four hands) performed the surgery via the binostril EEA.
A wide bilateral sphenoidotomy was performed to provide more
access for better observation of the tumor invasion corridors.
Intraoperatively, the tumor was found to be hidden and mixed in
the honeycomb-like structure formedby the cancellous bonewithin
the clivus. The extent of tumor invasion was consistent with the
distribution of cancellous bone found in our microanatomy and
epoxy sheet plastination study. Tumor resection cannot be
performed with only the double suction technique. Tumors
mixed with the cancellous bone should be removed together with
a power drill or a curette. The cortical bone surrounding the clival
surface often indicate the boundary of total tumor resection.

For patients with medium SS pneumatization, the cortical
bone in front of the clivus was exposed as much as possible.
Then, we looked for defects in the sellar floor after drilling the
cortical bone in front of the clivus and removing the tumor along
the natural corridor. This type of procedure is relatively safe
because the tumor can be completely resected without exposing
the ICA (Figure 3). If the patient also exhibits SS invasion, ICA
protection should be taken seriously due to the risk of the erosion
of bone covering the paraclival ICA (Figure 4).
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However, in cases of tumors invading the clivus after breaking
through the anterior sellar wall or sellar floor to enter the SS,
paraclival ICA protection should be considered carefully during
tumor resection. When tumors near the paraclival ICA (SS
component) were resected, the ICA was often exposed in the
SS. At this time, stripper should be used to carefully separate the
boundary between ICA and PA to avoid blindly pulling tumor.
In these cases, Doppler ultrasound or neuronavigation should be
used to accurately locate the ICA (Figure 5).

Different landmarks may be used for tumors with varying
extents of invasion in varying directions. The isolated
hypoglossal canal was observed when a PA extended to the
Frontiers in Oncology | www.frontiersin.org 443
inferior clivus after the tumor was completely resected
(Figure 4G). PAs can even cross the hypoglossal canal and
reach the occipital condyle or the medial margin of the jugular
foramen. Moreover, the medial edge of the internal acoustic
meatus can be seen when PAs cross the petroclival fissure to
reach the petrous apex, and special attention should be paid to
protect the abducens nerve and petrous ICA during tumor
resection. A sign of total tumor resection is total removal of
the PA and cancellous bone within the clivus. Except for the bone
canal of the hypoglossal nerve, an empty clivus was observed
(Figure 4H). In fact, the endoscopic endonasal anatomy of these
anatomical structures has been reported in the literature (15–17).
FIGURE 1 | The right half of the cortical bone was removed, and the left half was used as the control. The bony architecture in the clivus and petrous apex includes
the cancellous bone and cortical bone. (A) The clivus is made of loose cancellous bone beneath the cortical bone. (B) The cancellous bone within the clivus extends
downward to the occipital condyle. The petrous apex is also made of loose cancellous bone beneath the cortical bone. (C) The bony canals of the acoustic and
hypoglossal nerves are composed of cortical bone. (D) Artistic illustration demonstrating the shape and extent of cancellous bone in the clivus and petrous apex. The
red circle represents the enlarged view of the cancellous bone structure. CN, cranial nerve; HC, hypoglossal canal; IPS, inferior petrous sinus; IAM, internal acoustic
meatus; OC, occipital condyle; PetA, Petrous apex.
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FIGURE 2 | The composition and connection of bony architecture around the clivus were observed by epoxy sheet plastination. (A) Coronal sections of a right
clivus and petrous apex. The bony surface of the clivus and petrous apex is composed of dense cortical bone, while the inner part is composed of loose cancellous
bone separated by numerous thin bony septa. The bone canal of the petrous ICA surrounded by cancellous bone is relatively thin and weak. The black arrow
indicates the communication of cancellous bone between the clivus and petrous apex. (B) Axial sections of a left clivus and petrous apex. The cancellous bone of
the clivus communicates with that of the petrous apex to the medial margin of the IAM. (C) Sagittal sections of a right IAM. There is high density cortical bone around
the IAM. (D) Sagittal sections of a right HC. The bony canal of the hypoglossal nerve is composed of cortical bone. (E, F) Sagittal section of clivus and sella turcica.
There is no dense cortical bone between the body of sphenoid bone and the basilar part of occipital bone, and communicate through cancellous bone. The bony
structure of upper clivus (dorsum sellae) can be mainly composed of cortical bone (E), or the outer layer is surrounded by cortical bone, while the inner part is full of
cancellous bone (F). BS, basilar sinus; Basilar, basilar part of occipital bone; BoS, body of sphenoid bone; CB, cerebellum; DS, dorsum sellae; ET, eustachian tube;
ICA, internal carotid artery; IPCV, inferior petroclival vein; IPS, inferior petrosal sinus; JB, jugular bulb; JT, jugular tubercle; LVP, levator veli palatini; LC, Longus
capitis; MA, maxillary artery; NP, nasopharynx; PP, pterygoid plexus; P, pituitary; RCA, rectus capitis anterior; SPS, superior petrosal sinus; SiS, sigmoid sinus; SS,
sphenoidal sinus; TC, tentorium cerebelli; TJ, temporomandibular joint. TL, temporal lobe. Bar = 5 mm.
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It is necessary to be familiar with these anatomical characteristics
to completely remove the tumor without neurovascular injury.
Surgical Outcomes
Themean follow-up timewas29.5months (range5–58months).Of
the 49 tumors, 35 (71.4%) were nonfunctional adenomas, and 14
(28.6%) were functional adenomas. According to the Knosp
classification system (18), 33 (67.3%) cases were classified as
grade4cases, and16 (32.7%) caseswere classifiedasgrade1–3cases.

Thirty-one (63.3%) patients had presellar SS with clival
invasion, including eight (16.3%) patients without SS invasion
and 23 (46.9%) patients with SS invasion. Ten (20.4%) patients
had sellar SS. In addition, SS was difficult to identify in 8 patients,
mainly due to the patient having a history of endoscopic surgery
or extensive skull base destruction caused by giant PA invasion.

Regarding the extent of clival invasion, 22 (44.9%) patients had
middle clival invasion, and 27 (55.1%) had inferior clival invasion.
The intraoperative assessment and postoperative MRI findings on
the extent of tumor resection showed that 31 (63.3%) patients
underwent gross total resection, 15 (30.6%) patients underwent
subtotal resection, and three (6.1%) patients underwent partial
resection. In 44 (89.8%) PA patients, the clival component was
completely resected, and onlyfive (10.2%) patients in the early stage
had partial residual cases in the inferior clivus (Table 1).

Two patients had transient abducens nerve palsy, and no
complications, such as auditory nerve or hypoglossal nerve
Frontiers in Oncology | www.frontiersin.org 645
injury, occurred. One (1/31) of the patients with total resection
had recurrence at the last follow-up. Of the 18 patients who
underwent subtotal or partial resection, nine underwent
postoperative radiotherapy, and five underwent reoperation. At
the last follow-up, there were five cases of recurrence.
DISCUSSION

According to the biological behavior of the tumor, PAs can be
considered noninvasive PAs, invasive PAs or pituitary cancer.
The concept of invasive PA was first proposed by Jefferson in
1940 and refers to the condition in which PA cells invade the
surrounding structures and destroy corresponding tissues (19).
Among the types of invasive PA, clival invasion is easily ignored,
but it is worthy of further study.

Characteristics of PA With Clival Invasion
The clivus is an endochondral bone; its progression involves
cartilaginous formation followed by reabsorption preceding bone
deposition (20, 21). At birth, the clivus is composed of partially
ossified basioccipital and basisphenoid parts separated by the
spheno-occipital synchondrosis. PA with clival involvement has
been reported for many years (10, 22, 23); however, the growth
corridors of clival invasion and corresponding surgical techniques
have not been delineated. With exploration of clival invasion
corridors, a high total resection rate has been achieved in our center.
FIGURE 3 | A 44-year-old woman with binocular vision blurred and headache for 2 years was aggravated for 10 days. (A) Artistic illustration demonstrating that the
tumor directly invades the clivus through the sellar floor on sagittal view. (B) Intracranial view of PA with clival invasion. (C) Preoperative sagittal T1-weighted MRI
shows PA with a daughter tumor in the clivus. (D) The CT bone window shows a presellar SS. The bony structure was destroyed to the middle clivus by tumor
invasion. (E) After completion of the sphenoidotomy, SS is confirmed as presellar type under an endoscopic view. (F) The daughter tumor was exposed after drilling
off the bony structure in the clivus recess. (G) Through the sellar floor, the breakthrough point of tumor invasion to the clivus can be seen directly under a close-up
view. (H) Postoperative T1-weighted MRI shows complete resection of the tumor in the clivus. The dotted line indicates the location of the sellar floor. BP,
Breakthrough point; CN, Cranial nerve; ICA, Internal carotid artery; Sphen, Sphenoid.
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The characteristics of clival invasion in PA are obvious and
unique. Because PAs often extends along the loose cancellous
corridor without cortical bone erosion, tumor growth in the
clivus remains within the bone cavity and is restricted by tough
cortical bone. Therefore, the configuration of the clivus bone in
radiological images does not appear abnormal, whereas other
Frontiers in Oncology | www.frontiersin.org 746
tumors such as chordoma and osteogenic tumors are often
accompanied by cortical bone invasion and distort the
appearance of the clivus bone.

The clival component isdifferent fromanyother invasive region.
Intraoperatively, we found that PA in the sellar, SS, suprasellar
region and cavernous sinus were easily aspirated as a whole by a
FIGURE 4 | A 51-year-old woman was hospitalized 8 years after surgery for PA, and tumor recurrence was found for 1 year. (A) Artistic illustration demonstrating
PA with clival and SS invasion simultaneously in presellar SS on sagittal view. (B) Intracranial view of PA extending laterally to the petrous apex and downward to the
hypoglossal canal. (C) Preoperative sagittal T1-weighted MRI shows a PA extending to the inferior clivus, and the normal pituitary can be seen above the tumor.
(D) Preoperative axial T1-weighted MRI shows a tumor with bilateral petrous apex extension. (E) After completion of the sphenoidotomy, SS is confirmed as presellar
type under an endoscopic view. The breakthrough point of the PA from the anterior sellar wall into the SS can be seen. (white dotted circle). (F) The tumor (petrous
apex component) was resected through the posterior space of the paraclival ICA (dotted curved line) under a 30° endoscope. (G) The tumor around the hypoglossal
canal was resected under a 30° endoscope. (H) The tumor was completely resected, and the normal pituitary was well protected. The dotted line indicates the
location of the sellar floor. (I) Postoperative T1-weighted MRI shows complete resection of the tumor in the clivus.
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suction device. In contrast, the tumors in the clivus were separated
andmixed by numerous tiny and paper-like bone septa and hidden
in thehoneycomb-like cancellousbone. Therefore, itwas difficult to
achieve complete resection because it was difficult to aspirate the
Frontiers in Oncology | www.frontiersin.org 847
tumors by a suction device alone. Residual tumors can cause
recurrence and a wider extent of invasion, leading to the need for
more complex treatment.

Clivus–Petrous Apex Corridor for PA Invasion
In this study, we researched the relationship between the
cancellous bone corridor and PA invasion using microsurgical
dissection and the recently developed epoxy sheet plastination
technique. The plastination technique uses durable and
transparent resin to replace water and fat in tissues and cells,
thus keeping all the neural and vascular structures in their
natural state in situ without decalcification (11, 24, 25). The
combination of plastination and microsurgical dissection is a
good way to explore the extent of cancellous bone within the
clivus. In contrast to other anatomical studies on the clivus, we
studied the bony architecture, which helped us better understand
the characteristics of PA invasion.

Structurally, cancellous bone is composed of numerous grids
of different shapes and sizes, separated by paper-like bony septa
and partially communicated, which promotes PA extension. The
cancellous bone within cortical bone extends downward from the
sellar or SS floor to the occipital condyle and to the medial edge
of the jugular foramen. Laterally, the cancellous bone of the
clivus and petrous apex are connected through petroclival fissure
extending to the medial edge of the internal acoustic meatus.
Fortunately, the extent of cancellous bone found in the
anatomical study mentioned above was almost the same as
FIGURE 5 | A 37-year-old woman with binocular vision blurred for 3 months. (A) Artistic illustration demonstrating that the PA invades the clivus through the SS floor with
sufficient pneumatization on sagittal view. (B) Preoperative sagittal T1-weighted MRI shows PA with SS and clival invasion. (C) The bone window image of CT shows that
SS pneumatization is sellar type. The bony structure was destroyed to the inferior clivus by tumor invasion. (D) After resecting the SS component, the breakthrough point of
the PA from the anterior sellar wall into the SS can be seen. (white dotted circle). (E) Intraoperative observation confirmed that the SS was sellar type. In addition, the tumors
in the middle clivus on MRI were all in the SS. (F) After tumor resection in the sellar region, it was found that there were three breakthrough points in the sellar floor, which
led to downward invasion. (G) Intraoperative observation showed that the tumor (Tu) was hidden in the honeycomb-like structure formed by the cancellous bone within the
clivus. (H) The tumor was completely resected, and the bilateral ICAs were exposed in the surgical field. The dotted line indicates the location of the sellar floor.
TABLE 1 | Clinical characteristics of 49 PA with clival invasion.

Variables No. of Patients

Gender
Female 31 (63.3%)
Male 18 (36.7%)
Age (years) 49.1
Pathological types
Nonfunctional 35 (71.4%)
Functional 14 (28.6%)
Knosp grade
4 33 (67.3%)
1–3 16 (32.7%)
Extent of clival invasion
Middle 22 (44.9%)
Inferior 27 (55.1%)
Extent of resection (Entire PA)
GTR 31 (63.3%)
STR 15 (30.6%)
PR 3 (6.1%)
Extent of resection (Clival component) 44 (89.8%)
GTR 5 (10.2%)
STR 29.5 (5–58) M
Mean follow-up time (Range)
GTR, gross-total resection; STR, sub-total resection; PR, partial resection; M, month.
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that of clival tumor invasion observed during the operation.
Obviously, the petrous apex invasion of PA is caused by the
tumor invading the clivus and crossing the petroclival fissure
along the cancellous bone corridor. Therefore, the results
support our hypothesis that the PA with petrous apex invasion
is originate from the corridor of cancellous bone within the
clivus. This finding is of great significance for selecting the
appropriate surgical techniques because it is difficult to achieve
total resection with craniotomy or the EEA if the petrous apex
corridor is considered to be a separate corridor.

However, because the medial edge of the internal acoustic
meatus is composed of tough and dense cortical bone, the petrous
apex corridor does not cross it and extend laterally. For downward
clival invasion, although the tumor can reach the occipital condyle,
it will not erode the bone canal of the hypoglossal nerve. Our
anatomic results showed that cortical bone formed around those
two bone canals, which explains our intraoperative findings.

SS Pneumatization Affects Clival Invasion
PA extending into the bony structure within the clivus is related to
the pneumatization of SS. The SS is located in the body of sphenoid
bone, and its pneumatization forms themainsinuscavityoccupying
the sphenoid body. In cases of well pneumatization, it can extend to
the dorsum sellae and clivus, and even to greater and lesser wings,
anterior clinoid process and pterygoid process (26).

According to the degree of pneumatization, there are various
classification for the types of SS. Hammer et al. classified in the
sagittal plane as three types: conchal, presellar, and sellar (13).
Based on the correlation of endoscopic skull base surgery, Vaezi
et al. classified SS pneumatization into three types: previdian,
intercanal, and postrotundum (27). Wang et al. classified SS into
the six basic types based on the direction of pneumatization:
sphenoid body, lateral, clival, lesser wing, anterior, and combined
(26). The most widely adopted classification is proposed by
Hammer, which is also used in this study.

Different types of SS require different surgical techniques and
intraoperative precautions. For conchal-type SS, we believe that the
Frontiers in Oncology | www.frontiersin.org 948
corridor of clival invasion directly extends into the clivuswithout SS
invasion. Among the cases in our study, pressellar SS with both
clivus and SS invasion was the most common type (46.9%, 23/49).
This kind of tumor invades the clivus extensively, reaching all
longitudinal regions of the cancellous bone within the clivus.

In patients with sellar SS, PAs can extend to the SS first and
then erode the clivus through the SS floor. However, this
phenomenon is relatively rare because the tumor always grows
along the direction of the least resistance, and tumors more
commonly fill the SS and then protrude into the nasal cavity.
Most importantly, according to our experience, this type of
tumor often invades the bony structure, which covers the
paraclival ICA, so the operation should be performed carefully.

Furthermore, cases of sufficient SS pneumatization that
extends to the inferior clivus can be mistaken as cases of clivus
invasion preoperatively, but in fact, these tumors are located in
the SS without clival bony erosion. Therefore, we should carefully
determine whether the cortical bone of the SS floor is invaded by
a PA with preoperative CT bone window imaging (Figure 6).

Surgical Approaches
In traditional craniotomy, the upper clivus can be approached
through the orbitozygomatic route or the variant approach; the
middle clivus can be reached through the transpetrosal approach;
and the lower clivus can be accessed through the far-lateral
approach. Due to the proximity of the clivus to critical
neurovascular structures, clival surgery is associated with a
high rate of postoperative complications and recurrences (28).

In most cases, PA with clival invasion is located in only the
epidural space and does not require a transcranial procedure. With
the advanced EEA, the resection of clival lesions is relatively easy
since this approach allows direct visualization and exposes the
ventral side of the whole clivus without intracranial manipulation
(29–31). The natural corridor of tumor invasion from the sellar to
the clivus can be fully exposed with the EEA, which plays a
significant role in total tumor resection. Therefore, the EEA
should be considered the preferred approach for this type of tumor.
FIGURE 6 | A 55-year-old woman with headache for 4 months. (A) Preoperative sagittal T1-weighted MRI shows PA with clival invasion. (B) Sagittal CT bone
window shows that the patient had sufficient SS pneumatization. The cortical bone of the SS floor was intact, and the tumors were all in the SS without clival bony
erosion. (C) Axial CT bone window shows that the tumor was completely located in the SS.
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Limitations
Most of the cases in our study had multidirectional invasion, and
few tumors invaded only the clivus, which is more representative.
Preoperative CT bone window imaging can be used to predict the
locations of corridors, but this process is difficult in patients with
a history of endoscopic surgery and giant PA with extensive bone
destruction of the skull base.
CONCLUSION

We confirmed the intraoperative finding that PAs within the clivus
was extend through the cancellous bone corridor by conducting
microanatomic and plastination studies. PAs with petrous apex
invasion are caused by the tumor invading the clivus and further
crossing the petroclival fissure along the cancellous bone corridor.
Moreover, we have also found that the degree of SS pneumatization
has a large influenceon clival invasion.These growthcharacteristics
of clival invasionaredifferent fromthose of tumors inother invasive
regions, requiring different surgical techniques. On this basis, we
will greatly improve the total resection rate ofPA invading the clivus
and reduce recurrence.
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Objectives: Endoscopic nasopharyngectomy (ENPG) is a promising way in treating
recurrent nasopharyngeal carcinoma (rNPC), but sometimes may require therapeutic
internal carotid artery (ICA) occlusion beforehand. Balloon test occlusion (BTO) is
performed to evaluate cerebral ischemic tolerance for ICA sacrifice. However, absence
of neurological deficits during BTO does not preclude occur of delayed cerebral ischemia
after permanent ICA occlusion. In this study, we evaluate the utility of near-infrared
spectroscopy (NIRS) regional cerebral oxygen saturation (rSO2) monitoring during ICA
BTO to quantify cerebral ischemic tolerance and to identify the valid cut-off values for safe
carotid artery occlusion. This study also aims to find out angiographic findings of cerebral
collateral circulation to predict ICA BTO results simultaneously.

Material and Methods: 87 BTO of ICA were performed from November 2018 to
November 2020 at authors’ institution. 79 angiographies of collateral flow were
performed in time during BTO and classified into several Subgroups and Types
according to their anatomic and collateral flow configurations. 62 of 87 cases accepted
monitoring of cerebral rSO2. Categorical variables were compared by using Fisher exact
tests and Mann–Whitney U tests. Receiver operating characteristic curve analysis was
used to determine the most suitable cut-off value.

Results: The most suitable cut-off △rSO2 value for detecting BTO-positive group
obtained through ROC curve analysis was 5% (sensitivity: 100%, specificity: 86%).
NIRS rSO2 monitoring wasn’t able to detect BTO false‐negative results (p = 0.310). The
anterior Circle was functionally much more important than the posterior Circle among the
primary collateral pathways. The presence of secondary collateral pathways was
considered as a sign of deteriorated cerebral hemodynamic condition during ICA BTO.
In Types 5 and 6, reverse blood flow to the ICA during BTO protected patients from
delayed cerebral ischemia after therapeutic ICA occlusion (p = 0.0357). In Subgroup IV,
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absence of the posterior Circle was significantly associated with BTO-positive results
(p = 0.0426).

Conclusion: Angiography of cerebral collateral circulation during ICA BTO is significantly
correlated with ICA BTO results. Angiographic ICA BTO can be performed in conjunction with
NIRS cerebral oximeter for its advantage of being noninvasive, real-time, cost-effective, simple for
operation andmost importantly for its correct prediction of most rSO2 outcomes of ICA sacrifice.
However, in order to ensure a safe carotid artery occlusion, more quantitative adjunctive blood
flow measurements are recommended when angiography of cerebral collateral circulation
doesn’t fully support rSO2 outcome among clinically ICA BTO-negative cases.
Keywords: balloon test occlusion, recurrent nasopharyngeal carcinoma, endoscopic nasopharyngectomy, near-infrared
spectroscopy cerebral oximeter, regional cerebral oxygen saturation, cerebral collateral circulation
INTRODUCTION

Nasopharyngeal carcinoma (NPC) features itself by its distinct
geographical distribution, particularly prevails in east and
southeast Asia (1). Radiotherapy, combined with or without
chemotherapy, is the primary treatment modality for initially
untreated NPC (2). However, it is also noteworthy that about 10–
20% of NPC patients have suffered from local recurrence on
follow-up after primary treatment (3). The management of
recurrent nasopharyngeal carcinoma (rNPC) is challenging,
while re-irradiation and endoscopic nasopharyngectomy
(ENPG) serve as the two mainstays of the treatment of rNPC
(4, 5). Radiotherapy of recurrent locoregional tumor mass has
reached the bottleneck among rNPC patients owing to its high
rate of severe complications such as osteoradionecrosis, temporal
lobe necrosis, multiple cranial nerve dysfunction and potentially
fatal bleeding, which can greatly impair patients’ quality of life
and occasionally result in death (6). In comparison to re-
irradiation, endoscopic surgical resection is a new, promising
and better way in treating selected rNPC patients in terms of
locoregional control rate and overall survival (OS) rate with
lower incidence of long-term severe complications (2).

However, preoperative safety management of internal carotid
artery (ICA) is of vital importance before surgery, because ICA
bleeding can be catastrophic during the operation, especially for
tumors invading the ICA. In fact, patients harboring head and
neck tumors may require therapeutic occlusion of ICA before
tumor resection as preoperative preparation (7). Permanent
occlusion of ICA is a useful procedure, but carries the risk of
severe and irreversible complications caused by immediate or
delayed hemodynamic cerebral ischemia (8). Balloon test
occlusion (BTO) of ICA is performed to evaluate cerebral
ischemic tolerance for the purpose of reducing neurological
ischemic complications after permanent occlusion of ICA
among these patients (9). Awareness of the reliance of ICA
among patients is quite essential, because covered stent
implantation or vascular bypass might be needed for patients
when ICA sacrifice is not tolerated (10–12). Scholars have
demonstrated that ischemic complication rate for unselected
ICA occlusion without BTO reached 26%, with 12% mortality
rate related to the cerebral infraction, and was reduced to 13%
in.org 252
when BTO was performed (13). However, several previous
studies have also revealed that BTO alone still carried a false-
negative risk of 3.3–10.0% (13, 14). That is why adjunctive
techniques are used in combination with BTO to increase its
sensitivity (15). However, most of the blood flow measurements
proposed in addition to the basic method require specialized
equipment, thus increasing the complexity and perioperative
complications due to the extended inflation time of the
balloon (16).

Meanwhile, blood flow obstructed during BTO of ICA can
be recruited from other places, depending on the development
of collateral pathways including the Circle of Willis (CoW)
(17). Hence, we speculate that some of the ICA BTO results
can be predicted by angiographic findings of cerebral
collateral circulation.

The present study reviewed our institutional experience in a
simple paradigm combining clinical tolerance with monitoring
of regional cerebral oxygen saturation (rSO2) and angiographic
crossflow assessment. In this study, we evaluated the utility of
near-infrared spectroscopy (NIRS) cerebral oximeter, which
could calculate and monitor rSO2 in real time during ICA
BTO, to quantify ischemic tolerance and to identify the valid
cut-off values for safe carotid artery occlusion. This study also
tried to find out some angiographic findings of cerebral collateral
circulation to predict ICA BTO results, which might help to
choose a more suitable and individualized adjunctive
measurement during BTO (18).
MATERIAL AND METHODS

Patients
From November 2018 to November 2020, 81 consecutive
patients (59 males and 22 females, mean age: 52.5 years old,
range from 28 to 70 years old) who underwent BTO for ICA on
the lesion side were enrolled in the study. Apart from 81 patients,
another six patients didn’t manage to perform ICA BTO, because
they were identified with chronic internal carotid artery
occlusion (CICAO) on the lesion side after DSA confirmation
before BTO (Supplemental Table 4). All patients had a clear
July 2021 | Volume 11 | Article 674889
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diagnosis of rNPC and those with distant metastasis
were excluded.

Balloon Test Occlusion Procedure
Informed consent was obtained from every patient. The probes
of NIRS cerebral oximeter (MC-2030C cerebral oximeter, CAS
MEDICAL SYSTEMS Inc., USA) were placed on the forehead of
both sides, and rSO2 was monitored continuously during all
procedures. The whole procedure was performed under local
anesthesia. The patients were wide awake and were aware that
the operator would continuously communicate with them to
evaluate his or her motor function, sensory system, speech,
orientation and cognition during the procedure.

All procedures were performed with single plane DSA
equipment, Innova 3100-IQ (GE Inc., USA) and Artis Q Zeego
(Simens Inc., Germany). After local anesthesia induction, a 6-
French femoral sheath was inserted into the right femoral artery.
After that, control anteroposterior and lateral angiography of
bilateral ICAs and unilateral vertebral artery (VA) were
performed at six frames per second before BTO with a
diagnostic catheter. Heparin was administered intravenously
after a puncture to prevent procedure-related thromboembolic
complications. A nondetachable balloon catheter was then
introduced and placed in the distal cervical segment of ICA on
the lesion side through the balloon guiding catheter. The balloon
positioned in the lower segment of the ICA might lead to
bradycardia and a transient drop of blood pressure (BP)
caused by carotid sinus reflex, which might affect the result
of BTO.

After performing the initial neurological evaluation, the
balloon (Sterling Monorail, Boston Scientific Inc., USA) was
then inflated under fluoroscopic visualization with angiographic
confirmation of complete flow arrest of the vessel. The tested
ICA was occluded for a total duration of 30 min and a
neurological assessment was repeated immediately after the
occlusion and every 5 min during the test. If the patient didn’t
show with sign of the symptoms caused by hemodynamic
cerebral ischemia 15 min after the temporary occlusion of ICA,
the operator would puncture the left femoral artery and
performed angiography of the contralateral ICA and the
unilateral VA to evaluate the collateral circulation with the
balloon inflated. As soon as any neurological deficit with rSO2

abnormality was detected during the procedure, the balloon was
deflated immediately regardless of the collateral angiography.
Under such circumstance, the BTO was considered positive.
Once the patient clinically tolerated the 30-min occlusion, the
BTO was judged to be negative. Patient developing delayed
cerebral ischemia after therapeutic ICA occlusion was judged
to be false-negative.

Post-Occlusion Protocol
Hemostasis at the femoral punctures were treated by electronic
compressor. After permanent ICA occlusion by coiling, patients
were transferred to the intensive care unit (ICU) where fluid
balance, neurologic status, and blood pressure were carefully
monitored. Subcutaneous heparin at therapeutic dosages was
continued for 48 h. Routine head CT scanning was performed
Frontiers in Oncology | www.frontiersin.org 353
24 h after carotid occlusion. Attention was focused on detecting
symptoms of cerebral ischemia that might have been caused by the
occlusion of a carotid artery. BP monitoring was another concern
after the operation. BP should be kept pharmacologically elevated
for 48 h to avoid possible episode of hypotension if necessary.
Early stage of permanent blockage of the blood flow to the ICA
might lead to an increased pressure within the carotid sinus, hence
resulting in a temporary drop in BP and subsequent craniocerebral
hypoperfusion. If no delayed cerebral hemodynamic ischemia was
detected, the patients were discharged 5 days after the treatment
and then transferred to EYE & ENT hospital of Fudan University
for salvage ENPG.

Anatomic Configuration and Collateral
Flow Configuration
It is widely acknowledged that the CoW exhibits considerable
anatomical variations (19–21). A complete CoW only accounts
for approximately 50% of the population (19, 20, 22). The
anterior Circle of CoW is composed of the anterior
communicating artery (AcomA) and the proximal anterior
cerebral artery (ACA) segments (A1) (23). Asymmetry of
anterior cerebral artery trunks (A1), with one side A1 (larger
diameter) as the dominant supply to both pericallosal arteries
(A2) is a common anatomic variation within the anterior part of
the CoW and is regarded as an important factor in the formation
of aneurysms of the AcomA by producing different
hemodynamic stress (24). For another, blood flow through a
vessel can be modeled mathematically by using the Pouseille
equation relating flow (25). F; to vessel length, L; the pressure
drops across the vessel, DP; the blood viscosity, h; and the vessel
diameter, d:

F ∝
DP · d4

h · L

Under this theory, for two vessels of similar length and
pressure, a two times of difference in vessel diameter leads to
a sixteen times of difference in blood flow. The Pouseille
equation shows that vessel diameter influences the blood
supply significantly.

Thus, we speculate that relative position of tested side ICA
and dominant A1 will have a great impact on collateral blood
flow recruitment and subsequently affect results of BTO. In the
presence of AcomA, the A1 to A2 flow dominance was classified
on a 3-point scale: symmetric, no clear dominance of the inflow
contribution of one A1 segment over the other; dominant, one
A1 segment clearly contributes more inflow to an A2 than the
other; and complete, no detectable inflow contribution from the
contralateral segment. As for the posterior Circle of CoW, it is
composed of the posterior communicating arteries (PcomA) and
the P1 segments of the posterior cerebral arteries (PCA) (23).
Similarly, absence of PcomA and complete fetal PCA (cfPCA),
who completely originates from the ICA with no connection
with the basilar artery, are other common variants of cerebral
circulation (26).

In our study, the CoW anatomical variations were categorized
into several Subgroups (Figure 1) as follows based on the
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presence/absence of AcomA, PcomA and cfPCA, as well as the
asymmetry/symmetric of anterior cerebral artery trunks (A1).
The Subgroups represented different anatomic configurations of
CoW and the Types represented different collateral flow
configurations during BTO. The Subgroups and Types only
included those we found in this study.

Statistical Analysis
Continuous variables were reported as mean with standard
deviations (SD) or median with interquartile ranges (IQR).
Categorical variables were compared by using Fisher exact tests
and Mann–Whitney U tests. Receiver operating characteristic
(ROC) curve analysis was used to determine the most suitable
cut-off value based on the shortest distance from the curve to the
upper-left corner. The analysis was performed using SPSS
Version 25.0 and Medcalc Version 19.0. The level of
significance was established at a 0.05 level (two-sided).
RESULTS

87 BTO of ICA were performed, as six patients underwent BTO
of bilateral ICAs (left: 48 cases; right: 39 cases). 17 cases were
judged to be BTO-positive, three cases were judged to be BTO
Frontiers in Oncology | www.frontiersin.org 454
false-negative and the remaining 67 cases were judged to be
BTO-negative. Clinical features of all 87 cases were given in
Supplemental Table 1.

Cerebral rSO2 Monitoring
62 of 87 cases accepted real-time monitoring of cerebral rSO2,
among which 12 cases were BTO-positive, 47 cases were BTO-
negative and three cases were BTO false-negative. One BTO-
positive case (Case No. 77) was excluded in ROC curve analysis
because he was found significantly increase in rSO2, as the
patient complained of unbearable headache during the
procedure. Decrease in muscle strength of the right limb
(Grade 3/5) was also detected by our clinician. The increase in
rSO2 was considered to be attributed to increased blood pressure
caused by the pain, and the subsequent angiography of the
collateral circulation showed insufficient perfusion of the tested
side MCA area. The remaining 11 BTO-positive demonstrated
significant drop in tested side rSO2. As for the decrease in rSO2,
there was no significant difference between BTO false-negative
group (2; 3; 4%) and BTO negative group (median, 2%; IQR, 2%)
(p = 0.310). In our study, the most suitable cut-off △rSO2 value
for detecting the BTO-positive group obtained through ROC
curve analysis was 5% (sensitivity: 100%, specificity: 86%)
(Figure 2).
FIGURE 1 | Anatomic Configurations and Collateral Flow Configurations included in this study. Subgroup I: Type 1: A1 to A2 flow dominance: symmetric, cfPCA
ipsilateral to tested side; Type 2: AcomA absence, complete posterior Circle ipsilateral to tested side. Subgroup II: A1 to A2 flow dominance: symmetric. Type 3:
Tested side MCA area blood supply: the anterior Circle alone; Type 4: Tested side MCA area blood supply: both the anterior Circle and the posterior Circle; Type 5:
Tested side MCA area blood supply: the posterior Circle alone. Subgroup III: A1 to A2 flow dominance: complete. Type 6: A1 absence ipsilateral to the tested side;
Type 7: A1 absence contralateral to the tested side; Type 8: A1 absence ipsilateral to the tested side, cfPCA ipsilateral to tested side. Subgroup IV: A1 to A2 flow
dominance: dominant. Type 9: A1 dominance ipsilateral to the tested side, complete posterior Circle on tested side; Type 10: A1 dominance contralateral to the
tested side, complete posterior Circle on tested side; Type 11: A1 dominance ipsilateral to the tested side, PcomA absence on tested side; Type 12: A1 dominance
contralateral to the tested side, PcomA absence on tested side.
July 2021 | Volume 11 | Article 674889
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Angiographic Findings
79 of 87 cases performed complete collateral angiography of
contralateral ICA and unilateral VA. Case No. 58 performed
complete angiography of collateral circulation, but was excluded
from all Types for his unique collateral flow configuration. 79 of
87 cases were included in Subgroups and Types based on their
anatomic configurations and collateral flow configurations
(Figure 1). Case No. 80 failed to perform complete
angiography of collateral circulation, but was classified in
Subgroup IV based on his anatomic configuration.

Subgroup I
A total of seven cases were classified in Subgroup I, among
which four cases of tested side cerebral hemisphere blood supply
were completely recruited via the anterior Circle alone (Type 1)
and three cases of tested side cerebral hemisphere blood supply
were completely recruited via the posterior Circle alone (Type 2).
No immediate or delayed hemodynamic cerebral ischemia
complications were found in cases in Type 1, while two cases
among Type 2 were BTO-positive, but with no statistical
difference of ischemic complication rates between two types
(p = 0.143).
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Subgroup II
All types had a complete anterior Circle in this subgroup and A1
to A2 blood flow showed no clear dominance of the inflow
contribution of one A1 segment over the other. The classification
in Subgroup II was based on the different blood supply to the
tested side MCA area. Tested side ACA area of all cases in
Subgroup II has already gained enough blood perfusion (ASITN/
SIR Grade 4) (27) via the anterior Circle. Type 3 represented
cross flow via the anterior Circle alone to the tested side MCA
area, whereas Type 4 represented cross flow via both anterior
Circle and posterior Circle to the tested side MCA area. Type 6 in
Subgroup III and Type 5 had similar cerebral hemodynamic
features during ICA BTO as they both represented cross flow via
the posterior Circle alone to the tested side MCA area. The
summary of tested side MCA area blood supply categorization
and its BTO results for BTO alone group and therapeutic ICA
occlusion group are given in Tables 1 and 2. All cases in Types 3
and 4 were BTO-negative and no patient suffered delayed
ischemia after therapeutic ICA occlusion. When dividing the
tested side MCA area blood supply into those with collateral flow
via the posterior Circle alone (Type 5 +Type 6) and those with
collateral flow via the anterior Circle alone (Type 3)/via both
FIGURE 2 | ROC curve analysis for the BTO-positive group. The purple line with orange dots showing ROC curve analysis for the BTO-positive group detected by
drop in rSO2 value.
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anterior Circle and posterior Circle (Type 4), a higher BTO-
positive rate (33% vs 0%; p = 0.046) and BTO false-negative rate
(40% vs 0%, p = 0.028) in (Type 5 + Type 6) were observed,
compared with (Type 3 + Type 4). Cross flow via the posterior
Circle alone to the tested side MCA area was significantly
associated with cerebral ischemic complications (p = 0.0108;
OR:51; 95% CI: 2.4810 to 1,048.3629).

In cases among Types 5 and 6, we found that no patient
experienced cerebral ischemia complications during and after
BTO when the sign of reverse blood flow to the ICA was detected
(Table 3). When we compared the groups with reverse blood
flow to the ICA and the groups without reverse blood flow to the
ICA during BTO, the odds of having a BTO-negative result given
the presence of reverse blood flow to the ICA were 39.0 times
greater, with the 95% CI, 1.2772 to 1,190.9128 (p = 0.0357).

Subgroup III
Subgroup III showed no evidence of A1 segment on one side,
with total supply to both A2s from the single A1. In Subgroup III,
Type 6 was classified into Tables 1 and 2 and analysis. Only one
case (Case No. 62), whose absent A1 was contralateral to the
tested side ICA, was categorized in Type 7. This patient
underwent BTO alone, with no rSO2 abnormality detected
during the BTO procedure simultaneously. So the case was
considered to be BTO-negative, although angiographic findings
showed cross flow not only via the posterior Circle to the affected
hemisphere but also pial collaterals from contralateral MCA to
contralateral ACA.

Subgroup IV
In Subgroup IV, all types had a complete anterior Circle and one
A1 segment clearly contributed more inflow to an A2 than the
Frontiers in Oncology | www.frontiersin.org 656
contralateral segment. A total of 17 cases were classified in
Subgroup IV, among which four cases were BTO-positive, 12
cases were BTO-negative and one case was BTO false-negative.
Comparing BTO-negative group and BTO-positive group in
Subgroup IV (1 BTO-positive case (Case No. 80) with severe
and immediate neurological deficits was excluded, because
angiography of collateral blood flow failed to complete in
time), the absence of the posterior Circle was significantly
associated with BTO-positive results (p = 0.0426; OR:29.4000;
95%CI:1.1190–772.4193) (Table 4). Statistical analysis showed
that relative position of A1 (dominant side) and ICA (tested side)
had nothing to do with the configurations of blood supply to
tested side MCA area in BTO-negative group in Subgroup IV
(p = 0.470) (Supplemental Table 2). The remaining BTO false-
negative case (Case No. 69) was classified in Type 9 based on its
hemodynamic change during BTO, but the stenosis of
contralateral ICA was detected.

Case Illustration
Case Nos. 76 and 80: A 63-year old male (Subgroup IV) was
admitted to our neurosurgery department for bilateral ICA BTO
and intended to have his left ICA occluded permanently. Control
angiography of bilateral ICA and unilateral VA was shown in
Figures 3A–D. Asymmetry of bilateral A1s was detected in this
patient, with left A1 as the dominant side (Figures 3A, B, F).
Figure 3E showed complete temporary blood flow blockage of
right ICA (ipsilateral to dominant A1). When BTO of right ICA
(contralateral to dominant A1) went on, the patient didn’t show
obvious neurological deficits at the beginning. However, rSO2

did decrease by 8%, as soon as the balloon was inflated (Figure
3H). Subsequent angiography of left ICA showed that
insufficient perfusion via the anterior Circle to right MCA area
during right ICA BTO (ASITN/SIR Grade1) (Figure 3F).
Angiography of VA showed absence of right PcomA and
minor collateral flow via leptomengningeal branches from
TABLE 1 | The summary of tested side MCA area blood supply categorization in
(Subgroup II + Type 6) and its BTO results for BTO alone group.

BTO Alone

Tested Side MCA
Area Blood Supply

BTO-negative (%)
(n = 24)

BTO-positive (%)
(n = 2)

Total (%)
(n = 26)

AC alone 6 (23) 0 (0) 6 (23)
PC alone 4 (15) 2 (8) 6 (23)
AC + PC 14 (54) 0 (0) 14 (54)
Total 24 (92) 2 (8) 26 (100)
AC, the anterior Circle; PC, the posterior Circle.
TABLE 2 | The summary of tested side MCA area blood supply categorization in
(Subgroup II + Type 6) and its BTO results for Therapeutic ICA Occlusion group.

Therapeutic ICA Occlusion

Tested Side MCA Area
Blood Supply

BTO-negative
(%)(n = 25)

BTO false-
positive (%)(n = 2)

Total (%)
(n = 27)

AC alone 10 (37) 0 (0) 10 (37)
PC alone 3 (11) 2 (7) 5 (19)
AC + PC 12 (44) 0 (0) 12 (44)
Total 25 (93) 2 (7) 27 (100)
AC, the anterior Circle; PC, the posterior Circle.
TABLE 3 | The summary of the sigh of reverse blood flow to ICA tested side
MCA area blood supply in (Type 5 + Type 6) and its BTO results.

Tested Side MCA Area Blood Supply: PC

Reverse Blood
Flow to ICA (+/−)

BTO-
negative (%)

(n = 7)

BTO-positive + BTO false-
positive (%)(n = 2 + 2)

Total (%)
(n = 11)

Presence (+) 6 (55) 0 (0) 6 (55)
Absence (−) 1 (9) 4 (36) 5 (45)
Total 7 (64) 4 (36) 11 (100)
July 2021 | Volume 11 | Arti
PC, the posterior Circle.
TABLE 4 | The summary of the relationship between the absence of Posterior
Circle and its BTO results in Subgroup IV.

Posterior Circle
(+\−)

BTO-positive (%)
(n = 3)

BTO-negative (%)
(n = 12)

Total (%)
(n = 15)

Presence (+) 0 (0) 10 (67) 10 (67)
Absence (−) 3 (20) 2 (13) 5 (33)
Total 3 (20) 12 (80) 15 (100)
cle 674889
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posterior Circulation to the tested side MCA area (Figure 3G).
The patient gradually became lethargic and demonstrated
reduction in muscle strength of the right limb. Then we
deflated the balloon in time and the patient recovered
immediately. Right ICA BTO was classified into Type 12.
When we performed BTO of left ICA, the patient
demonstrated loss of consciousness instantly after the balloon
was inflated and rSO2 dropped more significantly by 11%
(Figure 3H). Given the severe symptoms caused by cerebral
ischemia, we were not able to perform angiography of collateral
flow this time. The patient was considered as bilateral BTO-
positive and finally underwent covered stent implantation of
left ICA.

Case No. 50: A 42-year old male (Subgroup II, Type 5) was
admitted to our neurosurgery department for left ICA BTO and
intended to have his left ICA occluded permanently. Control
angiography of bilateral ICA and unilateral VA was shown in
Figures 4A–D, with bilateral A1s independently supplying their
own A2s (Figures 4A, B). Figure 4E showed complete
temporary blood flow blockage of left ICA. The blood flow
from the right ICA only provided enough perfusion for left
ACA area (ASITN/SIR Grade4) (Figure 4F). Angiography of VA
demonstrated that left MCA area (ASITN/SIR Grade3) was
Frontiers in Oncology | www.frontiersin.org 757
supplied by the posterior Circulation via the posterior Circle
and no reverse blood flow to the left ICA was found (Figure 4G).
Not any acute cerebral ischemic symptom was detected during
BTO. Meanwhile, rSO2 monitoring was stable and the value of
rSO2 fluctuated subtly around the baseline (Figure 4I). The
patient was considered as BTO-negative at that time and
underwent therapeutic ICA occlusion after the test (Figure
4H). However, he unfortunately presented loss of muscle
strength of right limb and aphasia hours later. Subsequent
head CT scanning show cerebral fraction in the left basal
ganglia (Figure 4J).

Case No. 58: A 61-year old male was admitted to our
neurosurgery department for right ICA BTO. Since he was
treated with percutaneous dilational tracheostomy (PDT) not
long before and was wearing a tracheostomy tube, he wasn’t able
to communicate with us verbally. Control angiography of
bilateral ICA and unilateral VA was similar to Case No. 50
(Figures 5A–D). Figure 5E showed complete temporary blood
flow blockage of right ICA. The blood flow from the left ICA only
provided enough perfusion for right ACA area (ASITN/SIR
Grade4) and showed almost no perfusion to the right MCA
area (ASITN/SIR Grade0) (Figure 5F). The patient developed
moderate collateral flow via leptomengningeal branches from
FIGURE 3 | Cerebral angiography and cerebral rSO2 monitoring of Case Nos. 76 and 80. (A–G) Multi-side view of cerebral angiography. (H) Real-time rSO2

monitoring. The blue line represented rSO2 on the left cerebral hemisphere, the green line represented rSO2 on the right cerebral hemisphere, the yellow arrow
indicates a sudden drop in rSO2.
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posterior Circulation to the MCA area without the presence of
right PcomA (Figures 5G, H). rSO2 on the right side decreased
significantly by 7% and fluctuated far below the baseline (Figure
5I). The clinician didn’t detect obvious symptoms of cerebral
ischemia, but the patient seemed to be unresponsive during the
test. Coupled with rSO2 and angiography of collateral
circulation, this patient was judged to be BTO-positive. This
patient was not categorized in any Types.
DISCUSSION

ENPG for rNPC may involve therapeutic ICA sacrifice, which
requires preoperative knowledge of the feasibility of permanent
ICA occlusion (28). In comparison with abrupt ICA occlusion,
the application of angiographic BTO with clinical surveillance is
now a basic way to evaluate cerebral ischemic risks before
permanent ICA blockage and greatly helps to reduce the
incidence of postoperative cerebral infraction (13). However,
BTO with clinical surveillance still has some deficiencies. For
example, the clinical neurological testing is non-standardized
(27) and sometimes it is difficult for clinicians to distinguish
patients’ reaction following the instructions and to make verbal
Frontiers in Oncology | www.frontiersin.org 858
communication with patients due to the differences in dialects
and education levels. The test of muscle strength can also be
cumbersome owing to patient draping constraints. Furthermore,
although BTO with clinical surveillance is sufficient in prediction
of acute cerebral ischemia in awaking patients, it doesn’t work
properly in evaluating delayed stroke after permanent occlusion
(29). We believe that angiographic findings of collateral
circulation and adjunctive blood flow measurements are quite
imperative in ICA BTO.

Useful Angiography of Collateral
Circulation in Prediction of ICA BTO
It has been widely accepted that the CoW is the major and most
effective collateral pathway in the brain, which can respond
quickly to low perfusion areas by recruiting blood from the
contralateral hemisphere via the anterior Circle or by recruiting
blood from the posterior circulation via the posterior Circle to
the affected hemisphere (30). In the current study, according to
Tables 1 and 2, patients whose tested side MCA area was
supplied via both anterior Circle and posterior Circle (Type 4)
or via the anterior Circle alone (Type 3) demonstrated a
significant reduction in BTO-positive rate and BTO false-
negative rate in comparison with patients whose tested side
FIGURE 4 | Cerebral angiography and cerebral rSO2 monitoring of Case No. 50. (A–H) Multi-side view of cerebral angiography. (I) Real-time rSO2 monitoring. The
blue line represented rSO2 on the left cerebral hemisphere, the green line represented rSO2 on the right cerebral hemisphere. (J) CT scan of Case No. 50 after BTO
and ICA occlusion, the yellow arrow indicates delayed cerebral infraction after therapeutic ICA occlusion.
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MCA area was supplied via the posterior Circle alone (Type 5 +
Type 6). In accordance with Tables 1 and 2, although we find no
statistical difference of hemodynamic cerebral ischemia
complication rates between Type 1 (0%) and Type 2 (67%) in
Subgroup I, we speculate that the result might be caused by our
limited sample size. Our findings are consistent with previous
report that the anterior Circle might functionally be much more
important than the posterior Circle among the primary collateral
pathway (31, 32).

It is true that appearance on collateral flow can be evaluated
by using the American Society of Interventional and Therapeutic
Neuroradiology/Society of Interventional Radiology (ASITN/
SIR) Collateral Flow Grading System for angiography (33).
However, clinicians are not able to distinguish these differences
clearly with their visual impression sometimes. To our
experience, patients with no neurological deficits during BTO
and similar hemodynamic changes like Types 5 and 6, all had
collateral flow appearances of MCA areas that could be classified
into ASITN/SIR Grade 3 or Grade 4, but some patients still
developed delayed cerebral ischemia after therapeutic
ICA occlusion.

However, reverse blood flow to tested side ICA from the
posterior Circle during BTO can be easily detected in the DSA
Frontiers in Oncology | www.frontiersin.org 959
angiography. For cases among Types 5 and 6,cases without
reverse blood flow to ICA suffered more from immediate or
delayed cerebral ischemia by contrast with cases with reverse
blood flow to ICA. So we suggest that more attention should be
paid to clinical surveillance during BTO for patients with similar
hemodynamic change like Types 5 and 6.We also recommend
that should the sigh of reverse blood flow to tested side ICA from
the posterior Circle, which indicated more than enough collateral
blood perfusion, was detected among cases in Types 5 and 6,
therapeutic ICA occlusion could be performed with no need to
worry about delayed cerebral ischemic complications

Subgroup IV demonstrated an imbalanced anterior Circle,
with one side A1 supplying more flow to an A2 than the other
side A1. Relative position of A1 (dominant side) and ICA (tested
side) was not associated with BTO-positive rate (p = 1)
(Supplemental Table 3), while presence of the posterior Circle
in Subgroup IV could reduce BTO-positive rate regardless of the
relative position of A1 (dominant side) and ICA (tested side).
The reason for such findings could be explained as follows: The
fact that one side A1 supplying more blood flow to an A2 than
the other side A1 is mainly caused by the differences in bilateral
A1 diameters, with one A1 with larger diameter contributing
more inflow than contralateral A1 with smaller diameter.
FIGURE 5 | Cerebral angiography and cerebral rSO2 monitoring of Case No. 58. (A–H) Multi-side view of cerebral angiography. (I) Real-time rSO2 monitoring. The
blue line represented rSO2 on the left cerebral hemisphere, the green line represented rSO2 on the right cerebral hemisphere, the yellow arrow indicates a sudden
drop in rSO2.
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When the collateral flow goes from the dominant side to the
weak side (ICA occluded) via the anterior Circle, originally
relatively large collateral flow will be restricted by smaller A1
according to the Pouseille equation. Reversely, when the
collateral flow goes from the weak side to the dominant side
(ICA occluded) via the anterior Circle, originally collateral blood
flow remains unchanged, but the cross flow has two more ACA
areas to supply compared with the other situation. One situation
shows smaller blood flow to a small low perfusion area, whereas
the other situation shows normal blood flow to a larger low
perfusion area. Cross flow via the anterior Circle might not be
sufficient under these two circumstances, so that’s the reason
why collateral flow from the posterior Circle is indispensable for
BTO-negative results in Subgroup IV. It is also crucial to point
out not only BTO-positive cases but also BTO-negative cases
presented themselves in Type 12. This situation could be
explained by the fact that tested side MCA area could recruit
enough blood perfusion via the anterior Circle, when there is
rather little difference between A1 diameters on both sides, thus
making subtle impact on cross flow via the anterior Circle. So, as
a matter of fact, although statistical analysis shows that
configurations of blood supply to tested side MCA area in
BTO-negative group in Subgroup IV don’t differ between
group, whose tested side ICA is contralateral to dominant A1,
and group, whose tested side ICA is ipsilateral to dominant A1,
we speculate that difference will occur with the rise of sample size
(Supplemental Table 2).

Another angiographic finding highlighted was ICA stenosis
contralateral to tested side. All six cases in Type 9 showed no
neurological deficiencies during ICA BTO, and four cases
underwent therapeutic ICA occlusion after the procedure. One
(Case No. 69) of four cases presented herself with symptoms of
occasional limb weakness and dizziness to our division 7 days
after permanent ICA occlusion. Head CT scanning showed
newly-developed lacunar infraction in the left cerebral
hemisphere in contrast to previous scanning. Contralateral
ICA stenosis was detected last time during BTO and we once
hesitated to perform the permanent ICA occlusion, but both
rSO2 monitoring and neurological surveillance supported the
BTO-negative result. While dealing with her symptoms, we
retrospectively studied the DSA angiography of the patient
during BTO and considered contralateral ICA stenosis as the
main reason for the newly-developed lacunar infraction. A
previous study did reveal that the posterior circulation exerted
a greater influence during ICA BTO in patients with high-grade
contralateral ICA stenosis (31). Combining previous report with
our case, we presume that ipsilateral posterior Circle plays a
much more quantitatively significant role in protecting the
hemisphere against hemodynamic ischemia. Contralateral ICA
stenosis might still enable patients to narrowly tolerate
temporary ICA sacrifice in resting state, but it does have an
impact on the capacity to supply blood to the affected vascular
area via the anterior Circle at times of stress.

For another, besides collateral flow through CoW, two of six
rNPC patients with CICAO on the lesion side didn’t have any
cerebral ischemic symptoms and have gradually developed
Frontiers in Oncology | www.frontiersin.org 1060
secondary collateral pathway, such as ophthalmic arteries and
leptomengningeal arteries, to the low perfusion area
(Supplemental Table 4). However, Case No. 58 in the Case
Illustration, who developed collateral flow via leptomengningeal
branches from PCA to the tested side MCA area without the
presence of PcomA, was diagnosed with acute cerebral
hemodynamic ischemia owing to drowsiness, decrease in
muscle strength and simultaneous significant reduction in
tested side rSO2 during the procedure. Furthermore, Case No.
62 in Type 7 not only gained its collateral flow via the posterior
Circle on the tested side, but also via leptomengningeal arteries
contralateral to the tested side. The rSO2 monitoring of this case
also showed no abnormal fluctuation on tested side. Evidence
above demonstrates the fact that secondary collateral pathways,
which include but are not limited to extracranial-intracranial
anastomoses via the meningeal or ophthalmic arteries and pial
collaterals, need more time to function (34, 35). Based on our
study, secondary collateral pathways usually present themselves
as a substitution when the primary collateral pathways fall short
or a supplement when the primary collateral pathways are
insufficient. The presence of secondary collateral pathways
alone is often linked with BTO-positive results, because it is
considered to be a sign of deteriorated hemodynamic condition
of the brain in acute ischemic phase.

Case No. 63 in Type 8 was found cfPCA and A1 absence
ipsilateral to the tested side during ICA BTO and was regarded as
BTO-positive 10 min after the balloon was inflated. Since the
patient didn’t have a complete anterior and posterior Circle, as a
matter of fact, we could have predicted the intolerance of ICA
sacrifice of this case earlier, should we had performed head CTA/
MRA or Matas maneuver (angiography of the non-tested ICA
during manual carotid compression on the tested side) and
Allcock maneuver (angiography of the vertebral artery during
manual carotid compression on the tested side) before ICA BTO.
What also needed to mention was that another seven BTO-
positive cases(Case Nos. 81–87) in our study were excluded from
all the Subgroups,as they failed to perform angiography of
collateral flow in time. For patients those who quickly fail the
BTO, earlier awareness of their CoW development might spare
them from unnecessary BTO. Anyway, though BTO is a simple
procedure, it was reported to increase the rate of complications
for neuroangiography from 1.3% (36) to 3 to 4% (16, 37).
Unfortunately, we didn’t perform head CTA/MRA or Matas
maneuver and Allcock maneuver before the procedure in this
study. However, these exams and operations might help to
reduce overall cost and complication rate for each individual.

Suitable Adjunctive Techniques Chosen
for Selected Cases During ICA BTO
When it came to the adjunctive techniques during BTO, we
chose NIRS cerebral oximeter to monitor rSO2 change during
BTO. rSO2 monitoring is a quantitative method that also carries
the merits of being noninvasive and cost-effective. The baseline
values of rSO2 in our study ranged from 64 to 80% (mean 72.3 ±
5.1%) and was similar to previous reports (18, 38). Many scholars
have applied rSO2 monitoring during temporary ICA occlusion
July 2021 | Volume 11 | Article 674889
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for the detection of cerebral ischemia. However, a critical DrSO2

level to induce neurological deficit has not been well established
yet. Our study revealed that the most suitable cut-off value
detecting the BTO-positive group was 5%. All the cases
regarded as BTO-positive by clinical surveillance showed an
irreversible drop by at least 5% in rSO2 on the tested side.
However, comparison of change in rSO2 between BTO false-
negative group and BTO negative group showed no statistical
difference. Furthermore, all BTO false-positive cases didn’t
showed obvious rSO2 fluctuation during BTO in our study.
These evidences supported our experience that rSO2

monitoring didn’t work well in detecting delayed cerebral
ischemia after BTO. The fact that the sensors can only be put
on the forehead of both sides and monitor limited to the frontal
lobe may greatly affect the sensitivity and specificity in sorting
out BTO false-negative cases.

That is why we consider that other more quantitative blood
flow measurements, such as CTP, Technetium-99m hexamethyl
propyleneamine oxime (99mTc-HMPAO), single-photon
emission CT(SPECT) and xenon-enhanced CT(XeCT), might
be essential for cases with certain kind of collateral flow
configurations during BTO. According to our study, clinically
BTO-negative cases, who recruit collateral flow via both primary
and secondary pathways (e.g. Case No. 62), or who have similar
hemodynamic changes like Types 5 and 6 (e.g. Case No. 50), or
who have contralateral ICA stenosis (e.g. Case No. 69) are proper
candidates for BTO in conjunction with these more quantitative
blood flow measurements before permanent ICA occlusion. In
fact, cases, whose angiography of collateral circulation doesn’t
fully support clinically BTO-negative results, are recommended
to use more quantitative blood flow measurements to avoid
delayed cerebral ischemia after permanent ICA occlusion.
Tomoyoshi Kuribara et al. reported that patients whose MTT
obtained through CT perfusion at less than 16.4% increase
compared with that on the contralateral side might be treated
with abrupt ICA occlusion (38). Quantitative CBF studies using
XeCT pointed out that a flow of less than 30 ml/100 g/mg as the
threshold for occurrence of neurological symptoms after ICA
sacrifice (13, 39). However, BTO false-negative rate has also been
reported in these method,with 99mTc-HMPAO studies up to 20%
(13, 40, 41) and XeCT up to 3–10% (13, 39, 42). It has also been
suggested that SPECT asymmetry analysis carries a high rate of
BTO false-positive test results (43, 44). Despite the fact that room
to room transfer, extended test time and complex operation are
needed for these equipment, we believe more detailed
information of cerebral hemodynamic changes during ICA
BTO will decrease BTO false-negative rate to some extent.

Method chosen for distinguishing BTO results greatly
influence the following treatment of patients with rNPC. For
patients whom clinicians falsely think that will develop delayed
cerebral stroke, patients will undergo covered stent implantation
of ICA before ENPG. This might increase perioperative
complication rate of a hurried ENPG caused by routine
antiplatelet treatment after covered stent implantation, as
rNPC patients want the surgery urgently and have little time to
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waste. That was also the reason why we didn’t choose
hypotensive challenge or neurophysiologic monitoring as
adjunctive techniques, as such tests would possibly have
withheld ICA sacrifice that actually was feasible (28, 45).

Overall, all adjunctive techniques coupled with ICA BTO
have their own pearls and pitfalls, the results of ICA BTO need a
comprehensive judgement.

Study Limitations
This study had several limitations. First, it was a retrospective
study with limited samples in each subgroups and types. We
didn’t observe the long nature history of cases with therapeutic
ICA occlusion, as patients were discharged from our
neurosurgical division soon after the treatment and received
ENPG. Secondly, all the BTO false-negative cases in our study
only presented with symptomatic ischemic events. The following
head CT scanning confirmed the diagnose of delayed stroke.
However, there is cerebral ischemia identified radiographically
that is asymptomatic, so it might be essential to perform
diffusion-weighted or FLAIR MRI imaging before BTO and
after therapeutic ICA occlusion. Thirdly, collateral angiography
could not be performed in some patients owing to ischemic
symptoms during temporal occlusion of the ICA. The data of
these extremely poor collateral configurations were missing. In
addition, some patients needed BTO alone for their low risk of
ICA injury according to a new assessment of ICA invasion (46).
This might also influence the detection of BTO false-negative
cases and results. As a consequence of these limitations, it’s
necessary to confirm our results with prospective and large
sample studies.
CONCLUSION

CTA/MRA scanning of the brain with Matas and Allcock
maneuvers before ICA BTO is essential. Angiographic findings
before ICA BTO and angiography of cerebral collateral
circulation during ICA BTO are significantly correlated with
ICA BTO results. Angiographic ICA BTO can be performed in
conjunction with NIRS cerebral oximeter for its advantage of
being noninvasive, real-time, cost-effective, simple for operation
and most importantly for its correct prediction of rSO2 outcome
of ICA sacrifice. However, in order to ensure a safe carotid artery
occlusion, more quantitative adjunctive blood flow
measurements are recommended when angiography of cerebral
collateral circulation doesn’t fully support rSO2 outcome among
clinically ICA BTO-negative cases.
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Comparing the Effectiveness
of Endoscopic Surgeries With
Intensity-Modulated Radiotherapy
for Recurrent rT3 and rT4
Nasopharyngeal Carcinoma:
A Meta-Analysis
Zhouying Peng, Yumin Wang, Yaxuan Wang, Ruohao Fan, Kelei Gao, Hua Zhang
and Weihong Jiang*

Department of Otolaryngology Head and Neck Surgery, Xiangya Hospital, Central South University, Changsha, China

Background: This meta-analysis aimed to compare the efficacy of intensity-modulated
radiotherapy (IMRT) and endoscopic surgery (ES) for high T-stage recurrent
nasopharyngeal carcinoma (NPC).

Methods: Relevant studies were retrieved in six databases from 02/28,2011 to 02/
28,2021. The 2-year, 3-year, 5-year overall survival (OS) rates and 2-year disease-free
survival (DFS) rates were calculated to compare the survival outcomes of the two
treatments of IMRT and ES. Combined odds ratios (ORs) and 95% confidence interval
(C Is) were measured as effect size on the association between high T-stage and 5-year
OS rates.

Results: A total of 23 publications involving 2,578 patients with recurrent NPC were
included in this study. Of these, 1611 patients with recurrent rT3-4 NPC were treated with
ES and IMRT in 358 and 1,253 patients, respectively. The combined 2-year OS and 5-
year OS rates for the two treatments were summarized separately, and the 2-year OS and
5-year OS rate for ES were 64% and 52%, respectively. The 2-year OS and 5-year OS rate
for IMRT were 65% and 31%, respectively. The combined 2-year DFS rates of IMRT and
ES were 60% and 50%, respectively. Combined ORs and 95% confidence intervals for 5-
year survival suggest that ES may improve survival in recurrent NPC with rT3-4. In terms of
complications, ES in the treatment of high T-stage recurrent NPC is potentially associated
with fewer complications.

Conclusions: The results of our study suggest that ES for rT3-4 may be a better treatment
than IMRT, but the conclusion still needs to be sought by designing more studies.

Keywords: recurrent nasopharyngeal carcinoma, endoscopic surgery, intensity-modulated radiotherapy,
survival outcome, meta-analysis
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INTRODUCTION

Nasopharyngeal carcinoma (NPC) is a type of squamous head
and neck cancer with variable geographic distribution, with the
highest incidence in Southeast Asia. Its main treatment modality
is radiotherapy (1–4). With the development of diagnostic and
treatment techniques, the 5-year OS rate of NPC reaches 50% to
64%, but 10% to 20% of patients still experience recurrence after
the first treatment and improvement of their disease (5). According
to National Comprehensive Cancer Network (NCCN) guidelines,
surgical excision of the lesion or local radiotherapy is
recommended for resectable head and neck squamous carcinoma
after recurrence that has been treated with radiotherapy.
Chemotherapy alone is usually reserved for palliative patients
who are not candidates for radiotherapy or surgery (5, 6).

The 5-year survival rate for salvage nasopharyngectomy for
resectable recurrent NPC is 40% to 60%, compared with 8% to
36% for patients with local recurrence treated with recourse
radiotherapy and often with severe complications, such as
multiple cranial nerve palsies, osteonecrosis, and internal
carotid artery dissection (7). For patients with locally advanced
rT3-4, endoscopic surgical resection of the lesion requires a high
level of surgical skill on the lead surgeons, and the probability of
subsequent complications is higher than that of early-stage
patients if they are treated with re-radiotherapy (7, 8). The
survival and prognosis studies of ES and IMRT for recurrent
NPC have been reported in the literatures (5, 9, 10), but there is
no literature comparing the efficacy of the two treatment
modalities for locally advanced recurrent rT3-4 NPC.

For recurrent rT3-4 NPC, whether ES should be used or
IMRT should be performed is unclear. There needs to be an
evidence-based summary of which treatment is better for these
patients to provide some basis for clinicians’ treatment decisions.
Therefore, we conducted a meta-analysis to synthesize the best
currently available data to compare the efficacy and safety of ES
and IMRT for the treatment of recurrent rT3-4 NPC.
MATERIALS AND METHODS

Search Strategy
We conducted a literature search on several medical databases,
including Pubmed, Embase, Web of Science, Cochrane, and two
Chinese databases (CNKI andWanfang). The studies published from
February 1, 2011, to February 1, 2021. The search strategy was
predefined according to the following Medical Subject Headings
(MeSH) and free terms: “recurrent” or “recurrence”, “nasopharyngeal
carcinoma”, “endoscopy surgery”, or “intensity modulated
radiotherapy”. Publications in a language other than Chinese and
English were excluded. At the same time, the references of included
papers were examined for potentially eligible studies.

Inclusion and Exclusion Criteria
The eligible studies in this meta-analysis meet the following
criteria: (a) histologically confirmed residual and/or recurrent
NPC patients with T-stage information; (b) initial treatment is at
Frontiers in Oncology | www.frontiersin.org 265
least one cycle of radiotherapy, with or without concurrent
chemotherapy; (c) patients with recurrent NPC treated with
endoscopic surgery or IMRT with or without chemotherapy;
(d) the outcome of publication studies include randomized
controlled studies with 2-year survival or 3-year survival or
5-year survival, 2-year DFS or 3-year LCR, retrospective
studies, case series reports, and so on; (e) the number of
patients with stage rT3 and rT4 is 5 or more than; (f) when
multiple studies report the same sample, the one with the most
complete data from the available studies will be selected.

The following criteria were used to exclude studies: (a) case
reports, reviews, and meta-analyses; (b) studies without rT3 and
rT4 stage cases; (c) various studies with incomplete survival rates.

Data Extraction and Assessment
All retrieved publications were read by two researchers
simultaneously and independently. In case of disagreement
between the two researchers, a detailed discussion by a third
researcher was required. After the relevant publications were
identified, each publication was screened based on its title and
abstract, and inappropriate publications were eliminated. The
retained publications were then reviewed in their entirety to
determine their final inclusion in this study. The literature review
workflow is shown in Figure 1. Finally, valid data were extracted
from the publications that met the criteria for inclusion in this
study. The extracted information included: sample characteristics,
tumor T-stage, specific information on treatment, post-treatment
follow-up time, and survival rate. If no survival rate information
was required in the publications, they were reanalyzed as
accurately as possible based on the data in the articles. Tables 1
and 2 list the details of the studies included in this study.

All the included articles were assessed according to the
Methodological Index for Non-Randomized Studies (MINORS).
The MINORS instrument has eight dimensions assessing study
objective, patients enrollment, data collection, endpoints
definition, endpoints assessment, follow-up period, lost to
follow-up, and sample size calculation. The high MINORS
scores indicate good quality. The maximum ideal score is 16 for
nonrandomized studies and 24 for controlled studies. Specific
MINORS scores are detailed in Tables 1 and 2.

Statistical Analysis
We analyzed the obtained data for survival rate, OR, and other
factors by using Review Manager 5.3. For survival rate, we
merged the rate values and performed heterogeneity tests. I (2) >
50% was defined as significant heterogeneity. A random effect
model was adopted and sub-analyses were made when
heterogeneity existed among study results. Otherwise, a fixed-
effect model was adopted to merge survival rate values and 95%
CIs. Calculation results were presented as forest plots. OR is the
ratio of the survival rates in the case of surgery group to the
prognosis in the case of radiotherapy group. OR > 1 indicates
that the patients with surgery have a better prognosis than the
patients with radiotherapy. For the studies from which we
could obtain survival data, we made a funnel plot to describe
publication bias using S.E. of rate as the abscissa and mean rates
as the ordinate.
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FIGURE 1 | Flowchart of the process of trial selection.
TABLE 1 | Main characteristics of included studies on endoscopic surgery.

Authors Year Publication
language

No. of
patients

M/F rT classifications Margins 2-year OS (%) 5-year OS (%) 2-year DFS (%) MINORS

rT1-2 rT3-4 +/- Overall rT3-4 overall rT3-4 overall rT3-4

Castelnuovo et al. (11) 2013 English 27 — 13 14 3/27 — 78.6 72.5 — — 57.1 9
You et al. (9) 2015 English 72 54/18 59 13 — 93.3 84.6 77.1 76.9 92.8 47.2 12
Wong et al. (7) 2017 English 15 9/6 0 15 6/9 66.7 66.7 — 50.0 40.0 40.0 9
Weng et al. (12) 2017 English 36 26/10 17 19 — 68.3 52.6 — — 63.6 48.0 10
Liu et al. (13) 2017 English 91 71/20 43 48 — 64.8 53.7 38.3 — 57.5 57.5 11
Tang et al. (14) 2019 English 55 44/11 45 10 4/51 — 90.0 — — — 30.0 8
Zou et al. (10) 2015 English 92 70/22 79 13 — 91.3 — 78.1 48.5 — — 10
Wong et al. (8) 2019 English 12 — 0 12 — — — 50.0 — — — 9
Li et al. (15) 2020 English 189 132/57 97 92 32/157 82.2 — 43.6 47.2 — — 9
Sun et al. (16) 2015 Chinese 71 53/18 37 34 17/20 74.0 41.1 39.0 — 60.5 — 10
Chen and Qiu (17) 2015 Chinese 96 72/24 38 58 52/44 68.0 51.7 — — — — 9
Liu et al. (5) 2021 English 96 — 66 30 6/90 89.9 — 73.8 — 81.8 — 21
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Symmetry of the funnel plot was tested by linear regression
models (Begg’s method and Egger’s method) in STATA 12.0 to
evaluate publication bias. For the studies from which we could
obtain survival of endoscopic surgery group and IMRT group,
OR values were combined and heterogeneity tests was analyzed
using Review Manager 5.3. The relationship between treatment
methods and patients survival rate was shown by pooled OR. We
calculated the OR values and performed to analyze P <0.05 was
considered statistically significant. We use Engauge Digitizer
12.1 to calculate from Kaplan-Meier (K-M) Curve of published
article (29).
RESULTS

Search Results and Study Characteristics
A total of 2,052 publications were captured though the initial
systematic research of literature published between February 28,
2011, and February 28,2021, among which 1,078 were found in
English databases, and 974 were found in Chinese databases.
While reviewing the titles and abstracts, 91 of them were selected
for full-text reading and 68 of them were excluded for the reasons
shown in Figure 1. Twenty-three papers were finally left for
our analysis.

The 23 publications meeting the inclusion criteria include a
total of 2,578 patients diagnosed with recurrent NPC. Twelve
articles investigated endoscopic surgery for recurrent NPC
covered a total of 852 patients, including 494 patients with
stage recurrent rT1-2 NPC and 358 patients with stage rT3-4.
Fourteen studies investigated IMRT for recurrent NPC covered a
total of 1,726 patients, including 473 patients with stage
recurrent rT1-2 NPC and 1,253 patients with stage rT3-4,
respectively. Three of the 23 studies were comparative studies
of the efficacy of endoscopic surgery versus IMRT for recurrent
NPC. The range of sample size was 12 to 251 with a mean of 112,
sample size for endoscopic treatment, and IMRT ranging from
12 to 189 with a mean of 71 and 27 to 251 with a mean of 123,
respectively. We used MINORS to assess the quality of the
studies, and in all publications included in this paper, the
average MINORS score was 10 (range,8-21) (Tables 1 and 2),
so the quality of these studies is acceptable.

Comparison of OS in Patients Between
Endoscopic Surgery and IMRT
First step meta-analysis, we performed on OS rate. We compared
the 2-year and 5-year OS rates of endoscopic surgery and IMRT
with or without chemotherapy for recurrent rT3-4 NPC,
respectively (Figures 2A, B). For these patients, the 2-year OS
rate was 64% (95% CI, 52%–77%, I2 = 74%, P= 0.0003), the
5-year OS rate was 52% (95% CI, 43%–60%, I2 = 45%, P= 0.14).
Although the patients undertaking IMRT had better 2-year OS
rate than those with endoscopic surgeries. However, there is just
a little difference between them. In terms of 5-year OS rate, the
patients undertaking ES had better survival experience than
those with IMRT. In studies of IMRT for recurrent NPC, most
investigators use the 3-year OS rate to express the effectiveness of
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the treatment method, so we also analyzed the 3-year OS rate of
the IMRT group as shown in Figure 2C. Then, we found that ES
achieved better 5-year OS rate than IMRT’s 3-year OS rate for
recurrent rT3-4 NPC (52% vs 44%).

Association Between Treatment and OS,
DFS, and LCR
The 2-year disease-free survival (DFS) rate are comparable
between ES and IMRT for recurrent rT3-4 NPC. Although the
2-year DFS rate was higher in patients with recurrent NPC
treated with IMRT than in those treated with ES, 60%(95%
Frontiers in Oncology | www.frontiersin.org 568
CI,47%–73%, I2 = 0%, P= 0.6) and 50% (95% CI,41%–59%,
I2 = 0%, P= 0.55), respectively, the confidence interval was wider
than for ES (Figure 3A). We also combined the 3-year local
control rate (LCR) of recurrent rT3-4 NPC treated with IMRT as
shown in Figure 3B, 48%(95% CI,13%-84%, I2 = 96%,
P<0.00001). However, this metric does not have enough data
for comparison in ES. As shown in Figure 4, endoscopic surgery
for recurrent NPC is more advantageous compared with IMRT,
also in recurrent cases with high T-stage, but the confidence
interval was wider, probably related to the relatively small
number of included literatures.
A

B

C

FIGURE 2 | Forest plot displaying the meta-analysis of OS in the endoscopic surgery and IMRT group with recurrent rT3-4 NPC. (A) Meta-analysis of 2-year OS
rates. (B) Meta-analysis of 5-year OS rates. (C) Meta-analysis of 3-year OS rates for IMRT group. NPC, nasopharyngeal carcinoma; IMRT, intensity-modulated
radiotherapy; OS, overall survival.
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I (2) > 50% indicates a high heterogeneity in the analytical
results, so we further investigated possible causes of bias and
heterogeneity. Meta-regression analysis showed that size of studies
(≥15 cases or not) was a correlative factor of heterogeneity.
Subgroup meta-analysis was then performed (Supplementary
Figure 1). If we exclude the studies which size of study<15
cases, then combined the 2-year OS rate, N=5, the results
obtained are shown in Supplementary Figure 1A. Similar
results were also observed in meta-regression analyses for 3-year
LCR for IMRT group. Combining the 3-year LCR rate of two
studies with similar case numbers, we can obtain results as shown
in Supplementary Figure 1B.

Comparison of Complications
We combined the occurrence of complications of the two
treatments in 23 papers respectively; as shown in Figure 5, the
incidence of most complications after IMRT for patients with
recurrent NPC is higher than that of ES. Also, among the 13
publications on IMRT, three reported 23 cases of dysphagia in a
total of 125 patients and 68 patients with radiation
encephalopathy in another publications of 239 patients. Four
publications reported tissue damage to the face and neck in 20 of
a total of 288 patients treated with re-radiotherapy. Postoperative
hemorrhage and wound infection have become complications
specific to ES for recurrent NPC.

Publication Bias
Publication bias was evaluated using Begg’s test. As shown in
Figure 6, the funnel plot did not indicate any evidence of
publication bias for endoscopic surgery’s 2-year OS (p = 0.458)
Frontiers in Oncology | www.frontiersin.org 669
and 5-year OS (p = 0.497); IMRT 2-year OS (p = 0.317) and
5-year OS (p = 0.188); endoscopic surgery’s 2- year DFS
(p = 0.091).
DISCUSSION

Nasopharyngeal carcinoma is sensitive to radiotherapy but more
prone to recurrence. Tumor size, pathological staging, tumor
necrosis, tumor stage, the presence of lymph node metastasis, or
distant metastasis have important effects on patient survival and
recurrence, and the prognosis of high T-stage NPC is relatively
poor. There is no accepted unified standard treatment for the
recurrent NPC (7, 8, 26). IMRT with or without chemotherapy
is a more widely used treatment modality at present. With the
development of endoscopic surgical techniques and the
deepening of nasocranial base surgeons’ understanding of
the anatomy of the nasopharynx in recent years, endoscopic
surgery for recurrent NPC has been well developed and has good
efficacy (5, 9, 10). Our study synthesized the publications in the
last 10 years for patients with high T-stage recurrent NPC and
compared the survival rates of ES and IMRT as well as some
other indicators to determine the prognosis. This article is the
first meta-analysis comparing the efficacy of ES with IMRT for
recurrent rT3-4 NPC only, and it is also the article with the
largest number of cases of recurrent rT3-4 NPC combined. In
conclusion, endoscopic surgery for recurrent rT3-4 NPC was
superior to IMRT, in terms of both 2-year and 5-year OS rates,
and had a lower complication rate.
A

B

FIGURE 3 | Forest plot of DFS and LCR in the endoscopic surgery and/or IMRT group with recurrent rT3-4 NPC. (A) Meta-analysis of 2-year DFS rates. (B) Meta-
analysis of 3-year LCR for IMRT group. NPC, nasopharyngeal carcinoma; IMRT, intensity-modulated radiotherapy; DFS, disease-free survival; LCR, local control rate.
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Radiotherapy is the traditional treatment modality for NPC.
For the first occurrence of NPC, especially if the tumor is
relatively limited in growth and has not yet involved the skull
base structures and important blood vessels or nerves,
Frontiers in Oncology | www.frontiersin.org 770
radiotherapy with or without synchronous or neoadjuvant
chemotherapy can achieve good results (30). In recurrent NPC,
reirradiation with conventional external beam techniques have
yielded largely unsatisfactory results with high rates of late
complications even with transition from 2-D to 3-D conformal
techniques. IMRT allows for conformation of multiple small
beamlets to irregularly shaped tumors, such as NPC (31).
Compared with conventional radiotherapy techniques, IMRT is
better at reducing complications, but the toxic effects of
radiotherapy are still present, and the efficacy is not conclusive.
A meta-analysis by Leong et al, which investigated 12 studies
including 1768 patients, concluded that the 5-year local failure-
free survival of IMRT for recurrent NPC was 72%, 5-year distant
failure-free survival was 85%, and 5-year OS was 41% (31). From
the above survival data, the long-term survival rate of recurrent
NPC treated with IMRT still needs to be improved. With the
development of endoscopic surgical techniques and anatomical
studies, endoscopic surgery for recurrent NPC is increasingly
performed. In 2005, Yoshizaki et al. introduced ES to treat
patients with recurrent NPC by selecting four different
approaches according to the T-stage of the tumor and the site
of growth (32). Yang et al. summarized 23 papers; they combined
survival outcomes for recurrent NPC treated with ES and
reported that 1-year, 2-year, and 5-year OS rates were 97%,
92%, and 73%, respectively (33). These data are more favorable
compared with the same type of data for IMRT.

In the treatment of recurrent NPC, surgery not only leads to
similar survival and prognosis as IMRT but also has better
FIGURE 5 | Comparison of the combined incidence of major complications
of endoscopic surgery and IMRT.
A

B

FIGURE 4 | Meta-analysis the impact on 5-year OS rate with endoscopic surgery and IMRT. (A) Results of the overall cases. (B) Results of the recurrent rT3-4
NPC. NPC, nasopharyngeal carcinoma; OS, overall survival.
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outcomes in terms of complications and severity compared with
those who undergo IMRT. A review of previous publications
shows that the T-stage of NPC has a significant impact on
survival outcomes, with patients with T1-2 tumors, who had
almost all better OS, DFS, and LCR than patients with T3-4.
Combining the 2-year OS rate according to rT1 to rT4 stage were
100%, 87%, 78%, and 38%, respectively, indicating a trend
toward diminishing OS rate correlated with staging of tumors
(33). You et al. reported improved survival in ES cases compared
to IMRT in rT1 to rT3 patients in a subgroup analysis (9). For
patients with recurrent rT3-4 NPC, surgery provides better
targeted protection of important nerves and blood vessels than
conventional IMRT. Of course, the abovementioned results
presuppose that the surgeon should be very familiar with the
structures of the nasopharynx and related skull base anatomical
regions and proficient in endoscopic surgical techniques, at the
same time, because many patients will have different degrees of
radiation injury after their first radiation treatment, such as
secretory otitis media, head and facial pain, difficulty in
opening the mouth, slurred speech, and so on, and even more
serious post-radiation complications, such as carotid artery
hemorrhage and cranial nerve injury can occur in some
patients. Patients in this category cannot receive re-radiation if
they relapse, regardless of their T-stage. Although chemotherapy
has a certain effect on controlling metastatic tumors, it cannot
completely replace radiotherapy and can only be used to assist in
Frontiers in Oncology | www.frontiersin.org 871
killing the residual tumor cells. Therefore, for such patients,
endoscopic surgery may be offered as a new hope.

In recent years, some surgeons believe that open surgery provides
better clarity for late recurrent NPC, and a better safety margin can
be obtained with an open view. In contrast, endoscopic surgery
seems to be more suitable for the treatment of early recurrent NPC.
In fact, a meta-analysis study of endoscopic and open surgery for
recurrent NPC by investigators showed that for patients with rT3
stage, the 2-year OS rate was 67% for endoscopic surgery compared
with 53% for open surgery. For patients with rT4, there was no
difference in the 2-year OS rate between the two treatments, which
were both 35% (34). Although there are no comparative results for 5-
year OS rates, it is at least clear that modern high-definition
endoscopic surgery is not inferior in the management of tumor
safety margins. Also compared with the occurrence of postoperative
complications, such as infection and bleeding, endoscopic surgery is
more advantageous than open surgery.

There are some limitations worth noting of this study that
should be acknowledged. First, all but one of the publications
included in this study were retrospective studies and lacked
randomized controlled trials, increasing the risk of bias.
Second, although three papers on endoscopic treatment and
IMRT for recurrent NPC at the same institution were included in
this study, the literature was mostly from different medical
centers. IMRT was acceptable, although the prognosis and
survival of ES were actually related to the surgical technique
A B C

D E F

FIGURE 6 | Funnel plots for publication bias of 2-year OS, 5-year OS, 2-year DFS. (A) 2-year OS of endoscopic surgery. (B) 2-year OS of IMRT. (C) 5-year OS of
endoscopic surgery. (D) 5-year OS of IMRT. (E) 2-year DFS of endoscopic surgery. (F) 2- year DFS of IMRT. OS, overall survival; DFS, disease-free survival.
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and even surgical equipment of the physicians in the medical
institutions and the presence of these objective factors may affect
the results of this meta-analysis. Furthermore, some results in
this study were analyzed with less literature included, which can
introduce bias to the analysis results. Finally, because some of the
original clinical data were not available, some of the data
obtained by statistical methods may not be accurate enough,
which ultimately affects the results of the analysis.
CONCLUSIONS

Our study showed that, compared with IMRT, endoscopic
surgery was a more effective treatment modality in managing
patients with recurrent rT3-4 NPC. However, there is still
insufficient evidence to suggest that ES can replace IMRT, but
only to provide some support for the choice of perhaps more
appropriate treatment. Ultimately, RCT will need to be designed
to corroborate the current view.
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Background: The endoscopic endonasal approach and extra-pseudocapsule resection
may be the main progress in modern pituitary surgery. However, for pituitary
macroadenomas, discerning the pseudocapsule in the posterior plane of the tumor
may be difficult. When the anterior-inferior debulking is performed, the early subsidence
of the thinning normal pituitary gland and enlarged diaphragm may obstruct the surgical
dissection view.

Method: We describe the technique of using a micro retractor for the endoscopic
endonasal posterior pseudocapsule resection of pituitary macroadenomas. This micro
retractor that was 2 mm in width was placed at the 12 o’clock position on the nostrils, and
the end was fixed in the flexible arms of the self-retaining retractor system. The head of the
micro retractor elevated the herniated diaphragm sellae in order to continue the posterior
pseudocapsule resection of the pituitary macroadenoma.

Result: The technique was performed very easily and no complication was observed.

Conclusion: The use of this micro retractor can increase the view of the posterior margin
of the adenomas to facilitate the pseudocapsule dissection.

Keywords: endoscopic endonasal approach, pituitary adenoma, pseudocapsule, retractor, neurosurgery
INTRODUCTION

The advent of endoscopy has begun a new era for pituitary (1). The endoscope and the updated
high-definition endoscopes provide a panoramic, close-up surgical view, and allow the eyes of a
neurosurgeon to focus not only on the tumor structures but also on the subtle surrounding normal
architecture, which has been ignored in the past. The pseudocapsule is one of these structures. The
pseudocapsule is not a new concept, as an extraordinarily detailed description was provided by
Costello 80 years ago (2). That autopsy research described that many of the adenomas had a thin
layer of compressed reticulin, which could easily be distinguished from the pituitary adenoma.
Obviously, many neurosurgeons have neglected this small and delicate structure. However, using
this pseudocapsule, as the surgical plane for the dissection of an adenoma, is currently gaining
August 2021 | Volume 11 | Article 714342174
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increasing attention. This technique improves the gross total
resection (3). However, with the increased use of this technique,
we found that pseudocapsule dissection might be difficult in the
posterior and superior directions for the resection of
macroadenomas because of the early subsidence of the
thinning normal pituitary gland, and an enlarged diaphragm
may obstruct the surgical dissection view after anterior debulking
(4, 5). In this report, we describe the use of a micro-retractor to
elevate the redundant gland and diaphragm to facilitate the
dissection of the posterior pseudocapsule (Figures 1, 2).

Surgical Technique
We used the standard endoscopic endonasal transsphenoidal
approach which has been widely described in our and other
studies (6). A widely anterior sphenoidotomy was performed,
and part of the posterior ethmoid sinus was also removed. Then,
the anatomic landmarks around the sella were ascertained. After
the entire sella floor was removed, the exposure of the 4-Blue
criterion (upper and lower intercavernous sinuses and bilateral
cavernous sinus) was required. A No.15 scalpel was used to incise
Frontiers in Oncology | www.frontiersin.org 275
the dura matter (two membranes) with the type, while leaving
the underlying pituitary capsule intact. The next incision was
made very superficially to incise the pituitary capsule, which is as
thin as the wings of a cicada (for macroadenomas, the anterior
pituitary gland usually disappears). Blunt microdissection was
patiently attempted to develop a surgical plane around the
pseudocapsule from the lateral compressed pituitary gland or
the medial wall of the cavernous sinus. At this time, a large ring
curette was used as a handy tool to peel, rather than scrape, the
pseudocapsule. This action informed us that the pseudocapsule
dissection was workable. However, in many cases, it was
particularly difficult to perform en bloc pseudocapsule resection
on the macroadenomas. Under these circumstances, suitable
debulking was used to create a befitting peripheral margin that
was thick enough to provide adequate integrity to the dissection
plane. In the real practice, the dissection plane may be ruptured
especially in the posterior margin of the pseudocapsule,
piecemeal pseudocapsule resection was also typically employed.
When the adenoma was gross-totally removed, the thinning
normal pituitary gland and enlarged diaphragm would have
FIGURE 1 | Preoperative coronal and sagittal (A, B) contrast-enhanced magnetic resonance T1-weighted images of a non-functional pituitary macroadenoma. After
the endoscopic anterior and posterior pseudocapsule dissection, the adenoma was achieved total resection (C, D).
August 2021 | Volume 11 | Article 714342
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descended into the surgical view and obstructed the posterior
and lateral views. We used a micro retractor (Budde Halo self
retaning retractor system, Integra Inc.) which was used to retract
the artery during the skull base craniotomy operation to elevate
the redundant diaphragm and the gland. The width of the
retractor was 2 mm, length was 12 cm, and the end was
attached to an automatic retractor (Leyla brain retractor
system, Aesculap). This micro retractor was placed at the 12
o’clock position on the nostril to reduce the instrument conflict
in the sphenoid sinus (Figure 3). When the retractor was in
place, a distinct surgical plane between the adenoma and the
Frontiers in Oncology | www.frontiersin.org 376
compressed gland or the redundant diaphragm was visible, and a
bimanual microdissection surgical technique was used for a
posterior piecemeal pseudocapsule resection could be used for
the operator. Multilayer skull base reconstruction was used for
the closure.
DISCUSSION

The use of the histological pseudocapsule to act as a surgical plane to
complete the en bloc extracapsular resection is the ideal model in
FIGURE 2 | Endoscopic intraoperative views (E) showing the anterior layers of the membranes. First is the incised two layers of dura matter (Dm), followed by the
pituitary capsule (Pc) and the normal compressed pituitary gland (on the right side). The inner layer is the pseudocapsule (Ps) and the debulking adenoma (T). After
the resection, the ballooned diaphragm sellae descended into the sella (F), and it was obstructed to find the posterior fractured pseudocapsule and the remnant
adenoma. The micro retractor was used to elevate the descending diaphragm (G). When the vision-blocking diaphragm was pushed up, the posterior fractured
pseudocapsule and the remnant adenoma were removed bimanually (H). Pathologic Masson staining (I) of this finally removed pseudocapsule and the adenoma.
Partial enlarged drawing showed that the pseudocapsule (black arrow) was surrounded around by the adenoma (white arrow).
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pituitary surgery (6). For some pituitary adenomas, this method is
feasible. The pseudocapsule consists of several compressed layers of
acini and reticulin, which is a type of connective tissue that provides
sufficient strength for dissection. As shown in a previous report, the
thickness of this membrane can be 0.5–1 mm (7). However, for the
majority of adenomas, the en bloc resection is difficult. In our
opinion, the concept is more important than the surgical skills. The
use of the pseudocapsule dissection concept during macroadenoma
resection can aid in the performance of pseudocapsule dissection
even though the tumor can only be resected in a piecemeal fashion.
In terms of macroadenomas, it is easy to perform a pseudocapsule
dissection of the anterior and anterior-lateral sides of the tumor
when the anatomical layering of the membranes is mastered: the
two layers of dura mater, the pituitary capsule, and the
pseudocapsule. However, when debulking is performed, further
posterior and superior extrapseudocapsular dissection may be
difficult because of the early descent of the redundant diaphragm
and the compressed gland.

Although the endoscopic approach provides an excellent
illumination, high magnification, and a panoramic view of the
surgical area, it only provides the possibility of discerning the
pseudocapsule; when the redundant diaphragm descends, this
possibility disappears. Another “hand” is expected to hold the
herniation of the diaphragm. A common approach is to use an
aspirator and a small cottonoid to elevate the diaphragm.
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Additionally, Q-tips (8) or self-retaining retractors (5) have
also been reported to solve the herniation problem. However,
these techniques are still associated with the problems of a non-
bimanual dissection or a limited working space.

The abovementioned micro retractor blade system has been
used to move cerebral blood vessels or delicate neurological
structures during cranial procedures (9). The micro retractor is
part of the Budde Halo self-retaining retractor system (Integra
Inc., USA). The optimum use for this retractor is to avail the
surgeon of both hands for a bimanual procedure in the
supraclinoid or cerebellopontine angle regions. In our opinion,
this self-retaining retractor can also free the hands of the surgeon
during the endoscopic endonasal approach. The flexible
articulate arm can be placed in any direction to facilitate the
procedures in the narrow sella region. Micro- and vimineous
blades can hold the diaphragm to facilitate a bimanual posterior
pseudocapsule margin dissection. When the retractor blade is
fixed in the 12 o’clock position on the nostril, the lower working
space and surgical freedom are never affected. This retractor
blade can be recombined with the Leyla brain retractor, which
can be attached to the operating bed. This recombination reduces
the obstruction of the arch of the Budde Halo system and avoids
the connection of the head clamp (10).

The reason why the posterior pseudocapsule surgical plane is
hard to expose is partly because of the obstruction of the
FIGURE 3 | The location of the micro retractor and the other instruments during the endoscopic endonasal approach. The micro retractor (with a self-retaining arm)
and the endoscope (with a pneumatic holder) were fixed at the 12 o’clock position on the nostrils. The other instruments could be manipulated bimanually free under
the corridor. (A) Different lengths and widths of the micro retractor with or without serrated blades. (B) The blades were connected with a Leyla flexible self-retaining
arm. ①: Micro retractor; ②: Bayonet forceps; ③: Endoscope; ④: Suction.
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macrovolume of the adenoma and is partly due to the early
descent of the redundant diaphragm and the compressed gland.
The debulking procedure and the micro retractor system can
solve this difficulty. After anterior and lateral pseudocapsule
dissection, even when the pseudocapsule is fractured, the
remnant posterior and superior planes of the pseudocapsule
can be clearly exposed to avoid blind curettage and
remnant tumors.
CONCLUSION

This micro retractor can increase the view of the posterior
margin of the adenomas to facilitate the pseudocapsule
dissection. Increasing the clinical use of this micro retractor is
expected during the endoscopic endonasal surgery when a “third
hand” is needed.
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Background: Skull base chordomas (SBCs) are rare malignant bone tumors with dismal
long-term local control. Endoscopic endonasal surgeries (EESs) are increasingly adopted
to resect SBCs recently. Gross total resection (GTR) favors good outcomes. However, the
SBCs often invade the skull base extensively and hide behind vital neurovascular
structures; the tumors were challenging to remove entirely. To improve the GTR, we
established a surgical strategy for EES according to the tumor growth directions.

Methods: A total of 112 patients with SBCs from 2018 to 2019 were classified into the
derivation group. We retrospectively analyzed their radiologic images and operation
videos to find the accurate tumor locations. By doing so, we confirmed the tumor
growth directions and established a surgical strategy. Fifty-five patients who were
operated on in 2020 were regarded as the validation group, and we performed their
operations following the surgical strategy to verify its value.

Results: In the derivation group, 78.6% of SBCs invade the dorsum sellae and posterior
clinoid process region. 62.5% and 69.6% of tumors extend to the left and right posterior
spaces of cavernous ICA, respectively. 59.8% and 61.6% of tumors extend to the left and
right posterior spaces of paraclival and lacerum ICA (pc-la ICA), respectively. 30.4% and
28.6% of tumors extended along the left and right petroclival fissures that extend toward
the jugular foramen, respectively. 30.4% of tumors involved the foramen magnum and
craniocervical junction region. The GTR was achieved in 60.8% of patients with primary
SBCs in the derivation group. Based on the tumors’ growth pattern, pituitary transposition
and posterior clinoidectomy techniques were adopted to resect tumors that hid behind
cavernous ICA. Paraclival ICA transposition was used when the tumor invaded the
posterior spaces of pc-la ICA. Lacerum fibrocartilage resection and eustachian tube
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transposition may be warranted to resect the tumors that extended to the jugular foramen.
GTR was achieved in 75.0% of patients with primary SBCs in the validation group.

Conclusion: Besides the midline clival region, the SBCs frequently grow into the eight
spaces mentioned above. The surgical strategy based on the growth pattern contributes to
increasing the GTR rate.
Keywords: endoscopic, endonasal, skull base, chordoma, treatment
INTRODUCTION

Skull base chordomas (SBCs) are traditionally considered to be
histologically low-grade bony neoplasms. Although proliferation
index ki-67 is low in most chordoma tissues except for poorly
differentiated chordomas and dedifferentiated chordomas (1–3),
SBCs show robust proliferation and invasive local growth
capabilities. Furthermore, it was believed to be chemoresistant
and resistant to traditional low-dose radiotherapy. The
recurrence rate was high because of the unsatisfied resection
rate and no effective adjuvant therapy available. Many advances
have been achieved in medical treatment in recent years, and
some drugs have shown effectiveness, but the overall response
rate is still low in SBCs. Long-term survival and favorable
neurological outcome continue to be challenging. The best
available evidence supports a more aggressive surgical resection
with negative microscopic margins; this radical resection
correlates with improved local control and improved survival
(4, 5). Although the resection rate seems improved with new
equipment and endoscopic endonasal surgery (EES), the radical
resection rate was still challenging for SBCs. Chordomas arising
from the clivus are among the most challenging neoplasms for
skull base surgeons (6). By summing up our recent surgical
results and referring to previous literature, we established the
surgical strategy that improved our resection rate lately.
MATERIALS AND METHODS

Patients
This study includes all consecutive patients with SBCs between
January 2018 and December 2020. They were treated by our
single neuro-endoscopic group (which is directed by senior
surgeons Y Zhang and S Gui). Pathologists confirmed the final
diagnosis. All these patients underwent at least one EES in our
ward. These patients were divided into two groups: the
derivation group that includes the patients treated between
January 2018 and December 2019 and the validation group
that consists of the other patients treated in 2020. Our
institutional review board approved this study. All patients
signed informed consents before surgeries. We performed the
final follow-up on May 2021 through WeChat or phone.

Tumor Locations and Surgical Strategy
J Bai, M Li, C Li, and Y Zhang retrospectively analyzed the pre-
and postoperative images of patients in the derivation group. For
rg 280
patients in the validation group, all neurosurgeons examined the
locations of the tumors during preoperative discussions,
formulated surgical strategies, and judged the degree of
resection during postoperative meetings. All patients were
checked with CT on the same evening after surgery; unless the
patient has serious complications or cannot safely perform MRI,
the patients were usually scanned with MRI within 48 h. The
degree of tumor resection is judged according to postoperative
MR and CT images combined with surgical video, which includes
gross-total resection (GTR), near-total resection (NTR), and
partial resection (PR). GTR was defined as no residual soft
tumor tissue during the operative inspection, and the
surrounding bone was drilled to the normal-appearing bony
structure, and no residual tumor was observed on postoperative
images. No suspicious tumor was found during operation, and
>90% tumoral resection on images was defined as NTR; <90%
tumoral resection on images was defined as PR. Combined with
literature reports on the location of chordoma (2, 6, 7),
endoscopic anatomy (8), and our group’s experience in the EES
treatment of chordoma (9), we found that chordoma has the
characteristics of extending along the skull base sutures
(Figure 1). Besides the central part of chordoma often located
in the midline region of the clivus, the most commonly involved
areas include the following eight spaces: dorsum sellae and
posterior clinoid process (DS-PCP), bilateral posterior spaces of
cavernous ICA (cICA), bilateral posterior spaces of paraclival and
lacerum ICA (pc-la ICA), bilateral petroclival fissure spaces that
extend toward the medial part of the jugular foramen, and
foramen magnum and craniocervical junction (FM-CCJ). When
retrospectively reviewing the images of the derivation group, we
analyzed the distribution of chordomas in these eight spaces and
confirmed the characteristics of chordoma extension along the
sutures. A surgical strategy was formed; that is, the tumors in
these eight areas were sequentially explored and removed during
the operation. By analysis of surgical video and postoperative
images, we evaluated our surgical strategy in the validation group.

Most SBCs can be resected through EES, and a few SBCs that
extend beyond the inferior limit of EES need to be exposed by the
combined endoscopic endonasal and transoral surgery. A
vascularized nasal septal flap was prepared if possible, and then
a standard sphenoidotomy was performed. We emphasize
sufficient and safe tumor exposure, followed by exploring the
eight aforementioned spaces according to the tumor growth
directions. See below for the detailed descriptions. We mainly
perform EES using the binostril four-hand technique, and three
surgeons’ five-hand technique may be used when necessary. The
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surrounding bony structure, which was suspected to be eroded
by the tumor, should be drilled to a healthy margin in a maximal
safe manner.

Chordomas in Dorsum Sellae and Posterior
Clinoid Process
The bone of the sellar floor, middle clivus, and cavernous sinus
were drilled. For small DS-PCP, the pituitary gland was elevated
extradurally; then, dorsum sellae was split into two pieces in its
middle part. After that, DS-PCPs were removed (Figure 2).
When DS-PCP is large or adheres tightly with the dura mater,
or the tumor invades into the intradural space and grows into the
Frontiers in Oncology | www.frontiersin.org 381
retro-infundibular region or inter-peduncular cistern, the
interdural approach (10) is beneficial to resect DS-PCP and
expose chordoma extensively.

Chordomas in Posterior Spaces of Cavernous ICA
For certain chordoma, the extradural maneuver is sufficient to
remove the small part hiding behind the cICA. When the
chordoma extends even more laterally, and the extradural
procedure is not adequate to visualize the tumor, we use the
interdural pituitary transposition technique to access the
posterior space of cICA (10). An angled endoscope (30° and
45°) and angled instruments are helpful for better visualization
FIGURE 1 | Anatomic spaces that skull base chordomas frequently invade. cICA, cavernous internal carotid artery; DS-PCP, dorsum sellae and posterior clinoid
process; FM-CCJ, foramen magnum and craniocervical junction; PCF, petroclival fissure; pc-la ICA, paraclival and lacerum ICA.
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and maneuver. After tumor resection, the posterior wall of the
cavernous sinus and superior-medial part of the petrous apex is
visualized (Figure 3).

Chordomas in Posterior Spaces of Paraclival and
Lacerum ICA
Suppose the tumor is soft and the lateral extension is not much.
In that case, it can be resected with the angled endoscope and the
angled instruments without drilling the bone covering the
paraclival ICA. When the tumors extend more laterally,
lateralization of the paraclival ICA is necessary to expose
chordomas in posterior spaces of paraclival ICA. The medial
and front bone covering paraclival ICA is drilled. Next, paraclival
ICA transposition is made, and the bone posterior to ICA is
drilled (Figure 3) (11). To mobilize the paraclival ICA more
laterally, we can thoroughly drill the bone surrounding the
lacerum ICA, including the lingual process.

Chordomas in Foramen Magnum and Craniocervical
Junction Space and Petroclival Fissure
The FM-CCJ space belongs to the lower clivus. We use a similar
strategy to deal with tumors in petroclival fissure spaces, which
often extend toward the medial part of the jugular foramen. When
the chordoma locates in themidline area of the lower clivus, and the
tumor volume is small, the tumor canbe accessedby the invertedU-
shaped rhinopharyngeal mucosal flap. The rhinopharyngeal
Frontiers in Oncology | www.frontiersin.org 482
mucosa and the basipharyngeal fascia, as well as longus capitis
muscle and rectus capitismuscle, are inferiorlymobilized. Thus, the
entire inferior clivus can be accessed, including the pharyngeal
tubercle, anterior border of the foramenmagnum, the anterior ring
of C1, and the craniocervical junction (12). If the hard palate is high
andhampers the caudal surgical corridor, the rear of the hard palate
may be drilled to increase the nasopalatine angle and the caudal
exposure.Generally, EES can reach the cervical spine of theC2 level.
When the chordomas extendmore inferiorly, a combined transoral
approach or pure transoral approachmay be performed.When the
chordomas grow along the petroclival fissure significantly and
extend toward jugular foramen, inferior turbinate, pterygoid
process, eustachian tube, and parapharyngeal muscles may limit
the tumor exposure laterally. In this circumstance, a prelacrimal
recess approach is performed firstly (13), then lateral nasal wall flap
is elevated and displaced into maxillary sinus; sequentially,
pterygoid base and pterygoid plates are drilled, and the
fibrocartilage around lacerum ICA and the eustachian tube are
cut.Bydoing so,petrous ICAcanbewell exposed, andamore lateral
view to the jugular foramen is achieved (Figure 4) (11).

Skull Base Reconstruction
A vascularized nasoseptal flap is extremely useful for skull base
reconstruction in patients with primary chordoma. The
nasoseptal flap is big enough to reconstruct the defect in the
upper and middle clivus. However, it is too small to cover the
FIGURE 2 | A case illustrates dorsum sellae and posterior clinoid process resection. (A–D) Preoperative CT and MR images show that the tumor is located in the
upper and mid-clivus and erodes the dorsum sellae and posterior clinoid processes. (E) The dorsum sellae was split into two pieces and taken out with posterior
clinoid processes. (F–H) Postoperative CT and MR images show that the dorsum sellae and posterior clinoid processes were removed. The white arrows represent
the eroded dorsum sellae and posterior clinoid processes. The yellow arrows represent the vascularized nasal septal flap.
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more extensive defects in the lower clivus and the craniocervical
junction. In this circumstance, an extended vascularized flap was
harvested. Nasal floor mucoperiosteum was included in the
vascularized flap. Intradural collagen was used as an inlay
graft; then, autologous fat tissue was used as the second layer
to eliminate dead space and avoid the ventral herniation of the
brainstem through the dural defect (14). Then, autologous fascia
lata covered onlay, followed by the extended vascularized
nasoseptal flap and the inverted-U flap. For recurrent
chordomas after EES, harvesting vascularized nasoseptal flap is
difficult. Therefore, we will suture fat pad to dura mater using 6-0
prolene sutures with interrupted suture technique, which is an
essential step for reconstruction. For the patient with
radiotherapy history and refractory CSF leakage, the CSF
leakage was successfully resolved with a vascularized
temporalis muscle–fascia–periosteum flap. The temporalis
muscle–fascia–periosteum flap was harvested through an open
frontotemporal incision with its pedicle locating on the coronal
process of the mandible. The flap includes the temporalis muscle,
the temporalis fascia, and the periosteum between the
supratemporal line and the skin incision. Then, the temporalis
muscle–fascia–periosteum flap was displaced through the
maxillary sinus to cover the defect (Figure 5).

Statistics
SPSS software (version 19.0, IBM Inc.) was used for the statistical
analysis. Student’s t-test was used for continuous variables (shown
asmean±SD); chi-square testorMann–WhitneyU testwas applied
for categorical variables (presented as number, %). All tests were
two-sided, and p < 0.05 was regarded as statistically significant.
Frontiers in Oncology | www.frontiersin.org 583
RESULTS

Patient Characteristics
During the study period, 170 patients received 197 operations,
namely, 100 males and 70 females. Two patients underwent
staged surgery; among them, one patient had EEA first, followed
by far lateral approach craniotomy, and the other had two EEAs.
This study only included their first operation information in our
institute for further analysis. Three patients who received
craniotomy were excluded from the current study. Since some
chordomas in the craniocervical junction and upper cervical
segment require a combination of transoral approach (three
patients), which have similar treatment strategies to the
transnasal approach, these patients were also included in this
study. Therefore, 167 patients with chordoma were eventually
included in the study, with 112 patients in the derivation and 55
patients in the validation group (Figure 6).

The age of the entire cohort was 43.12 ± 17.53 years (mean ±
SD), and there was no difference in age distribution between the
derivation group and the validation group (43.03 ± 17.20 versus
43.31 ± 18.34 years, p = 0.922). Ninety-nine (59.3%) males and
68 (40.7%) males were included, and no difference in gender was
observed between the two groups (male/female, 68/44 versus 31/
24, p = 0.591). The derivation group included 51 (45.5%) primary
patients and 61 (54.5%) recurrent patients, and the validation
group included 24 (43.6%) primary patients and 31 (56.4%)
recurrent patients (p = 0.817) (Table 1).

Diplopia caused by VI cranial nerve palsy [76 (45.5%) patients],
which exhibits double vision increasing when looking lateral, was
the most common clinical symptom, followed by headache/neck
FIGURE 3 | A recurrent chordoma locates in the upper and mid-clivus. (A, B) The axial MR images show that the tumor locates in the right posterior space of
cavernous ICA and the right posterior space of paraclival ICA, respectively. (C) The sagittal view shows that the tumor locates in the upper and mid-clivus and
invades into the posterior space of paraclival ICA. (D) Intraoperative image shows that the bone covering the paraclival and lacerum ICA was drilled. (E) The
paraclival ICA is gently retracted, and the tumor behind ICA was resected with the angled instruments under the view of 45° endoscopy. (F) The posterior space of
cavernous ICA is seen after tumor resection, and the margin is clear. (G) The tumor is totally removed, and brain stem is visible. (H–J) Postoperative MR images
showed that the tumor was totally removed. The yellow arrows represent cavernous ICA. The yellow triangles represent the recurrent chordoma. The yellow asterisks
represent paraclival ICA. The black arrow represents the posterior space of the cavernous ICA.
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pain [45 (26.9%)patients], visual impairment [38 (22.8%)patients],
blepharoptosis [16 (9.6%) patients], and dysphagia [15 (9.0%)
patients]. The symptom distribution of the derivation group and
the validation group was similar (Table 1).
Frontiers in Oncology | www.frontiersin.org 684
There were 37 (22.2%) patients with a history of preoperative
radiotherapy, and no significant difference was identified
between the two groups [23 (20.5%) patients versus 14 (25.5%)
patients, p = 0.472]. As the availability of different types of
FIGURE 4 | Giant recurrent chordoma involving petroclival fissure, jugular foramen, and craniocervical junction. (A–D) Preoperative images show that the tumor
grew along the right petroclival fissure and destroyed petrous and clival bone. Parapharyngeal, petrous, lacerum, and paraclival ICA were involved. The arrow in (A)
represents parapharyngeal ICA. Arrows in (B, C) represent petrous ICA, and the asterisk in (B) represents jugular foramen. (E, F) Intraoperative view. (E) Cut the
hard scar and fibrocartilage following the course of the ICA with a sharp knife. The arrow denotes paraclival ICA. The asterisk indicates fibrocartilage tissue at
lacerum. (F) Lacerum, petrous, and parapharyngeal ICA were exposed. Asterisk represents lacerum ICA, the triangle represents petrous ICA, the arrow represents
parapharyngeal ICA, and the double-asterisk represents clival dura matter. (G–I) Postoperative images show that the tumor was near-totally removed. The asterisk in
the panel I represents iodoform gauze.
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radiotherapy in different institutions and the high cost of particle
radiation therapy, the patients received no uniform postoperative
radiotherapy. Forty-nine (29.3%) patients received postoperative
radiotherapy, including 11 cases with radiosurgery, 10 cases with
intensity-modulated radiation therapy, and 25 cases with particle
radiation therapy (proton beam therapy/carbon ion therapy).
The rate of receiving postoperative radiotherapy was higher in
the validation group (41.8%) compared to the derivation group
(23.2%) (p = 0.013). In addition, proton beam therapy/carbon
Frontiers in Oncology | www.frontiersin.org 785
ion therapy accounted for the majority (16/23 patients) of the
validation group (Table 1).

Tumor Locations and Involved
Anatomical Spaces
According to the classification of upper, middle, and lower clival,
the most common locations are the upper-middle clival region
[77 (46.1%) patients; derivation group, 54 (48.2%) patients;
validation group, 23 (41.8%) patients] and the whole clival
FIGURE 5 | The repair of a refractory CSF leakage in the lower clivus and craniocervical junction with temporalis muscle–fascia–periosteum flap. (A, D) Preoperative
images showed that the tumor was located in the lower clivus and extended into the cervical spinal canal. The medulla oblongata was pushed by the tumor and
severely deformed. (B, E) Intraoperative view of the tumor resection. (B) Arrow represents the right vertebral artery. Asterisk represents the vagus nerve. Triangle
represents the medulla oblongata. (E) Skull base reconstruction with artificial dura mater, autologous fat tissue, fascia lata, and pedicled nasoseptal flap. Arrow
represents the nasoseptal flap. Asterisk represents the tip of the odontoid. Triangle represents the fascia lata. (C, F) Postoperative images after the tumor resection
and three CSF leakage repairing surgeries. Asterisk represents the balloon of the urethral catheter. Arrow represents the iodoform gauze. Triangle represents the
temporalis muscle flap. (G–J) Repairing CSF leakage with pedicled vascularized temporalis muscle–fascia–periosteum flap after two failed repairing surgeries. (G)
Arrow represents the pedicled nasoseptal flap. Asterisk represents the fascia lata used for skull base reconstruction in the tumor resection surgery, which was found
to be necrosis. (H–J) Arrow represents the pedicled temporalis muscle–fascia–periosteum flap. Asterisk represents the lateral pterygoid muscle.
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FIGURE 6 | Flowchart for patient selection.
TABLE 1 | Demographic and clinical characteristics of skull base chordoma patients.

Variables Number of patients (%) p-value

Total Derivation group Validation group

Age (mean ± SD) 43.12 ± 17.53 43.03 ± 17.20 43.31 ± 18.34 0.922
Sex 0.591
Male 99 (59.3%) 68 (60.7%) 31 (56.4%)
Female 68 (40.7%) 44 (39.3%) 24 (43.6%)

Primary or recurrent tumor 0.817
Primary 75 (44.9%) 51 (45.5%) 24 (43.6%)
Recurrent 92 (55.1%) 61 (54.5%) 31 (56.4%)

Symptoms
Diplopia 76 (45.5%) 57 (50.9%) 19 (34.5%)
Headache/neck pain 45 (26.9%) 32 (28.6%) 13 (23.6%)
Visual impairment 38 (22.8%) 29 (25.9%) 9 (16.4%)
Blepharoptosis 16 (9.6%) 12 (10.7%) 4 (7.3%)
Dysphagia 15 (9.0%) 9 (8.0%) 6 (10.9%)
Nasal obstruction 13 (7.8%) 9 (8.0%) 4 (7.3%)
Hearing loss 9 (5.4%) 5 (4.5%) 4 (7.3%)
Limb weakness 8 (4.8%) 5 (4.5%) 3 (5.5%)
Dizziness 7 (4.2%) 4 (3.6%) 3 (5.5%)
Facial numbness 5 (3.0%) 2 (1.8%) 3 (5.5%)
Accident 16 (9.6%) 9 (8.0%) 7 (12.7%)

Preoperative radiotherapy 37 (22.2%) 23 (20.5%) 14 (25.5%) 0.472
Postoperative radiotherapy 49 (29.3%) 26 (23.2%) 23 (41.8%) 0.013
Radiosurgery 11 8 3
IMRT 10 6 4
Proton beam therapy/Carbon ion therapy 25 9 16
Unclear 3 3 0
Frontiers in Oncology | www.frontiersin.org
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IMRT, Intensity-modulated radiation therapy.
Bold values indicate p < 0.05.
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region [52 (31.1%) patients; derivation group, 36 (32.1%)
patients; validation group, 16 (29.1%) patients]. Twenty-five
(15.0%) patients showed a tumor location of both cranio-
vertebral joint and clival [derivation group, 15 (13.4%)
patients; validation group, 10 (18.2%) patients]. There was no
significant difference in the different segments of clivus between
the two groups (p = 0.409) (Table 2).

DS-PCP [126 (75.4%) patients; derivation group, 88 (78.6%)
patients; validation group, 38 (69.1%) patients; p = 0.181] was the
most common involved anatomical area, followed by right cICA
[117 (70.1%) patients; derivation group, 78 (69.6%) patients;
validation group, 39 (70.9%) patients; p = 0.591] and left cICA
[102 (61.1%) patients; derivation group, 70 (62.5%) patients;
validation group, 32 (58.2%) patients; p = 0.867]. Left pc-la ICA
and right pc-la ICA involvement were observed in 98 (58.7%) and
100 (59.9%) patients, respectively, and no distribution difference
was identified between two groups (59.8% versus 56.4%, p = 0.670
and 61.6% versus 56.4%, p = 0.516). As for the petroclival fissure
region, 50 (29.9%) patients had left petroclival fissure involvement
[derivation group, 34 (30.4%) patients; validation group, 16 (29.1%)
patients; p = 0.867], 51 (30.5%) patients had right petroclival fissure
involvement [derivation group, 32 (28.6%) patients; validation
group, 19 (34.5%) patients; p = 0.431], and 55 (32.9%) patients
with tumors involvedFM-CCJ, ofwhich34 (30.4%)patientswere in
the derivation group and 21 (38.2%) patients were in the validation
group (p = 0.312) (Table 2). In summary, the involved anatomical
area showed no difference between the two groups (all p > 0.05).

Extent of Resection
The most intriguing result of the current study was the extent of
resection. As shown in Table 3, patients with GTR, NTR, and PR
were 73 (43.7%), 66 (39.5%), and 28 (16.8%), respectively.
Interestingly, we observed a higher degree of resection in the
Frontiers in Oncology | www.frontiersin.org 987
validation group than in the derivation group (p = 0.003).
Specifically, the GTR rate was 58.2% in the validation group,
while it was 36.6% in the derivation group.

Next, we stratified patients into the primary and recurrent
cohorts for analysis. In the primary cohort, 18 (75.0%) patients
received GTR in the validation group, which is higher than that
in the derivation group (31, 60.8% patients), though the
difference was not significant (p = 0.227). In the recurrent
cohort, a significant difference was observed between the two
groups (p = 0.001). The validation group showed a higher GTR
rate and a lower PR rate than the derivation group (GTR rate,
45.2% versus 16.4%; PR rate, 9.7% versus 32.8%) (Table 3).

Wealso analyzed the extentof resection inpatientswithdifferent
tumor locations. Interestingly, we found a trend of higher resection
rates in the validation group compared to those in the derivation
group regardless of the tumor locations (Table 4). Of note, for the
whole clival chordomas, a significant difference was observed; the
GTR, NTR, and PR rates were 57.4%, 35.2%, and 7.4% in the
derivation group, and 65.2%, 34.8%, and 0.0% in the validation
group, respectively (p = 0.001). In addition, for chordomas in the
craniovertebral joint and clivus, a higher resection rate was
identified in the validation group than the derivation group (GTR
rate, 30% versus 6.7%). However, the p-value (0.140) was not
significant. It may arise due to the limited patients in each group
(15 patients and 10 patients).

Complications
Twenty-two (13.2%) patients suffered from surgical complications
in the current study (derivationgroup, 15patients; validationgroup,
7 patients). The most common complications were cerebrospinal
fluid leakage (9, 5.4%patients; among them, 4patientswithprimary
SBC and 5 patients with recurrent tumor), intracranial infection (5,
3.0% patients), and cranial nerve defect (5, 3.0% patients). In
TABLE 2 | The detailed tumor locations and involved anatomical spaces.

Variables Number of patients (%) p-value

Total Derivation group Validation group

Tumor locations 0.409
Upper clivus 0 (0.0%) 0 (0.0%) 0 (0.0%)
Upper-middle clivus 77 (46.1%) 54 (48.2%) 23 (41.8%)
Middle clivus 2 (1.2%) 0 (0.0%) 2 (3.6%)
Middle-lower clivus 5 (3.0%) 3 (2.7%) 2 (3.6%)
Whole clivus 52 (31.1%) 36 (32.1%) 16 (29.1%)
Cranio-vertebral joint 5 (3.0%) 3 (2.7%) 2 (3.6%)
Cranio-vertebral joint and clivus 25 (15.0%) 15 (13.4%) 10 (18.2%)
Other location 1 (0.6%) 1 (0.9%) 0 (0.0%)

Involved anatomical spaces
DS-PCP 126 (75.4%) 88 (78.6%) 38 (69.1%) 0.181
Left cICA 102 (61.1%) 70 (62.5%) 32 (58.2%) 0.591
Right cICA 117 (70.1%) 78 (69.6%) 39 (70.9%) 0.867
Left pc-la ICA 98 (58.7%) 67 (59.8%) 31 (56.4%) 0.670
Right pc-la ICA 100 (59.9%) 69 (61.6%) 31 (56.4%) 0.516
Left PCF 50 (29.9%) 34 (30.4%) 16 (29.1%) 0.867
Right PCF 51 (30.5%) 32 (28.6%) 19 (34.5%) 0.431
FM-CCJ 55 (32.9%) 34 (30.4%) 21 (38.2%) 0.312
September 2021 | Volume 11 | Article
DS-PCP, dorsum sellae and posterior clinoid process; cICA, cavernous internal carotid artery; pc-la ICA, paraclival and lacerum internal carotid artery; PCF, petroclival fissure; FM-CCJ,
foramen magnum and craniocervical junction.
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addition, respiratory dysfunction was observed in four (2.4%)
patients, and two (1.2%) patients suffered from carotid artery
injury. Of note, no significant difference in complication rate was
observed between the discovery and validation groups (13.4%
versus 12.7%, p = 0.905) (Table 5).

Follow-Up
One patient died due to surgical complications, and three patients
were lost to follow-up. The dead patient has undergone three
Frontiers in Oncology | www.frontiersin.org 1088
operations previously and RT and chemotherapy history. He
underwent the fourth operation for debulking and died of brain
extensive cerebral ischemia due to continuing low blood pressure
during operation, related to the patient’s poor base performance
status. The remaining 163 patients (derivation group, 109 patients;
validation group, 54 patients) were regularly followed up with a
mean time of 18.7 months (derivation group, 23.7 months;
validation group, 8.4 months) (range, 2–39 months). Seventy-five
(46.0%) patients [derivation group, 65 (59.6%) patients; validation
TABLE 3 | Extent of resection in the derivation group and the validation group.

Extent of resection Number of patients (%) p-value

Total Derivation group Validation group

Whole cohort 0.003
GTR 73 (43.7%) 41 (36.6%) 32 (58.2%)
NTR 66 (39.5%) 47 (42.0%) 19 (34.5%)
PR 28 (16.8%) 24 (21.4%) 4 (7.3%)

Primary cohort 0.227
GTR 49 (65.3%) 31 (60.8%) 18 (75.0%)
NTR 21 (28.0%) 16 (31.4%) 5 (20.8%)
PR 5 (6.7%) 4 (7.8%) 1 (4.2%)

Recurrent cohort 0.001
GTR 24 (26.1%) 10 (16.4%) 14 (45.2%)
NTR 45 (48.9%) 31 (50.8%) 14 (45.2%)
PR 23 (25.0%) 20 (32.8%) 3 (9.7%)
September 2021 | Volume 11 | Article
GTR, Gross total resection; NTR, Near-total resection; PR, Partial resection.
Bold values indicate p < 0.05.
TABLE 4 | Extent of resection of skull base chordoma in different locations between the two groups.

Extent of resection Whole cohort (%) Derivation group (%) Validation group (%) p-value

GTR NTR PR GTR NTR PR GTR NTR PR

Tumor locations

Upper clivus 0 0 0 0 0 0 0 0 0 NA
Upper-middle clivus 46 (59.7%) 27 (35.1%) 4 (5.2%) 31 (57.4%) 19 (35.2%) 4 (7.4%) 15 (65.2%) 8 (34.8%) 0 (0.0%) 0.405
Middle clivus 2 (100.0%) 0 (0.0%) 0 (0.0%) 0 0 0 2 (100.0%) 0 (0.0%) 0 (0.0%) NA
Middle-lower clivus 2 (40.0%) 3 (60.0%) 5 (0.0%) 1 (33.3%) 2 (66.7%) 0(0.0%) 1 (50.0%) 1 (50.0%) 0 (0.0%) NA
Whole clivus 17 (32.7%) 26 (50.0%) 9 (17.3%) 7 (19.4%) 20 (55.6%) 9 (25.0%) 10 (62.5%) 6 (37.5%) 0 (0.0%) 0.001
Craniovertebral joint 2 (40.0%) 3 (60.0%) 0 (0.0%) 1 (33.3%) 2 (66.7%) 0(0.0%) 1 (50.0%) 1 (50.0%) 0 (0.0%) NA
Craniovertebral joint and clivus 4 (16.0%) 7 (28.0%) 14 (56.0%) 1 (6.7%) 4 (26.7%) 10 (66.7%) 3 (30.0%) 3 (30.0%) 4 (40.0%) 0.140
Other location 0 (0.0%) 0 (0.0%) 1 (100.0%) 0 (0.0%) 0 (0.0%) 1(100.0%) 0 0 0 NA
GTR, Gross total resection; NTR, Near-total resection; PR, Partial resection; NA, not applicable.
Bold values indicate p < 0.05.
TABLE 5 | Surgical complications in skull base chordoma patients.

Variables Number of patients p-value

Total Derivation group Validation group

Complications (%) 22 (13.2%) 15 (13.4%) 7 (12.7%) 0.905
Cerebrospinal fluid leakage 9 (5.4%) 5 (4.5%) 4 (7.3%)
Intracranial infection 5 (3.0%) 4 (3.6%) 1 (1.8%)
Cranial nerve defect 5 (3.0%) 3 (2.7%) 2 (3.6%)
Respiratory dysfunction 4 (2.4%) 4 (3.6%) 0 (0.0%)
Carotid artery injury 2 (1.2%) 2 (1.8%) 0 (0.0%)
Hypopituitarism 2 (1.2%) 1 (0.9%) 1 (1.8%)
Paralysis 1 (0.6%) 0 (0.0%) 1 (1.8%)
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group, 10 (18.5%) patients] suffered from tumor progression or
recurrence and 25 (15.3%) patients [derivation group, 24 (22.0%)
patients; validation group, 1 (1.9%) patients] died during the
follow-up.
DISCUSSION

The incidence of SBCs is extremely low, and its mortality and
recurrence rate remain high. Surgical treatment is the initial and
indispensable treatment for SBCs. The resection quality is
associated with the patients’ long-term outcomes (15).
However, to our knowledge, only limited studies with a
relatively large patient number reported the surgical experience
and outcomes (3, 7, 16–19). Given their ideal midline location
and ventral to the skull base dura mater (2), SBCs are
increasingly treated through EES with the development of
neuroendoscopic instruments, surgical experience acquisition,
and surgical technique advancement (20–23). During the present
study, three patients underwent open surgeries in 2018 and 2019,
and one patient experienced a staged craniotomy after EES in
2020. The EES contributes to a high tumor removal and
symptom control rate, with low morbidity and high quality of
life (2). In our opinion, further improvement of the surgical
resection extent and safety is the focus of EES. However, the
learning curve is remarkable in EES (2, 19). Previous studies (2, 7,
9) included the patients during a relatively long period; therefore,
the learning curve significantly impacted tumor resection (20).
Our group started EES in 1998 and has extensive SBC surgical
experience (9). Only the SBC patients treated from 2018 to 2020
were included in the present study; hence, the impact of the
learning curve was minimized. Furthermore, the adjuvant
equipment (such as intraoperative Doppler, neuronavigation,
and neuromonitoring) and materials for skull base
reconstruction (such as collagen graft and iodoform gauze) did
not change in the last 3 years and had no impact on the surgery.
Therefore, the present study is suitable for exploring the
relationship between surgical strategy and resection rate.

Several classifications of SBCs have been proposed to guide
the operation or judge the prognosis. Based on open surgery
experience and SBCs’ extension patterns, Amelfty et al. proposed
a surgical classification to clarify the best microsurgical approach
(5). At the same time, EES was beginning to be used to resect SBC
(24). However, EES has rapidly increased in SBC surgeries in
recent years, and EES can access cervical 2 as the most inferior
limit of dissection; the microsurgical classification cannot direct
EES anymore. In 2014, Fernandez-Miranda et al. described the
EES treating SBCs according to dividing clivus into three parts
(i.e., upper clivus, mid-clivus, and lower clivus) (6).

Similarly, our group proposed a clinical classification for EES
in SBCs in 2016 (9). The results suggested that EES may improve
the resection degree and surgical efficacy of SBCs. The limitation
of our previous classification is that it ignores the tumor-
extending direction. In 2018, Sekhar et al. proposed a
preoperative grading system that is helpful in predicting
resection and outcome (18). The tumor site has the highest
Frontiers in Oncology | www.frontiersin.org 1189
weight in the score. The more sites were involved, the score was
higher, and the progression-free survival was shorter. Sekhar’s
grading system indicated that the growth pattern of chordoma
plays a vital role in guiding surgery and judging prognosis. Most
recently, Wang et al. proposed that the SBCs were classified into
four types based on the analysis of 55 patients (25). This
classification introduced a new line that connects the anterior
part of the sellar floor with the intersection of the sphenoid floor
plane and the dorsal margin of the clivus. Although Wang’s
classification was based on the tumor origin and growth pattern,
the category does not use the anatomical sites that surgeons are
familiar with, so it is impossible to direct surgical strategy
accurately, which is its main disadvantage. Furthermore, it is
difficult to classify tumors in patients with multiple recurrent
tumors because their skull base structures are complex, and the
affected scope is too broad (25). In the present study, we found
that the tumors extend along the bone sutures after analyzing the
images and surgeries of SBC patients in the derivation group.
This feature was also hypothesized in the study of another
craniotomy team (7). We further confirmed that the
hypothesis is reasonable by analyzing the images and surgeries
of SBC patients in the validation group. In addition, we designed
and validated our surgical strategies based on the spaces of the
SBCs’ eight most common extending areas. These eight spaces
have little anatomic variations, even in patients with multiple
recurrent chordomas or extensive invasion chordomas.

Traditionally, EES is best used for midline lesions that lack
significant lateral extension. We found that almost all SBCs are
involved in at least one of the eight spaces mentioned above
besides the main body of the tumors located in the midline
region of the skull base. These eight spaces are difficult to access
directly and are the most common spaces for residual tumors
(25). Previously, we performed surgeries following the “tumor-
based” resection strategy. Small residual tumors were sometimes
found in the spaces mentioned above on the postoperative MRI,
although all the tumors seemed to be removed during the
operation. Benefiting from recognizing the potential extending
directions of SBCs, we perform “tumor-based” and “anatomy-
based” resection now, i.e., to explore the possible hidden tumors
in the eight spaces after resection of the main tumor. Although
we found no statistical difference between the derivation and
validation groups in the GTR of primary SBCs, it showed an
increasing trend. It may be limited by the small sample size of
primary SBCs. Furthermore, it may correlate with the relatively
apparent anatomy in primary SBCs, and the endoscopic surgical
technique for primary SBCs resection in our group is mature.
The operations of recurrent SBCs were challenging. The
recurrent SBC’s anatomy is complex, and the texture is more
rigid. The tumor may be divided into multi-cavities by smooth
fiber tissue membrane, resulting in the surgeon mistakenly
regarding the membrane as the tumor margin. However, it is
exciting that our new surgical strategy increased the GTR
significantly in recurrent SBCs. In summary, our strategy is
suitable for both primary SBCs and recurrent SBCs.

This strategy emphasizes using the corresponding EES
technique according to the different spaces. The standard
September 2021 | Volume 11 | Article 724972
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transnasal sphenoid approach was performed to expose the
sphenoid sinus and middle clivus and explore the tumor
according to the eight possible extending areas. SBCs are
osteo-destructive tumors that erode the surrounding bony
structures; therefore, bone margin removal is critical for radical
resection (5, 7). It is necessary to visualize the bone margin
directly with a 0° endoscope to drill the lateral bony tumors.
However, the soft tumors may be removed with angled
instruments in the view field of angled endoscopy. Every blind
spot should be carefully reviewed after tumor resection to
confirm no residue tumors.

EES provides adequate exposure to the clivus’ upper, middle,
and lower parts (22). The upper clivus is formed by the dorsum
sellae and the posterior clinoid processes (6, 9). Wang’s study
showed that residual tumors weremainly in the cavernous sinus or
the rear upper part of the dorsum sellae (25). In our experience,
SBCs often erode the dorsum sellae and the posterior clinoid
processes, and the resection rate can be improved by posterior
clinoidectomy.When the dorsum sellae is small, the dorsum sellae
and posterior clinoid processes can be removed extradurally by
splitting the dorsum sellae into two pieces and separating them
from the dura mater. The extradural approach is relatively safe
because this technique does notmaneuver the cavernous sinus; the
pituitary gland can be superior elevated without a significant
bleeding risk (26). When the dorsum sellae is large, or the
adhesion between the dura mater and posterior clinoid processes
is tight, the intradural pituitary transposition is an alternative for
posterior clinoidectomy (21). However, this technique has the
potential risk of damaging the pituitary gland. Therefore, we
favor the interdural transcavernous approach to perform
posterior clinoidectomies (10). Even for the SBCs that invade the
retro-infundibular region and interpeduncular cistern, EES can
safely remove it following the corridor after the dorsum sellar
resection and posterior clinoidectomy.

The middle clivus extends vertically from the sellar floor to
the floor of the sphenoid body, which is at the level of paraclival
ICA and lacerum ICA (6, 9). In most cases, manipulation with
angled instruments combined with angled endoscopy allows for
the resection of the soft SBCs located behind the paraclival ICA.
If the tumors extend more laterally, the pterygoid tubercle and
lingual process should be drilled extensively, and then the
paraclival can be moved laterally (27). With the eustachian
tube resection, more lateralization of ICA can be achieved (28).
The most medial aspect of the petrous apex also locates behind
the ICA (6). SBCs often extend laterally and inferiorly toward the
petrous apex and foramen lacerum, and a sublacerum approach
is helpful for complete resection of the petrous apex tumor
component (27). To expose more laterally, EES combined with
the transmaxillary operation (Denker procedure or Caldwell-Luc
procedure) is helpful to access the petrous apex (12). Recently,
Patel et al. suggested that a contralateral transmaxillary corridor
offers a more lateral trajectory with improved access to the
petrous apex with decreased need for manipulation of the ICA
(29). Therefore, it is possible to increase the GTR safely.

The lower clivus extends from the floor of the sphenoid body
to the foramen magnum and is shorter but difficult to access (6,
Frontiers in Oncology | www.frontiersin.org 1290
9). The lower part of the petroclival fissure, the jugular foramen,
and the foramen magnum were at the level of the lower clivus.
The SBCs located in these spaces have the lowest GTR rate,
whether with open surgery or EES (2, 19, 23). We can resect the
SBCs located above the body of C2 by EES (30). While for the
tumors extending to lower than C2, which is regarded as below
the inferior limitation of EES, we will use EES combined with
transoral approach or purely use the transoral method. At our
initial EES stage, we performed the midline linear incision on the
nasopharyngeal and pulled the mucous membranes and muscles
laterally. However, the exposed field is small. It resulted in the
meager GTR rate previously. After that stage, we excised
the nasopharyngeal muscle-mucosal tissue, which improved
the resection. However, the local infection and CSF leakage
limited the GTR of SBCs. Recently, we use the inverted U-
shaped rhinopharyngeal flap (31). We once hypothesized that
the rhinopharyngeal flap would help improve the skull base
reconstruction, just like the initial hypothesis of Champagne
et al.; however, their recent retrospective analysis suggests that
the rhinopharyngeal flap may not help to reduce CSF leakage
(31). This result needs further prospective studies with a larger
sample size, and we still use the rhinopharyngeal flap combined
with pedicled nasal septal flap for skull base reconstruction. The
larger inferior turbinate, eustachian tube, and pterygoid plates
limit access to the tumors and the vital structure located lateral
region (28). Drilling these bone structures and resecting the
eustachian tube supply a more sideways view. However, the
resection of the eustachian tube may cause hearing damage and
otitis media with effusion, which may need to be dealt with by
surgery. Recently, Labib et al. introduced that the surgical skill
with the anterolateral mobilization of the eustachian tube
provides excellent access to the ventral jugular foramen and
infra-petrous region (32). This technique may minimize the
complication caused by eustachian tube injury.

CSF leakage was one of the most common complications in
EES surgery. In the present series, the tumors in the nine patients
with CSF leakage invaded the subdural space, and the tumor
volume was large, and five of them were recurrent tumors.
Furthermore, two patients have RT history and underwent
delayed CSF leakage. Hence, the reconstruction of the skull
base is crucial for improving the quality of SBCs surgery,
especially in patients with recurrent SBCs and RT history. ICA
injury is the most urgent and dangerous complication in EES
treatment of SBCs, related to the close relationship between
tumors and ICA. Two patients in this series suffered from ICA
injuries. These two patients both experienced surgical and RT
history previously, and the tumor texture was hard. DSA and
balloon occlusion test in patients with a high risk of ICA injury
are helpful for preoperative evaluation, and endovascular
treatment provides a pivotal safeguard for ICA injuries during
EES (2, 33). Simply put, the complications are low in the current
series, which may represent the safety of the surgical strategy and
be associated with the fact that our group had experienced a long
learning curve in EES. Furthermore, navigation, intraoperative
Doppler, and intraoperative electrophysiology monitor have
considerably improved surgical safety (12, 21).
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The limitation of our study is that the follow-up is short and that
wecannotdeduce the correlationbetween the surgical resectionand
prognosis. However, previous studies have suggested that the
quality of surgery is crucial for post-surgical outcomes (15, 23).
To our knowledge, this study included the largest number of
patients in a short period. However, the number of primary SBC
patients was still not big enough to get a statistical difference
between the derivation group and the validation group. We
continue to use the strategy to resect SBC now, and it may lead to
thefindingof statistical differencewith the increasingnumber of the
primary SBCs. Another limitation is that we did not analyze the
pathological and genomic features, and these characteristics are
correlatedwith the recurrence (3, 16, 34). These characteristicsmay
indicate the origin and growth direction of SBCs and may be
associated with the degree of resection.
CONCLUSION

Our results support the concept that SBCs extend along the bone
suture and often invade the eight spaces mentioned above (i.e.,
DS-PCP, bilateral posterior spaces of cICA, bilateral posterior
spaces of pc-la ICA, bilateral petroclival fissure spaces that
extend toward the medial part of the jugular foramen, and
FM-CCJ). Based on this extending character, the surgical
strategy introduced in the present study is to explore the
hidden spaces sequentially using the EES techniques. This
strategy potentially improves surgical resection and decreases
residue. This strategy is applicable in both primary SBCs and
recurrent SBCs.
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There are previous reports investigating effectiveness of intraoperative magnetic
resonance imaging (IO-MRI) in pituitary adenoma surgery but there is no clear data in
the literature recommending when there is no need of intraoperative scan. This
retrospective analysis was based on determining which patients does not need any IO-
MRI scan following endoscopic endonasal pituitary adenoma surgery. Patients with
functional or non-functional pituitary adenomas that were operated via endoscopic
endonasal approach (EEA) between June 2017 and May 2019 were enrolled. Patients
younger than 18 years old, patients who did not underwent IO-MRI procedure or not
operated via EEA were excluded from the study. Hence, this study is designed to clarify if
IO-MRI is useful in both functional and non-functional pituitary adenomas, functional
adenomas did not split into subgroups. A total of 200 patients treated with pituitary
adenoma were included. In Knosp Grade 0 – 2 group, primary surgeon’s opinion and IO-
MRI findings were compatible in 150 patients (98.6%). In Knosp Grade 3 – 4 correct
prediction were performed in 32 (66.6%) patients. When incorrectly predicted Knosp
Grade 3 – 4 patients (n = 16) was analyzed, in 13 patients there were still residual tumor in
cavernous sinus and in 3 patients there were no residual tumor. Fisher’s exact test
showed there is a statistically significant difference of correct prediction between two
different Knosp Grade groups (two-tailed P < 0.0001). Eighteen patients had a residual
tumor extending to the suprasellar and parasellar regions which second most common
site for residual tumor. Our findings demonstrate that there is no need of IO-MRI scan
while operating adenomas limited in the sellae and not invading the cavernous sinus.
However, we strongly recommend IO-MRI if there is any suprasellar and parasellar
extension and/or cavernous sinus invasion.
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INTRODUCTION

Endoscopic endonasal approach (EEA) to the sellar region
provides wide panoramic view during pituitary adenoma
surgery allowing visualization of far lateral parts of the surgical
field which is not possible with microscopic transsphenoidal
surgery. Recent studies demonstrated superiority of EEA in
resection of pituitary adenomas (1). Even to the advances in
the endoscopy technology, gross total resection rates are not
more than 80% in large series (2–9).

Following the first report by Jolesz and Blumenfeld,
intraoperative magnetic resonance imaging (IO-MRI) became
popular all over the world (10). Expected benefit of this MRI
system in pituitary adenoma surgery is achieving higher rates of
gross total resection (GTR) however, there are also controversies
over higher costs and increased surgical time (11–21).

Here we present a study comprising 200 patients who
underwent EEA pituitary adenoma resection by using IO-MRI.
This retrospective analysis was based on the hypothesis, IO-MRI
scan is not necessary during EEA in a particular group of
patients. We aimed to clarify when we need IO-MRI scan and
when we do not.
MATERIALS AND METHODS

Patients
Patients with functional or non-functional pituitary tumors that
were operated via EEA between June 2017 and May 2019 in Gazi
University Faculty of Medicine Department of Neurosurgery
were enrolled. The Institutional Review Board and Ethics
Committee approved this retrospective study; oral and written
consents of the patients were obtained prior to the study. Also, all
patients were informed about the technique and gave their
signed consent to IO-MRI during surgery and to the data
being used for research purpose. Patients younger than 18
years old, patients who did not underwent IO-MRI procedure
or not operated via EEA were excluded from the study. Hence,
this study is designed to clarify if IO-MRI is useful in both
functional and non-functional pituitary adenomas, functional
adenomas did not split into subgroups.

Technique
All patients were screened to exclude any contraindication to
magnetic resonance imaging (MRI). All data were acquired using
a 3-Tesla Magnetom Verio® (Siemens, Erlangen, Germany).
Intraoperative scans were performed with 8−channel 2−part
coils and compatible head holders (NORAS MRI products
GmbH, Hochberg, Germany). EEA was performed using skull
base neurosurgical endoscopic instruments, including 4-mm
rod-lens endoscopes (0°, 30° and 45°) that were coupled to a
high-definition camera and an AIDA HD system (Karl Storz
GmbH and Co.). Four-hand technique was used, both surgeons
were neurosurgeons. Medial or lateral cavernous approaches
were performed when needed. Prior performing IO-MRI scan,
primary surgeon declared and noted his decision if he thinks
there is residual tumor or not. Following IO-MRI scan, if there is
Frontiers in Oncology | www.frontiersin.org 294
a residual tumor primary surgeon decided for further removal of
tumor or not. All patients underwent a final post-operative MRI
scan when the senior surgeon decided not to continue the
surgery. Cavernous sinus invasion was classified according to
Knosp Grading (22).

Complications
Postoperative meningitis was defined when antibiotic treatment
was required because of clinical signs of meningeal inflammation
even if no pathogen was isolated. Cerebrospinal fluid (CSF)
fistula was considered as a complication if a lumbar drain or
revision surgery was necessary. Furthermore, intraoperative and
postoperative bleeding and new transient or permanent
neurologic deficits were included.

Data Analysis
Analysis of the retrospective data was performed using SPSS 21.0
(IBM Corp., Armonk, New York, USA). In order to compare
predictions and to compare residual mass ratios between two
Knosp Grade groups, Fisher’s exact test were used. Variables
were; preoperative largest diameter of tumor (< 4 cm or ≥ 4 cm),
Knosp grade, age, gender, and recurrent surgery.
RESULTS

Patient and Tumor Characteristics
A total of 200 patients treated with pituitary adenoma were
included. A mean age of 57.4 years (range, 19 – 75 years) was
noted. 105 patients were male (52.5%). Eleven patients who had a
history of previous adenoma surgery were operated for recurrent
or residual adenoma. Patient and tumor characteristics are
summarized in Table 1.

Knosp Grade and Hormonal Activity
Twenty-two patients had a Knosp Grade 3 – 4 functional
pituitary adenoma. Following IO-MRI residual adenoma was
TABLE 1 | Demographic and tumor characteristics of 200 patients underwent
endoscopic endonasal resection of pituitary adenoma with intraoperative
magnetic resonance imaging.

Characteristic Value

Age (years)
Median 57.4
Range 19 – 75

Gender
Male 105
Female/Male ratio 1/1.05

Tumor Volume and Cavernous Extension
Knosp Grade 3 – 4 48
Knosp Grade 0 – 2 152
Giant adenoma (≥ 4 cm in largest diameter) 31

Hormonal Activity
Non-functional 94

History of Pituitary Adenoma Surgery
Recurrent Surgery 28
October 2021 | Volume 11 | Article
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detected in 9 (40.9%) patients and further resection is performed
in all of them (100%). In 4 patients, in order to avoid
complications, primary surgeon decided not to perform
anymore residual tumor removal from cavernous sinus after
the second IO-MRI scan. Twenty-six patients had a Knosp Grade
3 – 4 non-functional pituitary adenoma. Following IO-MRI
residual adenoma was detected in 16 (61.5%) patients and
further resection is performed in 3 (18.7%) of them. In all
Knosp Grade 3 – 4 patients.

Following IO-MRI scan, 9 of 84 (10.7%) and 13 of 68 (19.1%)
functional and non-functional residual adenoma was detected in
Knosp Grade 0 – 2 group respectively. All Knosp Grade 0 – 2
patients who has a residual adenoma in both functional and non-
functional groups underwent further removal of tumor. Tumor
characteristics according to Knosp Grade is summarized
in Table 2.

Primary Surgeon Opinion and IO-MRI
In Knosp Grade 0 – 2 group, primary surgeon’s opinion and IO-
MRI findings were compatible in 150 patients (98.6%). Both two
patients which were incorrectly predicted by primary surgeon
had giant adenomas and had residual tumor on IO-MRI scan. In
Knosp Grade 3 – 4 correct prediction were performed in 32
(66.6%) patients. When incorrectly predicted Knosp Grade 3 – 4
patients (n = 16) was analyzed, in 13 patients there were still
residual tumor in cavernous sinus and in 3 patients there were no
residual tumor. Fisher’s exact test showed there is a statistically
significant difference of correct prediction between two different
Knosp Grade groups (two-tailed P < 0.0001) (Table 3).

Complications
One patient (0.5%) had post-operative meningitis signs without
any isolated pathogen. Two patients who had Knosp Grade 3 – 4
Frontiers in Oncology | www.frontiersin.org 395
adenomas had ICA injury (1%), both on cavernous segment of
the right ICA. Two patients had post-operative unilateral
oculomotor nerve paralysis. In both patients IO-MRI showed
residual tumor in the cavernous sinus and further resection was
performed following scan. After 3-months follow up oculomotor
function recovered completely in both patients. Eighteen patients
had CSF fistula (9%) 15 of them treated with lumbar drain and
3 of them underwent revision surgery.

Additional Findings
Retrospective analysis of the patients’ scans revealed second most
common site for residual tumor following cavernous sinus was
suprasellar and parasellar extension. Eighteen patients (9%) had
a residual tumor extending to the suprasellar and parasellar
regions (Figure 1).
DISCUSSION

In this study we demonstrate that IO-MRI scan during EEA for
resection of pituitary adenomas is not necessary for all tumor
types. Our findings are showing that IO-MRI is beneficial in
adenomas with suprasellar and parasellar extension and/or
invading cavernous sinus (Knosp Grade 3 & 4). We found no
additional benefit of IO-MRI in microadenomas, adenomas with
no cavernous sinus invasion or adenomas limited in the sellae
without any suprasellar and parasellar extension.

Endoscopic surgery of the pituitary adenomas became
preferred treatment method in time by providing a viable
median corridor and improved visualization of the anatomical
landmarks (2, 23). Even to the technological advances,
recurrence rates are up to 20% in the literature and first
surgery is the most important intervention (24, 25). As a
result, all efforts should be made to achieve total resection in
the first surgery. One of the important factors preventing total
resection of pituitary adenomas is cavernous sinus invasion.
Following reevaluation of their MRI-based classification, Knosp
et al. demonstrated that resection rates at the superior
compartment of the cavernous sinus were higher than those at
the inferior one (22, 26). Hence, cavernous sinus is on the agenda
of neurosurgeons performing EEA, there are recent reports
defining anatomical relationships and approaches to the
cavernous sinus (3, 27–29). For this reason, we designed our
retrospective study to clarify if IO-MRI scans were necessary
when there is no significant cavernous sinus invasion or is there
any pre-operative indicator to determine which patients will
benefit from IO-MRI scans.

Other than our findings defining benefit of IO-MRI in
resection of invasive adenomas, parasellar or suprasellar
extension took our attention. Ramm-Pettersen et al.
emphasized importance of IO-MRI when there is a parasellar
or suprasellar extension of the adenoma (19). We agree that
utilization of IO-MRI in endoscopic endonasal pituitary
adenoma surgery improves resection rates when there is
parasellar or suprasellar extension.

There are previous reports investigating effectiveness of IO-
MRI in pituitary adenoma surgery but there is no clear data in
TABLE 2 | Percentage and distribution of residual adenoma finding in first
intraoperative magnetic resonance imaging according to tumor characteristic and
Knosp Grade.

Tumor Characteristic Knosp Grade two-tailed P value

0 – 2 (n = 152) 3 – 4 (n = 48)

Functional 10.7% (9) 40.9% (9)
Non-functional 19.1% (13) 61.5% (16)
Total 14.4% (22) 52% (25) < 0.001
Values are percentages of patients and number of patients are in parenthesis.
TABLE 3 | Comparison of primary surgeon opinion before intraoperative
magnetic resonance imaging and findings after scan.

Opinion
before
IO-MRI

Knosp Grade two-tailed
P value

0 – 2 3 – 4

No residual
mass

Residual
mass

No residual
mass

Residual
mass

Correct 143 7 19 13
Incorrect 0 2 13 3 < 0.0001
Values are number of patients.
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FIGURE 1 | Figure demonstrating pre-operative and intraoperative contrast enhanced coronal T1-weighted pituitary MRIs of 4 different patients. First patient (first
row) had a prolactin secreting macroadenoma which had two different signal intensity on pre-operative MRI scan without any cavernous invasion. Right side of the
tumor was showing high signal intensity. First IO-MRI scan demonstrating residual mass on the right side. Second IO-MRI scan demonstrating that total removal was
achieved. Second patient (second row) had a non-functioning macroadenoma causing visual disturbance. First IO-MRI scan demonstrating residual mass where
tumor was penetrating the sellar diaphragm. Surgeon decided further excision and total removal was achieved. Third patient (third row) had a Knosp Grade 3A
growth hormone secreting macroadenoma. Following excision, surgeon’s decision was in favor of total removal. However, first IO-MRI scan showed residual tumor
was not in the cavernous sinus but in the region where tumor was penetrating the sellar diaphragm. Total removal was achieved following further excision. Last
patient (fourth row) had a Knosp Grade 4 non-functioning pituitary adenoma causing severe visual disturbances. Following excision first IO-MRI demonstrated
residual mass in the cavernous sinus. Further excision was performed which resulted in total removal of the tumor. Patient had a 3rd nerve palsy following the surgery
which totally improved after 3 months post-operatively. White arrows demonstrating residual tumor tissues on IO-MRIs.
Frontiers in Oncology | www.frontiersin.org October 2021 | Volume 11 | Article 733838496
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the literature recommending when there is no need of
intraoperative scan (14, 16, 17, 19–21). Previous studies are
focusing effects of IO-MRI on surgical time, cost effectiveness,
GTR and recurrence rates. On the other hand, we focused on to
determine which patients does not need any IO-MRI scan. We
believe our findings will guide neurosurgeons especially in the
countries where MRI scans are costly.

There are limitations of this study. First, this is a retrospective
study and tries to correlate results with only using MRI data.
Study does not include and correlate any long-term follow up
data including progression free survival rates. However, one of
the aims of this study was to determine if there is any correlation
between prediction of the surgeon and MRI findings.
Additionally, we did not perform any cost-effectiveness
analysis because study was performed in a country which has a
universal health care plan for all the citizens and costs of MRI
scans are relatively cheap (about 15 U.S. dollars per scan). This is
one of the reasons why authors performed IO-MRI scans for all
the patients in the study cohort.

Even though our findings are demonstrating IO-MRI does
not have additional benefit in microadenomas, adenomas with
no cavernous sinus invasion or adenomas limited in the sellae,
we will continue to collect and analyze data via performing
intraoperative scans in every patient undergoing EEA for
pituitary adenomas. We are planning to determine effects of
IO-MRI in endoscopic surgery of pituitary adenoma subtypes.

Utilization of IO-MRI in endoscopic endonasal pituitary
adenoma surgery is increasing but current literature is focusing
on surgical time, cost effectiveness, GTR and recurrence rates.
Frontiers in Oncology | www.frontiersin.org 597
Our findings demonstrate that there is no need of IO-MRI scan
while operating adenomas limited in the sellae and not invading
the cavernous sinus. However, we strongly recommend IO-MRI
if there is any suprasellar and parasellar extension and/or
cavernous sinus invasion.
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Blood Supply of Cranial Nerves
Passing Through the Cavernous
Sinus: An Anatomical Study and
Its Implications for Microsurgical
and Endoscopic Cavernous
Sinus Surgery
Edinson Najera, Bilal Ibrahim, Baha’eddin A. Muhsen, Assad Ali , Clariza Sanchez,
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Cleveland Clinic Florida, Weston, United States

Background: Despite improvements in surgical techniques, cranial nerve (CN) deficits
remain the most frequent cause of disability following cavernous sinus (CS) surgery. The
most common tumor affecting the CS is meningioma. They originate from lateral wall and
have their blood supply from meningohypophyseal trunk (MHT) and inferolateral trunk
(ILT). Pituitary adenomas commonly invade the CS through its medial wall and receive
blood supply form medial branches of the internal carotid artery (ICA) (superior and inferior
hypophyseal arteries). Some tumors may grow within the CS (e.g. trigeminal
schwannomas, hemangiomas). These tumors are fed by all the intracavernous ICA
branches. Tumors involving the CS may also displace the neurovascular structures,
therefore, a better understanding of intracavernous neurovascular anatomy may reduce
the postoperative morbidity associated with approaching CS tumors. In this anatomical
study, the anatomic variations and their clinical implications of the intracavernous CNs’
blood supply were evaluated through transcranial and endonasal routes.

Methods: Twenty sides of ten adult cadaveric formalin-fixed, latex-injected specimens
were dissected in stepwise fashion under microscopic and endoscopic magnification. The
origin and course of the intracavernous ICA branches supplying the intracavernous CNs
are studied.

Results: The proximal segment of the oculomotor nerve receives blood supply from the
ILT in 85%, and the tentorial artery of the MHT in 15% of specimens. The distal segment is
exclusively supplied by the ILT. The proximal trochlear nerve receives blood supply from
the ILT (75%) and the tentorial artery (25%); the distal segment is exclusively supplied by
the superior orbital branch. The proximal third of the abducens nerve receives its
vascularity exclusively from the dorsal meningeal artery, and its middle and distal thirds
from the ILT. The ophthalmic and proximal maxillary segments of the trigeminal nerve also
receive blood supply from the ILT. The distal maxillary segment is supplied by the artery of
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the foramen rotundum. All ILT branches terminate on the inferomedial aspects of the intra-
cavernous CNs. Extensive anastomoses are found between ILT branches and the
branches arising from external carotid artery.

Conclusion: Understanding the anatomy of the intracavernous ICA’s branches is
important to improving surgical outcomes with tumors involving the CS.
Keywords: intracavernous cranial nerves, inferolateral trunk, meningohypophyseal trunk, oculomotor nerve,
trochlear nerve, abducens nerve, trigeminal nerve
INTRODUCTION

Tumors with cavernous sinus (CS) invasion present a
neurosurgical challenge. The most common tumor seen in
cavernous sinus is meningioma (1). However, many tumors can
arise in or invade the CS, these include trigeminal schwannomas,
pituitary adenomas, chordomas and chondrosarcomas. Advances
in cranial base surgery over the last two decades including better
anatomical understanding, improvement in microsurgical
technics and incorporation of the endonasal endoscopic
approach (EEA) into the skull base armamentarium, now allow
for 360° access to the CS. Despite the improvements in
microscopic and endoscopic surgical techniques, cranial nerve
(CN) deficits remain the most frequent cause of disability
following CS surgery (1–3). Nerve dysfunction can occur due to
direct trauma caused by the manipulation of the nerve during
surgery or from ischemic injury caused by damage to the nerve’s
blood supply. Permanent CN deficits may occur even if the nerves
are anatomically preserved (1, 2, 4). Thorough knowledge in the
anatomy of blood vessels supplying CNs inside the CS is necessary
for approaching tumors with expansion in to the CS. This
understanding is particularly important to minimize inadvertent
occlusion of supplying blood vessels from excessive coagulation or
manipulation during tumor resection. The branches of the
intracavernous internal carotid artery (ICA) have been described
by several authors, mostly from the microsurgical transcranial
perspective (1, 5–11). There are only a few descriptions providing
a detailed anatomy of the blood supply to the intracavernous CNs
from both a transcranial and an EEA perspective (12–14).

In this anatomical study, we evaluate the anatomic variations
and clinical implications of the intracavernous CNs’ blood
supply when approaching the CS region from transcranial
and endonasal routes. A detailed understanding of the
intracavernous CNs’ blood supply is essential for improving
outcomes when operating on lesions involving the CS.
METHODS

Ten adult head specimens (20 sides) were lightly fixed in a
formalin solution and prepared for dissection after injecting
them with intravascular colored silicone. This research was
approved by the Research Ethics Board. A microsurgical
transcranial approach and an EEA to the sellar and parasellar
regions were performed simultaneously on all heads. A pterional
2100
craniotomy was performed, followed by extradural drilling of the
anterior clinoid process. Then, a 5-cm temporal lobectomy was
performed, and the lateral, posterior wall of the CS was exposed.
Under microscopic magnification, the dura covering the lateral
wall of the CS was removed, exposing the CNs in the lateral wall
of the sinus. From the EEA perspective, wide bilateral
sphenoidotomies were performed to expose the posterior wall
of the sphenoid sinus. The bone overlying the sellar and
parasellar regions was removed to allow access to the medial
and anterior walls of the CS. The origin, course, and different
anatomic patterns of the intracavernous ICA branches
vascularizing the intracavernous CNs were documented from
both the transcranial and the EEA perspectives. CNs are then
followed proximal and distal to CS segments and vascularizing
branches to these segments were studied and documented. A
tumor with CS invasion was selected to illustrate the surgical
application of these findings.
RESULTS

The Intracavernous ICA and Its Branches
The arterial branches arising from the intracavernous segment
of the ICA vary in origin and number. The intracavernous
ICA from proximal to distal can be divided into four segments:
1) the short vertical segment (a continuation of the paraclival
ICA); 2) the posterior genu; 3) the horizontal segment; and
4) the anterior genu, which continues with the paraclinoidal
ICA as it emerges from the CS. The most common branches of
the intracavernous ICA observed in this study are the
meningohypophyseal trunk (MHT) (present in 100% of
specimens), the inferolateral trunk (ILT) (85%) and
McConnell’s capsular artery (20%). Less frequent branches of
the intracavernous ICA are the superolateral trunk (10%) and a
persistent trigeminal artery (5%).

The MHT, the largest and most constant branch of the
cavernous ICA, arises from the short vertical segment of
the intracavernous ICA, close to the posterior genu, in 20% of
the specimens studied. In the other 80% of specimens, the MHT
arises from the middle third of the posterior genu. It typically
gives rise to three branches: 1) the inferior hypophyseal, which
travels medially to supply the posterior lobe of the pituitary
gland; 2) the tentorial artery (known as the artery of Bernasconi-
Cassinari), which courses lateraly towards the tentorium to
contribute to the blood supply of the interdural segment of the
October 2021 | Volume 11 | Article 702574
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oculomotor and trochlear nerves; and 3) the dorsal meningeal
artery (also called the lateral clival artery), which passes
posteriorly through the CS to supply the clival dura and
abducens nerve within Dorello’s canal. This artery usually
divides into medial and lateral branches. The medial branch
accompanies the abducens nerve into Dorello’s canal and
sometimes anastomoses with the clival ramus of the jugular
branch of the ascending pharyngeal artery (Figures 1A–C).

The ILT is present in 85% of the specimens. It arises from the
lateral side of the midportion of the horizontal segment of the
intracavernous ICA, and courses inferiorly. The ILT arises
directly from the carotid artery in 80% of the specimens and
from the MHT in 5%. The ILT typically divides into three to four
branches: 1) the superior orbital branch (also called the antero-
medial branch), which runs to the superior orbital fissure; 2) the
foramen rotundum artery (known as the antero-Iateral branch),
typically accompanies the maxillary nerve (V2) through the
foramen rotundum, supplies the V2 segment of the trigeminal
nerve, and anastomoses with the internal maxillary artery
(IMAX); 3) the foramen ovale branch, which travels with the
mandibular (V3) segment of the trigeminal nerve through the
foramen ovale and has anastomoses with the IMAX and/or
petrosal branch of the middle meningeal artery; 4) the superior
branch of the ILT, which follows the III and IV nerve along the
lateral wall of the CS (Figures 2A–C).

In 10% of the specimens a superolateral trunk is found to arise
from the supero-lateral aspect of the horizontal segment of the
intracavernous ICA, it directs superiorly, and then runs adjacent
to the oculomotor and trochlear cranial nerves and provides
them with blood supply at their dural entrance. McConnell’s
capsular artery is present in 20% of the cases and arises from the
medial aspect of the horizontal segment of the intracavernous
Frontiers in Oncology | www.frontiersin.org 3101
ICA and courses toward the capsule of the pituitary gland, where
it anastomoses with the opposite artery. The capsular artery does
not provide any blood supply to the CNs.

In one specimen (5%) a persistent trigeminal artery is
identified. It arises from the middle third of the posterior genu
of the intracavernous ICA, courses backward through the
posterior wall of the CS lateral to Dorello’s canal and medial to
Meckel’s cave to join the basilar artery between the origin of the
superior cerebellar artery and the anterior inferior cerebellar
artery (Figure 3A). In this particular case, the MHT and its three
branches originate from the persistent trigeminal artery.

Blood Supply of the Intracavernous Nerves
The Oculomotor Nerve
The oculomotor nerve is supplied by the ILT branches in all
studied specimens. The proximal cavernous segment of the
oculomotor CN receives its blood supply through the superior
branch of the ILT in 85% of the specimens and the tentorial
artery of the MHT in 15%. In addition, the proximal segment of
the III CN receives blood supply from the superolateral trunk in
10% of the cases; the distal segment of the III CN is supplied
exclusively by the superior orbital branch of the ILT (Figure 1
and Table 1). The superior orbital branch of the ILT supplies the
distal segments of all CNs passing through the superior orbital
fissure. The cisternal segment of the oculomotor nerve receives
blood supply from the thalamoperforating arteries that originate
from the P1 and the proximal P2 segments of the posterior
cerebral artery (Figures 3B–D).

The Trochlear Nerve
The proximal trochlear nerve (IV) receives its vascularity from
the superior branch of the ILT and from the tentorial artery in
FIGURE 1 | (A) Microscopic view of the roof and lateral wall of the CS in a colored silicone-injected human cadaveric specimen showing the branches of the
intracavernous ICA supplying the intracavernous CN. The dural covering of the right cavernous sinus has been removed to expose the cavernous sinus contents.
The MHT originating from the proximal cavernous segment of the ICA, in this specimen a double trunk is present, the main trunk is giving off the dorsal meningeal
artery, which passed posteriorly through the CS to supply the clival dura and abducens nerve within Dorello’s canal. The ILT arose from the lateral side of the
midportion of the horizontal segment of the intracavernous ICA, and is directed inferiorly. It provides blood supply to CN III, CN IV, middle and distal segments of CN
VI. The SLT arises from the supero-lateral aspect of the horizontal segment of the intracavernous ICA, courses superiorly, and then runs adjacent to CN III and IV as
they run through the dura and provide them with blood supply. In this specimen, the tentorial artery is originating from the ILT, which courses lateral to the tentorium
to contribute to the blood supply of the interdural segment of the trochlear nerve. (B) The dura of the lateral wall of the left CS has been removed to show the
intracavernous CNs and terminal branches of the ILT. The ILT giving off the superior orbital branch, which goes through the superior orbital fissure and supplies
blood to the distal segments of all CNs passing through the superior orbital fissure. The ILT then courses laterally over V1 and gives off the artery of the foramen
rotundum, which supplies the distal segment of V2. (C) Microscopic view of the lateral wall of left cavernous sinus showing terminal branches of the ILT. The ILT
giving off the superior orbital branch, and the superior branch. It then courses laterally under V2 segment and gives off the artery of foramen rotundum. The ILT also
gives rise to tentorial branch which is supplying CN IV. CN, cranial nerve; CS, cavernous sinus; ICA, internal carotid artery; ILT, inferolateral trunk; MHT,
meningohypophyseal trunk; SLT, superolateral trunk.
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75% and 25% of the specimens, respectively (Figures 1A–C);
when the superior branch is present, it usually curves superiorly
and posteriorly and follows the trochlear nerve along the lateral
wall of the CS. The distal segment of the trochlear nerve is
exclusively supplied by the superior orbital branch of the ILT.
Frontiers in Oncology | www.frontiersin.org 4102
The Abducens Nerve
In all of the specimens studied the proximal third of the
abducens nerve (VI), at the level of Dorello’s canal, receives
blood supply exclusively from the dorsal meningeal artery
arising from the MHT. The middle and distal thirds of the
FIGURE 3 | (A) Endoscopic view in a colored silicone-injected human cadaveric specimen showing a persistent trigeminal artery anastomosing with the left
intracavernous ICA with the basilar artery between SCA and AICA origins. (B) Cross-section of midbrain at the level of the superior colliculus demonstrating the
course of cisternal segment of the III nerve, which passes between PCA and SCA. Note the thalamoperforating branches arising from P1 supplying the cisternal
segment (blue arrow). BA, basilar artery; PCA, posterior cerebral artery; SCA, superior cerebellar artery (C) Left trans-sylvian exposure of the ambient cistern,
revealing: the PCA and SCA perforating branches supplying the cisternal segment of the III nerve. (D) Endoscopic view of the interpeduncular region, showing the
cisternal segment of right CN III. TPA arising from pre-communicating segment of PCA (P1) supplying the cisternal segment of CN III are shown (blue arrow). AICA,
anterior inferior cerebellar artery; CN, Cranial Nerve; PCA, posterior cerebral artery; PcomA, posterior communicating artery; SCA, Superior Cerebellar Artery; TPA,
Thalamoperforating Arteries.
FIGURE 2 | (A) The dura of the lateral wall of the right CS has been removed to show the terminal branches of the ILT providing blood supply to CN III,IV as well
asV1,V2,V3 branches of the trigeminal nerve. ILT giving off the superior branch, the artery of foramen rotundum, and the foramen ovale branch. (B) Another view
from the same specimen after careful drilling of the foramen ovale showing the anastomotic network between the terminal branches of ILT and branches from the
internal maxillary artery. Note the branches arising from MMA supplying the V3 segment of the trigeminal nerve. (C) Posterior view of the clivus in a colored silicone-
injected human cadaveric specimen showing a rich anastomotic network between the dorsal meningeal branches arising from MHT and the jugular branches arising
from neuromeningeal trunk, which is a branch of the ascending pharyngeal artery. APA, ascending pharyngeal artery; MMA, medial meningeal artery.
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abducens nerve are vascularized by branches of the ILT. When
the ILT is present, it crosses over the middle third segment of
the abducens nerve. This constant relationship between the
ILT and the 6th CN is a reliable surgical landmark for the
identification of the abducens nerve when performing surgery
in this region.

The Trigeminal Nerve
The proximal ophthalmic (V1) and proximal maxillary (V2)
segments of the trigeminal nerve are also vascularized by small
branches of the ILT or its equivalent in 100% of the specimens.
The distal ophthalmic segment of the trigeminal nerve is also
supplied by the superior orbital branch of the ILT, while the
distal maxillary segment is supplied by the artery of the foramen
rotundum, arising from the ILT.
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The medial side of the Gasserian ganglion receives its
vascularity from the small branches of the ILT and the
tentorial artery; the lateral side is supplied by branches from
the artery of the foramen rotundum and the dorsal branches of
the middle meningeal artery.

All ILT branches end on the inferomedial aspects of the
intracavernous CNs. The MHT branches are located in the
posterior compartment of the CS. From a transcranial
perspective, all intracavernous ICA branches supplying the
intracavernous CNs are found in the lateral wall of the CS, except
the dorsal meningeal artery, which is located in the posterior wall.
From an endoscopic endonasal perspective, the tentorial artery and
dorsalmeningeal artery are found in the superior compartment and
posterior compartment of the CS, respectively. The ILT is found in
the lateral and inferior compartments of the CS (Figures 4A–C).
FIGURE 4 | (A) Endoscopic view of left CS showing the neurovascular relationships in the lateral compartment. The ILT arising from the midportion of the horizontal
segment of the intracavernous ICA, and its branches can be identified running from medial to lateral where they distribute along the lateral wall of the CS and supplies to
the of CN III, CN IV and distal CN VI. (B) The paraclival ICA is retracted laterally to expose CN VI inside Dorelo’s canal. Dorsal meningeal artery (Dorsal Meng. Art.), a
branch from MHT, which is located in the posterior compartment of cavernous sinus and supply proximal segment of CN VI at the level of Dorelo’s canal. (C) Endoscopic
view of right CS showing the neurovascular relationships in the superior and posterior compartment of the CS. The Cav-ICA is retracted laterally. The tentorial artery and
dorsal meningeal artery can be identified running in the superior and posterior compartment of the CS, respectively. The dorsal meningeal artery supplying proximal
segment of CN VI at the level of Dorelo’s canal and the tentorial artery supplying the CN IV are shown. BA, Basilar Artery; Cav, Cavernous; CAV-ICA, Cavernous Internal
Carotid Artery; CN, Cranial Nerve; Dorsal Meng. Art, Dorsal Meningeal Artery; ICA, Internal Carotid Artery; ILT, inferolateral trunk.
TABLE 1 | The Blood Supply of Intracavernous Cranial Nerves: Microscopic and Endoscopic perspective.

Cranial nerve Blood supply Frequency Transcranial perspective Endoscopic endonasal perspective

Oculomotor nerve Proximal segment Proximal superior branch (ILT) 85% Lateral wall of the CS No visible
Tentorial artery (MHT) 15% No visible Posterior compartment of the CS
Superior lateral trunk 10% Lateral wall of the CS No visible

Distal segment Superior orbital branch (ILT) 85% Lateral wall of the CS No visible
Trochlear nerve Proximal segment Proximal superior branch (ILT) 75% Lateral wall of the CS No visible

Tentorial artery (MHT) 25% Lateral wall of the CS Superior compartment of the CS
Distal segment Superior orbital branch (ILT) 85% Lateral wall of the CS No visible

Abducens nerve Proximal third Dorsal meningeal artery (MHT) 100% Posterior wall of the CS Posterior compartment of the CS
Middle third ILT branches 85% Lateral wall of the CS Inferior and lateral compartment of the CS
Distal third Superior orbital branch (ILT) 85% Lateral wall of the CS No visible

Ophthalmic branch Proximal segment ILT branches 85% Lateral wall of the CS No visible
Distal segment Superior orbital branch. (ILT) 85% Lateral wall of the CS

Maxillary branch Proximal segment ILT branches 85% Lateral wall of the CS Lateral compartment of the CS
Distal segment Foramen rotundum artery (ILT) 80% Lateral wall of the CS

Gasserian ganglion Medial half ILT and/or Tentorial artery (MHT) 100%
Lateral half ILT and/or Dorsal branches (MMA) 100%
Oc
CS, cavernous sinus; MHT, meningohypophyseal trunk; MMA, medial meningeal artery; ILT, inferolateral trunk.
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Case Illustrations
A tumor with CS invasion is selected to illustrate the surgical
application of these findings.

CS Meningioma
A 43-year-old right-handed male had an initial presentation of
right facial numbness. AnMRI scan of his brain showed a right CS
tumor consistent with a meningioma. The patient underwent
stereotactic radiosurgery at an outside hospital. His facial
numbness gradually improved. Four years later, he had
recurrence of the right facial numbness in the V3 distribution
with associated right eyelid ptosis and diplopia. On neurological
examination he had decreased sensation to light touch in the three
branches of the trigeminal nerve. He had a right eyelid ptosis and a
six-nerve palsy. A new MRI scan of the brain showed radiological
progression of the tumor (Figures 5A, B). An orbitozygomatic
craniotomy was performed and gross total tumor resection was
achieved. The facial numbness he had preoperatively gradually
improved, and his extraocular movements and eyelid ptosis
recovered completely. An MRI revealed a gross total resection of
the tumor. The histopathology showed a clear cell grade 2
meningioma. Postoperatively He received fractionated radiation
therapy to the surgical bed. He remained tumor free at his last
follow-up four years after his surgery (Figures 5C, D).
DISCUSSION

Lesions involving theCS and lateral sellar region, including tumors,
vascular lesions, infections, and inflammatory pathologies have an
intimate relationship with the intracavernous CNs and their blood
supply originating from the intracavernous ICA.Despite a decrease
Frontiers in Oncology | www.frontiersin.org 6104
in the morbidity and mortality rates associated with CS
surgery, CN deficits remain the most frequent cause of disability
following CS surgery (1–4, 9). In this study we investigate the
anatomic variations of the intracavernous CNs blood supply
when exposed from a microsurgical transcranial as well as
endoscopic endonasal perspectives. This relevant information
can be applied or endoscopic and microsurgical approaches of
the cavernous sinus.

The underlying mechanisms of intraoperative nerve injury is
thought to be multimodal. Although ischemic insults secondary
to devascularization of the cavernous segment of the cranial
nerves might cause cranial nerve deficits, usually those deficits
are transient as the ensuing ischemic insult mainly affects the
myelin sheet of the nerve which tends to regenerate within
weeks. This is a process similar to what is seen in peripheral
nerves that can be extensively dissected and mobilized with
minimal or transient nerve dysfunction. In contrast a more
proximal, cisternal ischemic injury to the same cranial nerves
might also affect their nuclei causing a more permanent deficit.
Direct injury to the intracavernous cranial nerves is usually a
cause of permanent deficit. Such injuries can be from a direct
mechanical trauma or from thermal insults secondary to bipolar
coagulation (10, 12, 15). This is where a thorough understanding
of the cranial nerves blood supply becomes important as precise
control of those vessels during cavernous sinus surgery will
preserve a bloodless field and avoid cranial nerve injuries. In
order to avoid permanent injury to the CNs, a dissection of the
CNs has to be tangential to the nerves along a longitudinal axis.
When the CNs are released in this way, they can tolerate a certain
amount of manipulation without permanent deficits.

Our findings are in concordance with the study conducted by
Krisht et al. (1) and Harris et al. (6) We describe the details of the
FIGURE 5 | Preoperative coronal (A) and axial (B) brain MRI with contrast showing heterogeneous enhancing tumor involving the right cavernous sinus (arrow). The
patient is known to have right cavernous sinus meningioma for which he had stereotactic radiosurgery 4 years prior to presentation. Postoperative coronal (C) and
axial (D) brain MRI with contrast showing gross total excision of the meningioma.
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most common anatomic patterns of blood supply to the
intracavernous CNs and observed that the ILT branches play
an important role in vascularizing the III, IV, V, and VI CNs as
they pass into the CS and the superior orbital fissure, and
through the foramen rotundum. Furthermore, we observed
that the dorsal meningeal artery branch of the MHT provides
blood supply to the proximal third of the abducens nerve at the
level of Dorello’s canal. The ILT also provides vascularity to the
mesial surface of the Gasserian ganglion as it anastomoses with
the artery of the foramen ovale, originating from the internal
maxillary artery, which in turn provides blood supply to V3 and
the lateral aspect of the Gasserian ganglion.

The ILT typically arises from the lateral aspect of the
intracavernous ICA and usually supplies the intracavernous CNs,
with extensive anastomoses with the extracranial circulation,
particularly branches of the IMAX, the middle meningeal artery,
and the ophthalmic artery (Figures 2A, B). These anastomoses,
mainly the superior orbital fissure branch anastomoses with the
deep recurrent meningeal branch of the ophthalmic artery, are an
important consideration during embolization (16–18).

We also observed that the dorsal meningeal artery (medial
branch) arising from the MHT anastomoses with the clival ramus
of the jugular branch of the ascending pharyngeal artery (Figure 2C).

All ILT trunk branches were located on the inferomedial
aspects of the intracavernous CNs; the MHT branches were
located on the posterior compartment of the CS. From a
transcranial perspective, all intracavernous ICA branches that
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supplied blood to the intracavernous CNs were found in the
lateral wall of the CS, except the dorsal meningeal artery, which
was located in the posterior wall. From an endoscopic endonasal
perspective, the tentorial artery and the dorsal meningeal artery
were found in the superior and posterior compartments of the
CS, respectively. The ILT was found in the lateral and inferior
compartments of the CS.

Of surgical interest, we observed that each foramen had an
artery, which are summarized as follows: the superior orbital
branch, which passed through the superior orbital fissure and
supplied blood to the distal segments of all of the CNs passing
through to it; the artery to the foramen rotundum, another very
important vessel, which supplies the V2 segment of the trigeminal
nerve; the foramen ovale branch supplies the V3 segment of the
trigeminal nerve (Figure 2A); and the dorsal meningeal artery,
which ran into Dorello’s canal and provided blood supply to the
abducens nerve within Dorello’s canal (Figure 1).

Beyond studying the blood supply of CNs in the CS from both
transcranial and endoscopic endonasal perspectives the study
presented here describes the blood supply to the cisternal III
nerve and the anastomoses of the intracavernous ICA’s branches
with the external carotid artery. In addition, we report for the first
time that the superolateral trunk can provide blood supply to the III
and IV CNs, as found in 10% of our specimens (Figures 1A, B).

Based on the above findings we were able to identify 3
vascular zones to the cranial nerves passing through the
cavernous sinus: Zone 1 being the cisternal segment of the
October 2021 | Volume 11 | Article 702574
FIGURE 6 | Microscopic lateral view of right cavernous sinus to show the origin of most common tumors that involve the cavernous sinus. Circle number 1 is over
the lateral wall of cavernous sinus which is the most common origin of CS meningiomas and they get their blood supply from MHT and ILT (not shown in this image).
They account around 41% of all cavernous sinus tumors. Circle 2 is over trigeminal nerve which is the origin of schwannomas. Trigeminal schwannomas are the
second most common cavernous sinus tumors and 49% originate in middle cranial fossa (19). They receive their blood supply from MHT and branches from external
carotid artery. Circle 3 is over pituitary gland. Pituitary adenomas are the most common tumors that may extend into the cavernous sinus with an incidence of 10%.
Their blood supply obtained from superior and inferior hypophyseal arteries. Circle 4 points to intracavernous sinus compartment. Cavernous hemangiomas are
benign vascular tumors which are the most common primary intracavernous lesion. Metastasis is also may be seen in intracavernous compartment. Tumors
originating from intracavernous compartment may get their blood supply from all intracavernous ICA branches. BA, Basilar Artery; ICA, Internal Cerebral Artery; PCA,
Posterior Cerebral Artery; PcomA, Posterior Communicating Artery; Pit, Pituitary; SCA, Superior Cerebellar Artery.
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cranial nerves, receiving blood supply from the vertebrobasilar
system. Zone 2 being the intracavernous segment of the cranial
nerves receiving their blood supply from the internal carotid
artery and Zone 3, the extracranial portion of those cranial
nerves and receiving blood supply from branches of the
external carotid artery. As such Zone 1 of those cranial nerves
is most sensitive to ischemic insults and Zones 2 and 3 are more
resilient. For these reasons experts recommend avoiding the
manipulation of the proximal cisternal segment of the III nerve
as it arises from the midbrain of the brainstem as manipulation at
this level can cause a permanent deficit.

Certainly, several other anatomic variations may exist in the
intracavernous ICA’s branch anatomy and the CNs’ blood supply,
even among patients without CS disease. In addition, tumors
involving the CS, once a certain size, may cause significant
distortion of the region’s microanatomy, posing an additional
surgical challenge. Therefore, a detailed understanding of the
blood supply of the intracavernous CNs is essential for improving
outcomes when operating on lesions involving the CS.

The most common tumor affecting the cavernous sinus is
meningioma and accounts for 41% of cavernous sinus tumors
(Figure 6) (20). It originates from arachnoid cap cells of CNs in
the lateral wall of cavernous sinus (21). Blood supply of CS
meningiomas are from external carotid artery branches (the
same of middle cranial fossa dura blood supply) and branches
from MHT and ILT (22, 23). However, meningiomas originating
from nearby regions (e.g. petroclival region, medial sphenoid
wing) may extend into CS and may have a different blood supply.
Other common tumor affecting cavernous sinus is trigeminal
schwannomas. They are the second most common intracranial
schwannomas after vestibular schwannoma with an incidence of
1-8% of all intracranial schwannomas (19). Trigeminal nerve
schwannomas receive their blood supply through MHT or
branches from external carotid artery (24). Also, pituitary
adenomas are common to invade the CS by extending through
its medial wall and 6%-10% of all pituitary adenomas invade the
CS (25). They supplied by the medial branches of ICA, namely
the superior and inferior hypophyseal trunks.
CONCLUSION

ILT branches provide blood supply to all intracavernous CNs
except the proximal segment of the abducens nerve at the level of
Frontiers in Oncology | www.frontiersin.org 8106
Dorello’s canal. MHT branches supply the proximal segment of
the abducens nerve and the medial aspect of the Gasserian
ganglion. Middle meningeal artery branches supply the lateral
aspect of the Gasserian ganglion. This study demonstrated
extensive anastomoses between ILT branches and branches
arising from the external carotid artery. Understanding the
anatomy of the intracavernous ICA’s branches is important to
improving surgical outcomes with tumors involving the CS.
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Objective: Craniopharyngiomas (CPs) predominantly involving the third ventricle were
commonly termed “intraventricular” lesions. The aim of this study was to clarify the
anatomical relationship between the tumor and the third ventricle by both surgical and
histological investigation.

Methods: A retrospective review of primarily resected CPs by endoscopic endonasal
surgery was performed. CPs with predominantly ventricular involvement were selected for
study inclusion by preoperative imaging. The surgical procedure of each case was
reviewed. The wholly removed tumor specimens were histologically analyzed, in all
cases, to investigate the tumor–third ventricle relationship using hematoxylin and eosin,
immunochemical, and immunofluorescence staining.

Results: Twenty-six primary CPs predominantly involving the third ventricle were selected
from our series of 223 CPs treated by endoscopic endonasal surgery between January
2017 and March 2021. Gross-total resection was achieved in 24 (92.3%) of 26 patients,
with achievement of near-total resection in the remaining patients. A circumferential layer
of stretched third ventricle floor was identified surrounding the tumor capsule, which could
be peeled off easily from the ventricle floor remnants at most areas of the plane of tumor
attachment. Some portions of the tumor capsule tightly adhered to the third ventricle floor
were removed together with the floor. A breach of various size was observed at the third
ventricle floor after tumor removal in most cases, the floor remaining intact in only two
cases (7.7%). Histological examination on marked portions of tumor capsule showed that
the pia mater was frequently detected at most of the tumor–brain interface, except at the
antero-frontal border of tumor contacting with the third ventricle floor. At this point, a layer
of gliosis with various thickness was observed between the tumor and the neural tissue of
the third ventricle floor.
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Conclusion: CPs with predominantly ventricular involvement should be considered as
lesions with an extraventricular, epi-pia topography rather than “intraventricular” or
“subpial” topography. Accurate understanding of the relationship between the third
ventricle and such tumors would predict the circumferential cleavage plane of
dissection, and remind neurosurgeons of performing dissection along the safe surgical
plane to achieve total tumoral resection with minimizing hypothalamic damage.
Keywords: craniopharyngioma, endonasal, endoscopic, histology, intraventricular, pituitary surgery, third ventricle
INTRODUCTION

Craniopharyngiomas (CPs) are benign tumors believed to
originate from ectodermal remnants of the craniopharygeal
duct, accounting for 2% to 5% of all intracranial tumors (1).
These tumors may arise at any point along the hypothalamus–
pituitary axis, intrasellar or suprasellar (2, 3). CPs predominantly
involving the third ventricle remain among the most challenging
to form a surgical perspective due to their upward extension
against the third ventricle and their close relationship with the
hypothalamus. An accurate understanding of the topographical
relationships between the CPs and the third ventricle floor/
hypothalamus is essential for proper, safe surgical planning
or manipulation.

CPs predominantly involving the third ventricular
compartment were commonly described as “intraventricular”
or “third ventricle” lesions in most publications, and these
tumors were thereby classified into “intraventricular” subset by
many authors in their classification system (4–14). Since the term
“intraventricular” specifically denote lesions that arise from the
brain parenchyma and grow exophytically into the ventricular
system, “intraventricular” CPs were thought to originally develop
within the neural tissue of the third ventricle floor and
progressively grow into the third ventricle leaving an intact
third ventricle floor below (15, 16). However, the theory is in
conflict with the universally accepted hypothesis that CPs arise
from ectodermal remnants of the craniopharygeal duct. On the
other hand, previous classification systems including the
“intraventricular” subset of CPs were established based on
tumor–third ventricle relationships observed on autopsies, surgical
procedures, and/or neuroradiological studies (7, 11, 17, 18).
Accurate histological evidence of the CP boundaries contacting
the third ventricle floor and the third ventricle walls is lacking in
most reports on intraventricular CPs to unequivocally define the
strict “intraventricular” category.

Endoscopic endonasal surgery use a corridor along the
hypothalamic–pituitary axis and allows direct visualization of
retrochiasmatic compartment, especially for the ventral area of
the third ventricle (17, 19, 20). Accordingly, this approach
provides more precise information for illuminating the tumor–
third ventricle relationships than traditional microscopic
transcranial approach. In this series, we retrospectively
reviewed surgical procedures of CPs with predominantly
ventricular involvement by endoscopic endonasal approach,
and made comprehensive histological evaluation of tumor–
third ventricle interface on these tumors. The aim of this study
2109
is to reveal the real relationships between the tumor and the third
ventricle with more convincing evidence, and to provide useful
information for neurosurgeons when managing such tumors
with appropriate surgical planning and minimizing the risk of
damage to the hypothalamus.
MATERIALS AND METHODS

Patient Selection and Perioperative
Assessment
All patients with CPs treated by endoscopic endonasal surgery at
our institution between January 2017 and March 2021 were
retrospectively reviewed. Patients with recurrent tumors and/or
who underwent radiotherapy were excluded to avoid incorrect
identification of the tumor–ventricular relationship.
Preoperative imaging was reviewed in each case to evaluate the
location and growth pattern of the tumor in determining the
potential for study inclusion. According to our QST classification
based on tumor origin as reported previously (21, 22), all tumors
were classified into three types: infrasellar/subdiaphragmatic CPs
(Q-CPs), subarachnoidal CPs (S-CPs), and pars tuberalis CPs
(T-CPs). Confirmation of a CP with predominantly ventricular
involvement was then performed by concordant assessment of
three senior neurosurgeons. According to the criteria described
in previous publications (2, 4, 8, 9, 14), the tumor was
characterized as a CP with predominantly ventricular
involvement if its main body occupy the compartment of the
third ventricle on preoperative imaging, above an identifiable,
almost or partially intact pituitary stalk, with or without the
lower pole of the tumor slightly extending into the suprasellar
area (Figures 1A, 2A, 3A, 4H).

All data were collected from a prospectively maintained
database. Each enrolled patient’s clinical chart was studied to
categorize age, gender, presenting symptoms, imaging data, and
surgical outcomes (Table 1). The tumor size was determined by the
maximum diameter on preoperative sagittal or coronal MRI.
Tumor consistency (solid, cystic, or mixed) was also identified on
preoperative MRI. Extent of resection was determined by
immediate MRI review within 48 h after surgery by an
independent neuroradiologist. Accordingly, gross total resection
(GTR) was defined as 100% macroscopic tumor resection, near-
total resection (NTR) was defined as ≥95% but <100% resection,
subtotal resection (STR) was defined as ≥80% but <95% resection,
and partial resection was defined as <80% resection.
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Surgical Procedure
The surgical procedure of each individual CP case was recorded
by HD video and carefully reviewed after dura opening, focusing
on the dissection of the tumor–brain interface. A standard
endoscopic endonasal transtuberculum approach was used for
tumor resection in all cases as described elsewhere. A thin
translucent membrane formed by the stretched par tuberalis
can be found overlying the tumor. Careful dissection and
preservation of the membrane is essential to maintain the
continuity of the hypothalamus–pituitary axis to maximize the
possibility of recovery of postoperative hormonal function.
Therefore, a longitudinal incision along the infundibulum was
made in the membrane, and gentle dissection was then
performed between the tumor and the membrane.

Tumors with cystic component were emptied before resection
to gain better exposure and sufficient manipulating space. For
large purely solid lesions, the decompressive intratumor
debulking was necessary while the intact tumor capsule should
be preserved. A combination of blunt and sharp extracapsular
dissection was then performed to dissect the tumor away from
the third ventricle floor/hypothalamus. During the dissection,
the interface between the tumor and the third ventricle was
carefully identified under the close-up endoscopic visualization,
in an effort to maximally preserve the integrity of the third
ventricular floor/hypothalamus and minimize the risk of leaving
unnoticed tumor remnants behind. Finally, the surgical cavity
was examined using angled endoscope after tumor removal to
Frontiers in Oncology | www.frontiersin.org 3110
evaluate the integrity of the third ventricular floor/hypothalamus,
and further validate tumor–third ventricle relationships.

Histopathologic Assessment
The wholly removed tumor specimens of each case were sent for
histological evaluation to identify the pathological type and
investigate the tumor–third ventricle relationships. For the
tumor area with dense adhesions to the third ventricular floor
and unlikely to be separated from each other, the involved tissue
of the third ventricle floor was removed with the tumor to ensure
complete resection. As described in our previous studies, the
different portions of tumor capsule in contact with the third
ventricle were marked during surgery, and each marked
specimen was histologically examined separately to provide a
comprehensive synthesis of overall information regarding the
relationships between the tumor and third ventricle.

H&E, immunochemical, and immunofluorescence staining
were performed as described previously (22, 23). The antibodies
used were Neurofilament (NF) (1:400, Abcam, ab7794), Glial
Fibrillary Acidic Protein (GFAP) (1:200, Abcam, ab7260); pan
Cytokeratin (Pan-CK) (1:300, Abcam, ab215838), Laminin b1
(1:400, Sigma, MAB1921P), CK5/6 (1:400, Sigma, SAB5600242),
and Oxytocin (OXT) (1:400, Abcam, ab212193). NF was selected
to mark the axon of neuron; GFAP was used to mark the gliosis;
Pan-CK and CK 5/6 were used to mark the tumor; Laminin b1
was used to mark the pia mater; OXT was used to mark the
secretion and transport of oxytocin in the hypothalamus.
FIGURE 1 | Illustrative endonasal case 1 clarifying the tumor–ventricle relationship. In (A), preoperative MRI shows that the CP mainly occupies the third ventricle
chamber. In (B), intraoperative photograph indicates the intact pituitary stalk beneath the tumor. In (C), a clear plane of dissection (yellow arrowhead) was identified
at the tumor–infundibulum interface. In (D), the top portion of the tumor was easily stripped away from the third ventricle floor through a cleavage pial plane (white
arrowhead). In (E, F), the pia mater was absent at some areas of the tumor–ventricle interface (asterisk) while a safe plane of surgical dissection could still be
identified to perform the total tumoral resection without trespassing the third ventricle floor. In (G), the tumor was removed en bloc after circumferential dissection. In
(H), the third ventricle floor as well as the pituitary stalk remained intact without any defect after total tumoral removal, suggesting the extraventricular rather than the
“intraventricular” topography of such tumors. In (I), postoperative MRI confirms the total removal of the tumor and the integrity of the third ventricle floor (white
arrowhead) and the pituitary gland (yellow arrowhead). 3VF, the third ventricle floor; OC, optic chiasm; PG, pituitary gland; PS, pituitary stalk; T, tumor.
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RESULTS

Patient and Tumor Characteristics
During the period from January 2017 to March 2021, a total of
223 patients with CPs underwent resection by endoscopic
endonasal surgery. Of these, 78 patients with recurrent tumor
and/or radiotherapy were excluded from the analysis.
Accordingly, 145 patients with primary CPs were classified
into three subtypes according to QST classification: 46 patients
were identified with Q-CPs, 23 with S-CPs, and 76 with T-CPs.
Among the 76 patients with T-CPs, 26 (34.2%) identified to have
CPs with predominantly ventricular involvement were enrolled
in this study. A mostly intact pituitary stalk above the tumor
could be identified in 15 cases (57.7%) on preoperative sagittal or
coronal MRI. The average age of the patients was 46.3 ± 14.2
years (range 2–73 years), and 11 (42.3%) of the patients were
female. The maximal tumor diameter on preoperative MR
images averaged 37 mm (range 15–57 mm). In regard to
consistency, mixed (solid-cystic) tumors were noted in 17 cases
(65.4%), purely cystic in 6 cases (23.1%), and purely solid in 3
cases (11.5%), respectively.

Surgical Findings
GTR was achieved in 24 of 26 patients (92.3%), and NTR was
noted in the remaining 2 patients. During the dissection of the
tumor capsule, a circumferential, easily recognizable layer of
stretched third ventricle floor was always detected surrounding
Frontiers in Oncology | www.frontiersin.org 4111
the tumor. In most areas of the tumor–brain interface, the tumor
capsule was usually easy to strip away from the third ventricle
floor/hypothalamus upon a clear plane of the pia mater or gliosis.
By contrast, in some areas (mostly at the central area) of the
tumor–brain interface, it is difficult to remove the tumor capsule
without trespassing the ventricle floor due to extremely thin floor
and/or dense adhesion. Therefore, the tightly adhered portions of
the tumor were removed together with adjacent third ventricle
floor, leaving an opening with various size at the floor in most
cases (Figures 1–3). Only two patients (7.7%) with moderate
tumor size had the intact third ventricle floor after tumor
removal. The infundibulum was mostly preserved with
pituitary–hypothalamus continuity in 12 patients (46.1%),
partially preserved in 8 patients (30.8%), and sacrificed in 6
patients (23.1%) due to extremely thin fiber remnants.

Histopathological Results
According to pathological reports, adamantinomatous CPs were
the predominant type, noting in 21 cases (80.8%). H&E and
immunofluorescence staining on marked portions of tumor
capsule involving third ventricle showed that the pia matter
was frequently detected at most of the tumor–brain interface,
except at the antero-basal border of tumor contacting with the
third ventricle floor, which is often near the presumed site of
tumor origin. In this situation, a layer of gliosis with various
thickness was instead observed between the tumor and the neural
tissue of the third ventricle floor (Figures 4–6).
FIGURE 2 | Illustrative endonasal case 2 clarifying the tumor–ventricle relationship. In (A), a CP with predominantly ventricular involvement was identified on
preoperative MRI. In (B), the thin layer of pars tuberalis was incised longitudinally and careful dissection was performed along the tumor–infundibulum interface
(yellow arrowhead) to preserve the continuity of the stretched pituitary stalk. In (C), a cleavage pial plane (white arrowhead) ensured the successful dissection of the
tumor and the integrity of adjacent third ventricle floor remained. In (D), the pia mater was absent at some areas of the tumor–ventricle interface, while a layer of
reactive gliosis (asterisk) could provide a safe cleavage plane for surgical dissection instead. In (E), a clear boundary between the tumor and the third ventricle floor
was observed at the lateral folder of the third ventricle, although partial remnants of the third ventricle floor was removed with the tumor due to the dense adhesion.
In (F), most portions of the tumor capsule were dissected with an opening left at the third ventricle floor (dashed line). In (G), the tumor was removed en bloc after
dissection. In (H), the stretched thin layer of the pituitary stalk was mostly preserved after tumor removal. In (I), postoperative MRI reveals the defect of anterior third
ventricle floor (white arrow) and the stretched thin pituitary stalk (yellow arrowhead). 3V, the third ventricle; 3VF, the third ventricle floor; MB, mamillary body; OS,
optic chiasm; PG, pituitary gland; PS, pituitary stalk; T, tumor.
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FIGURE 3 | Illustrative endonasal case 3 clarifying the tumor–ventricle relationship. In (A), preoperative MRI shows a tumor with predominantly ventricular
development above the pituitary stalk. In (B), intraoperative photograph indicates the mostly intact pituitary stalk beneath the tumor. In (C), the surgical dissection
was performed along a clear tumor–infundibulum interface (yellow arrowhead). In (D, E), a non-functional layer of reactive gliosis between the tumor and the third
ventricle floor without leptomeningeal tissue (white arrowhead) was used in this case as a safe plane of dissection, although it is difficult to remain the integrity of the
third ventricle floor at some areas associated with extremely stretched thin ventricular floor or tight attachment. In (F), the tumor was removed en bloc after
dissection. In (G, H), a moderate defect of the third ventricle floor (dashed line) and the remnants of the stretched pituitary stalk were preserved after tumor removal.
In (I), postoperative MRI demonstrates the total tumor removal, and the hyperintense T1 signal represents the fat used for skull base reconstruction. 3V, the third
ventricle; 3VF, the third ventricle floor; OS, optic chiasm; PG, pituitary gland; PS, pituitary stalk; T, tumor.
FIGURE 4 | Histological examination of a remodeling tumor with mainly ventricular involvement. In (A–G), multiple portions of the tumor sample were stained with
HE for histopathological examination. The result of HE staining shows that the whole tumor (black pentagram) was resected along either a dense band of gliosis or
some membranous structures (white pentagram). In (H), preoperative MRI indicates the tumor primarily involves the third ventricle. In (I), the photograph showed the
gross appearance of the remodeling tumor by packing with cotton after an en bloc tumor removal. In (J), postoperative MRI demonstrates the total tumoral
resection, and the hyperintense T1 signal represents the fat used for skull base reconstruction.
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Collectively, three morphological patterns between the
tumor and the third ventricle floor were noted in this series:
(1) the moat-like pattern, in which the pia matter was intact at
the tumor–brain interface and a gap was found between the
tumor and the pia mater; (2) the beach-like pattern, in which
there existed a continuous smooth plane between the tumor
and the ventricle floor without any gap, and the intact pia mater
was still detected at the tumor–ventricle interface; and (3) the
finger-like pattern, in which the tumor formed finger-like
structures that invaded the third ventricle floor, with the
absence of the pia mater and the development of reactive
gliosis between the tumor and the neural tissue of the third
ventricle floor (Figure 7).
DISCUSSION

Study Inclusion
CPs predominantly involving the third ventricle are not
common while posing the greatest surgical challenge of all
CPs due to their intimate anatomical and functional
relationships with the hypothalamus. In the late 1920s,
Cushing first realized that some CPs had an “intraventricular”
position (24). In 1985, Steno (25) demonstrated an
“ intraventricular” subset among suprasellar CPs by
Frontiers in Oncology | www.frontiersin.org 6113
stereoscopic and microscopic investigation in 30 autopsies.
Since then, the term “intraventricular” was widely used by
many authors as a subset of CPs in their classification
schemes. Yasargil et al. (13) classified CPs into five subtypes in
their surgical series of 144 cases and type f was assigned to define
“purely intraventricular” CPs, which was described as “lying
within the third ventricle”. Kassam et al. (7) described tumors
isolated to the third ventricle as “intraventricular” (type IV) CPs
in their surgical series using an endoscopic endonasal approach.
Pascual et al. (26) analyzed 130 CPs previously described as
“intraventricular” in various publications, and further
recategorized four subtypes: (1) “strictly intraventricular”, (2)
“not strictly intraventricular”, (3) “secondarily intraventricular”,
and (4) “pseudointraventricular”. In categorizing the tumors in
this paper, tumors predominantly occupying the compartment
of the third ventricle that satisfied the Pascual criteria of “strictly
intraventricular” and “not strictly intraventricular”were selected
for study inclusion, which is consistent with Forbes et al.’s study
(6). According to our QST classification, the enrolled 26 cases
belonged to the subset of T-CPs, which were presumed to arise
in the top of the par tuberalis. The specific originating site
should be primarily responsible for the predominantly upper
extension of such tumors, and the purpose of this study is to
reveal the real relationship between the tumor and the third
ventricle floor.
TABLE 1 | Clinical chart of each enrolled patients.

Case
No.

Age
(years),
Sex

Preoperative Presentation Surgical Outcomes Postoperative Outcomes

Symptoms Hypothalamic
Disturbance

Tumor
Size* (mm)

Tumor
Consistency

Histological
Type

EOR Defect
of 3VF

Follow-up
(months)

Hypothalamic
Status

Recurrence

1 41, F HA, HP No 23 Mixed AD GTR Yes 27 Unchanged No
2 38, F VD No 37 Cystic AD GTR Yes 24 Worsened No
3 41, F HA, HP Yes 42 Mixed AD GTR Yes 17 Unchanged No
4 16, M HP No 25 Mixed AD GTR Yes 3 Unchanged No
5 63, F HA No 15 Mixed AD GTR Yes 15 Unchanged No
6 48, M VD No 38 Cystic PAP GTR No 54 Unchanged No
7 33, M HA, DI Yes 47 Mixed AD GTR Yes 9 Worsened No
8 2, F HA Yes 28 Mixed AD GTR Yes 36 Worsened No
9 53, M VD Yes 43 Mixed AD GTR Yes 47 Unchanged No
10 50, M HP No 28 Mixed AD GTR Yes 24 Unchanged No
11 55, M HA No 19 Cystic PAP GTR Yes 35 Unchanged No
12 61, F VD No 51 Mixed AD GTR Yes 7 Unchanged No
13 47, F HA, VD Yes 57 Mixed AD NTR Yes 11 Unchanged Yes
14 52, M HA, VD,

HP
No 46 Cystic AD GTR Yes 5 Worsened No

15 57, M HA Yes 48 Solid PCP GTR Yes 28 Improved No
16 48, F HA No 35 Mixed AD GTR Yes 45 Unchanged No
17 73, M HA No 36 Mixed AD GTR Yes 22 Worsened No
18 45, M VD Yes 42 Solid PAP GTR Yes 27 Improved No
19 45, F VD No 45 Mixed AD GTR Yes 32 Unchanged No
20 29, F HA No 33 Mixed AD GTR Yes 28 Worsened No
21 55, M HA Yes 37 Cystic AD GTR Yes 36 Improved No
22 54, M VD, HP No 39 Mixed AD NTR Yes 24 Worsened No
23 47, M HA No 28 Mixed AD GTR Yes 21 Unchanged No
24 44, F HA No 35 Solid PAP GTR No 33 Unchanged No
25 49, M VD Yes 48 Cystic AD GTR Yes 9 Worsened No
26 58, M VD, HP No 39 Mixed AD GTR Yes 10 Worsened No
December 2021
 | Volume 11 | A
3VF, the third ventricle floor; AD, adamantinomatous; DI, diabetes insipidus; EOR, extent of resection; GTR, gross total resection; HA, headache; HP, hypopituitarism; NTR, near-total
resection; PAP, papillary; VD, visual deterioration.
*The tumor size was determined by the maximum diameter on preoperative sagittal or coronal MRI.
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Endoscopic Endonasal Surgery for
Intraoperative Investigation
In the era of micro-neurosurgery, the basic knowledge regarding
the tumor–brain relationship of CPs was mainly established
based on microscopic findings. The investigation of the
delicate anatomy of the hypothalamic–pituitary axis was
Frontiers in Oncology | www.frontiersin.org 7114
limited by poor visualization. During the last two decades, the
refinement of the endoscopic endonasal surgery has significantly
changed the management of CPs. This approach can provide
direct visualization of the retrochiasmatic space and is especially
suitable for the exposure of the third ventricle undersurface
(17, 19, 20). Additionally, close-up observation provided by
endoscope and great advance of visualization technologies
allows for gaining more anatomical and detailed information
of this intricate area. The CP classification proposed by Kassam
et al. (7) in 2008 was established based on the relevant
relationship between the tumor and the pituitary stalk
observed through the endoscopic transsphenoidal approach,
although the visual resolution of endoscopy seemed not
satisfactory according to current standard. Despite the controversy
regarding the approach selection of “intraventricular” CPs between
the transcranial and the endonasal approach, it is undoubted that
the latter may provide optimal visualization of the third ventricle
floor. Therefore, we intentionally reviewed the surgical procedure of
such CPs treated by endoscopic endonasal approach in this series, in an
attempt to present more anatomical evidence illuminating the tumor–
ventricle relationships compared with traditional microsurgery.

Surgical Findings at the Tumor–Ventricle
Interface
Although the tumors appeared to be “intraventricular” on
preoperative MRI, a circumferential, well-defined layer of
stretched third ventricle floor was always observed surrounding
the tumors involving the third ventricle during the surgical
dissection. Most portions of the tumor capsule could be easily
stripped away from the third ventricle floor along a cleavage
plane of the pia mater or the gliosis, except at some points with
tight adherence or extremely thin remnants of the stretched third
ventricle floor. These points were probably associated with the
origin of the tumor. The findings strongly suggest that the
FIGURE 6 | The histological architecture between the tumor and the third ventricular floor. In (A–F), immunofluorescent staining shows a layer of gliosis (GFAP
positive) with various thickness between the tumor and the neural tissue of the third ventricle floor. The neural tissue of the third ventricle floor/hypothalamus (NF and
OXT positive) can be observed on the outer border of the gliosis. The ependymal cells of the third ventricle (white pentagram) could be found in some samples,
which indicated the extraventricular topography of CP.
FIGURE 5 | Histological assessment of a CP with predominantly ventricular
involvement using HE and immunohistochemical staining. In (A, B),
preoperative coronal and sagittal MRI reveals that a cystic-solid mass mainly
develops into the compartment of the third ventricle. In (C), postoperative
MRI demonstrates complete tumor removal. In (D–I), the pathological image
of the tumor specimen indicates that the whole tumor (CK5/6 positive) was
resected along a dense band of gliosis (GFAP positive).
December 2021 | Volume 11 | Article 740410
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progressive upward growth of the tumor originally developing
outside the floor of the third ventricle would cause a
circumferential layer of the stretched floor surrounding the
tumor and finally occupy the compartment of the third
ventricle. Therefore, such tumors should be regarded as having
an extraventricular origin instead of a primary intraventricular
development. The proposal can be strengthened by the fact that
two patients in this series had the intact third ventricle floor after
tumor removal (Figure 1).

We found that a wide defect of the third ventricle floor after
tumor resection occurred more commonly in those cases with
large tumor, and an intact or small deficient third ventricle floor
was usually observed in the cases with papillary CPs, suggesting
that the extent of ventricular floor preservation may be related to
tumor size and pathological type. Adamantinomatous CPs
seemed more likely to cause tight adhesion between the tumor
and the third ventricle floor/hypothalamus. Some authors
observed that the defect left in the floor of the third ventricle
after tumor removal did not necessarily correlate to iatrogenic
hypothalamic injury (27). The possible explanation is that the
functional hypothalamic nucleus was displaced bilaterally with
the progressive growth of the tumor, leaving a nonfunctional
tissue layer of the third ventricle floor overlying the dome of
the tumor.

Histological Relationships Between the
Tumor and the Third Ventricle
Among the ill-defined category of “intraventricular” CPs, a
group of infundibulo-tuberal lesions were previously
characterized as those replacing the third ventricular floor,
Frontiers in Oncology | www.frontiersin.org 8115
above an identifiable, almost intact pituitary stalk, and whole
mass is occupying partial or the entire third ventricle chamber
(11, 18). CPs with such a topography were thought to originate
within the neural tissue of the third ventricle floor and then
progressively grow into the ventricle cavity (15, 16). The above
conclusive demonstration on the topographical relationships of
tumors with the third ventricle were established on basis of
numerous previously reported necropsy or pathohistological
studies (11). In these studies, most of intraoperative tumor
specimens were obtained via piecemeal resection, and more
importantly, the accurate investigation regarding the
components of multiple layers of tissue in contact with tumors
was absent. Therefore, previous evidence was inadequate to
support the address of “intraventricular” or “subpial”
topography of such CPs. In this series, we used H&E and
immunochemical/immunofluorescent staining to precisely identify
different layers of tissue in contact with tumors in histological
samples taken from wholly removed lesions. We believed that it
may provide a more explicit and powerful evidence for investigating
the real tumor–ventricle relationships of CPs with predominantly
ventricular involvement.

Our histological results revealed that the pia mater was
detected overlying most of the tumor–brain interface in the
tumors predominantly involving the third ventricle, regardless
of tumor size or tomography. The pia mater may be absent at
some areas of the interface, while a layer of reactive gliosis with
various thickness was instead observed between the tumor and
the neural tissue of the third ventricle floor, which is consistent
with previous descriptions (18, 28–30). Moreover, a thin layer of
neural tissue and ependyma was also identified on the outer
FIGURE 7 | The main histological patterns found for the tumor–ventricle floor interface among tumors with a predominant ventricular involvement. In (A–C),
immunofluorescent staining shows a moat-like structure in which a gap (white asterisk) is detected between the tumor and third ventricle floor with the presence of
the intact pia mater. In (D–F), immunofluorescent staining indicates a beach-like structure (white arrow) characterized by a smooth boundary at the tumor–ventricle
interface without interposed gap, and the pia mater of the third ventricle floor is intact. In (G–I), immunofluorescent staining demonstrates a finger-like structure in
which the tumor forms a finger-like bulge in the third ventricle floor, with the absence of the pia mater at some areas (white arrowhead) and the development of
gliosis between the tumor and the neural tissue of the third ventricle floor. 3VF, third ventricle floor; T, tumor.
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border of the gliosis. Early in 1904, Erdheim also observed a thin
layer of stretched neural tissue corresponding to the remnant of
the third ventricle floor enveloping circumferentially the tumor
in his cadaveric study of a patient with CPs apparently strictly
confined within the third ventricle (31, 32). Our findings further
confirmed that several layers of tissue constituting the floor of
third ventricle covers the dorsal aspect of the CPs with
ventricular involvement, and such tumors should not be
defined as “intraventricular” lesions.

According to the literature (3, 31, 33), CPs involving third
ventricle are presumably originated from nests of epithelial cells
incorporated or derived from metaplastic transformation of
glandular cells of the pars tuberalis of the pituitary gland. The
reason for predominantly ventricular development of these
tumors remains unknown. Ciric and Cozzens (34) attributed it
to the tumor origin within the neural tissue of the third ventricle
floor before the formation of the leptomeningeal layer of
arachnoid–pia mater. However, the theory cannot explain the
fact observed in our histological investigation that the main body
of the tumors was located outside the pia mater of the third
ventricle floor. Interestingly, in our previous surgical cases of CP
involving the third ventricle, bundles of dense arachnoid
trabeculae were frequently observed surrounding the
infundibulo-tuberal area, which tends to form a firm barrier
preventing the tumor from extending ventrally. Aguado et al.
(35) also described in their study that the pars tuberalis is
perforated by subarachnoid channels. Therefore, we postulate
that the predominantly intraventricular development of such
tumor may be associated with its originating site at the
uppermost area of the pars tuberalis combining dense
trabecular barrier at the point of infundibulo-tuberal area.
Nevertheless, further evidence regarding the relationship
between the characteristics of arachnoid trabeculae and the
tumor genesis is required to validate the hypothesis.

Three morphological relationships of the tumor to the third
ventricular floor based on histological assessment were
summarized in this series: moat-like, beach-like, or finger-like.
The moat-like and beach-like patterns had intact pia mater and
could provide a clear cleavage plane of dissection, in which the
integrity of the third ventricle floor/hypothalamus was expected
to be achieved after tumor resection. For the finger-like pattern, a
band of reactive gliosis with various thickness instead of the pia
mater separated tumor from the neural layer of the third
ventricle floor. The tight tumoral adherence at some areas was
thought to be related to the lack of a leptomeningeal layer
separating the neural tissue from the tumor wall, and a
reactive gliosis layer will develop between the lesion and the
hypothalamic nuclei during the progressive tumor development
(10, 30).

The functionality of the layer overlying the dome of CPs with
predominantly ventricular involvement remains controversial.
Some authors warned about the risk of trespassing this still viable
layer through a transventricular or a translaminar terminalis
approach, while others affirmed the nonfunctional gliotic nature
of such tissue, which provides a safe cleavage plane for surgical
dissection of the lesion (11, 27). According to our histological
Frontiers in Oncology | www.frontiersin.org 9116
assessment, the pia mater or gliosis layer separated the tumor
from neural tissue of the third ventricle floor and may provide a
safe dissection plane for most tumors. However, at some areas
with thin gliosis layer, it is difficult to remove the tumor without
trespassing the adjacent neural tissue due to the extreme thinness
of the third ventricle floor and the dense adhesion in between.

Multiple factors, including the heterogeneity of the reactive
gliosis, the thickness of the stretched ventricular floor, the
adhesiveness of tumor interface, and possible displaced
hypothalamic nuclei, were associated with the difficulty of
tumor dissection and high risk of damaging the adjacent
functional neural tissue. Landolt (36) found in his electron
microscopic study on the boundaries of CPs that the basal
membranes of epithelial and reactive glia were separated by a
few collagen fibers, providing a safe cleavage plan of dissection
for neurosurgeon. However, the gliosis boundary had a
heterogeneous, variable thickness even in the same tumor, and
the existence of a gliosis layer separating the tumor from
hypothalamus could not guarantee the safety of surgical
dissection. Taken together, three possibilities may occur during
surgical dissection, the presence of an easily dissectible plane
separated by the pia mater, an identifiable functionless interface
composed of thick reactive gliosis, or the lack of a safe
manipulable cleavage plane associated with the extremely thin
gliosis layer and dense adhesion.

Prevention of hypothalamic injury remains as the
neurosurgeon’s principal concern during removal of CPs with
predominantly ventricular involvement. Awareness of not real
“intraventricular” nature histologically for these lesions would
predict that the cleavage plane of dissection will be
circumferential surrounding the tumor, and remind
neurosurgeons of carefully identifying the plane and
performing delicate dissection along the safe surgical plane of
the tumor–ventricle interface, instead of the “blind” pulling of
the tightly adhered portions of the tumor. In other words, the
surgical and histological findings in this study regarding the
tumor–third ventricle floor relationship in CPs with
predominantly ventricular involvement could provide
theoretical evidence for the attempt of total tumor resection
while minimizing the risk of hypothalamic injury.
CONCLUSION

CPs with predominantly ventricular involvement were separated
from the third ventricle floor by the intact pia mater at most of the
tumor–brain interface. Histologically, these tumors should not be
considered as “intraventricular” or “subpial” lesions. The pia
mater could be absent at some areas where a layer of reactive
gliosis with various thickness developed instead between the
tumor and the neural tissue of the third ventricle floor. On the
basis of surgical and histological results, we postulated that these
tumors originate from the top of par tuberalis, then develop a
progressive growing dorsally, which would cause a circumferential
layer of the stretched third ventricle floor surrounding the tumor,
and finally occupy the third ventricle chamber. Awareness of not
December 2021 | Volume 11 | Article 740410
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real “intraventricular” nature histologically for these lesions would
predict the circumferential cleavage plane of dissection
surrounding the tumor, and remind neurosurgeons of
performing delicate dissection along the safe surgical plane of
the tumor–ventricle interface to achieve total tumoral resection
with minimized risk of hypothalamic damage.
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Background: Cranial base chordomas are typically indolent and usually appear as
encapsulated tumors. They slowly grow by infiltrating the bone, along with the lines of
least resistance. Due to its relationship with important neurovascular structures, skull base
chordoma surgery is challenging.

Objective: The usefulness of intraoperative magnetic resonance imaging (IO-MRI) in
achieving the goal of surgery, is evaluated in this study.

Methods: Between March 2018 and March 2020, 42 patients were operated on for
resection of skull base chordomas in our institution. All of them were operated on under
IO-MRI. Patients were analyzed retrospectively for identifying common residue locations,
complications and early post-operative outcomes.

Results: In 22 patients (52,4%) gross total resection was achieved according to the final
IO-MRI. In 20 patients (47,6%) complete tumor removal was not possible because of
extension to the petrous bone (8 patients), pontocerebellar angle (6 patients), prepontine
cistern (4 patients), temporobasal (1 patient), cervical axis (1 patient). In 13 patients, the
surgery was continued after the first IO-MRI control was performed, which showed a
resectable residual tumor. 7 of these patients achieved total resection according to the
second IO-MRI, in the other 6 patients all efforts were made to ensure maximal resection
of the tumor as much as possible without morbidity. Repeated IO-MRI helped achieve
gross total resection in 7 patients (53.8%).

Conclusions: Our study proves that the use of IO-MRI is a safe method that provides the
opportunity to show the degree of resection in skull base chordomas and to evaluate
the volume and location of the residual tumor intraoperatively. Hence IO-MRI can improve
the life expectancy of patients because it provides an opportunity for both gross total
resection and maximal safe resection in cases where total resection is not possible.

Keywords: chordoma, intraoperative magnetic resonance imaging, skull base, IO-MRI, endoscopic
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INTRODUCTION

Chordoma is an uncommon, locally aggressive tumor originating
from remnants of the primitive notochordal tissue along the cranial-
spinal axis, which accounts 1% to 4% of all bone malignancies and
constitutes 0.1% to 0.2% of all primary intracranial neoplasms (1–4).
Approximately 35% of chordomas occur in the skull base
predominantly in the clivus, cavernous sinus, and petrous apex (1,
3, 4). Cranial base chordomas are often indolent lesions because of
their typically slow growth pattern (1–3, 5). They progress by
infiltrating the low-resistance areas of the bone so cause the local
destruction of the anatomic markers (1–3, 5). They may also
envelop or compress the dura and other neurovascular structures
adjacent to the tumor site, thereby causing brain stem or cranial
nerve symptoms (1, 4).

There are various arguments regarding the optimal therapy for
skull base chordomas (5–7). In most cases, maximal resection
followed by adjuvant radiation therapy for the residual or
recurrent tumor is recommended (5, 6, 8). However, due to the
rarity of the disease, a standard treatment guideline has not been
established yet (4, 5, 7, 9). Also, some studies showed that some
tumor biological features, such as histological factors, Ki 67 labeling
index, chromosomal abnormalities may affect survival (10, 11).
Chordomas show varying degrees of radioresistance and a tendency
to recurrence, so total tumor resection prolongs progression-free
survival (1, 4–8, 10).

The development of intraoperative imaging and physiological
monitoring methods in the last two decades has both supported
the understanding of surgical anatomy and contributed to the safe
removal of even the most complicated skull base lesions by surgeons
(12). Surgical navigation systems based on preoperative imaging
methods have been developed and are used in current practice, but
the accuracy rate of these systems decreases significantly with surgical
intervention, tumor resection, and CSF drainage (12, 13).

Intraoperative imaging methods are very useful and effective in
the surgery of skull base lesions, due to the complex anatomical
structure of this region, the destruction of some landmarks by the
lesion, and the loss of three-dimensional relationship with
important neurovascular structures (12, 14). There are a few
analyses involving small patient groups for the value of IO-MRI
in resection of skull base chordoma (4, 15). In this article, the
usefulness of IO-MRI in achieving the goal of surgery is discussed.
We present our experience with 42 patients with skull base
chordomas, which is the first case series of skull base chordomas
operated with a fully endonasal endoscopic approach combined
with neuronavigation system and under IO-MRI reported in
the literature.
MATERIALS AND METHODS

The study and usage of IO-MRI was approved by the Gazi
University Clinical Research Ethics Committee with the approval
Abbreviations: IO-MRI, intraoperative magnetic resonance imaging; MRI,
magnetic resonance imaging; CT, computed tomography; CSF, cerebrospinal fluid.
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number 2020-596. All patients were informed about the
technique and gave their signed consent to IO-MRI during
tumor resection and to the data being used for research purposes.

We performed a retrospective analysis of patients operated on
for resection of skull base chordomas fromMarch 2018 to March
2020. Admission and discharge notes, hospital records, surgery
notes, preoperative radiological imaging, IO-MRI and follow-up
control imaging were used as data sources. The patient
population, preoperative clinical features, radiologic images,
tumor extension, intraoperative images, location of the residual
tumor, and postoperative complications were analyzed.

Before surgery, all patients were evaluated radiographically,
MRI with and without contrast, tumor relation with the critical
neurovascular structures is defined. High-resolution computed
tomography (CT) with bone window was performed in all
patients to evaluate the bony structures and extent of
bone invasion.

All surgeries were performed under general anesthesia with
orotracheal intubation. After the intubation, the patient was
placed in the lateral decubitus position, the iliac crest was
palpated to estimate the position of the L4-5 interspace. After a
14-gauge Tuohy needle was inserted at the midline through the
interspinous space to the thecal sac, a drainage catheter was
placed. Following the catheterization, the patient has placed
supine position and the neuronavigation system (StealthStation®

Medtronic® Inc, Minneapolis, USA) was set up. Rigid endoscopes
(Karl Storz Endoskope®, Tuttlingen, Germany) 4 mm diameter,
18 cm length, and equipped with 0°, 30°, 45°, and 70° lenses,
according to the different steps of the surgery, were used.

For use at closure, the Hadad-Bassagasteguy flap which is a
pedicled nasoseptal flap that is vascularized by the
sphenopalatine artery was prepared. This flap is temporarily
stored by placing it anteriorly towards the nasopharynx or
maxillary sinus depending on the surgical area in order not to
obscure the surgical field and to protect its vascular supply
during surgery. Each step was performed for all of the patients
and all surgeries were performed fully endonasal endoscopic.

During each surgical procedure, we used a micro doppler to
identify the internal carotid artery. CSF drainage via lumbar
drainage catheter was applied when dural damage and CSF
leakage were detected. We kept the lumbar drainage catheter
for 48 hours in order to provide postoperative csf drainage in
patients with intraoperative csf leakage. Finally, we went to the
IO-MRI unit (3T, MagnetomVida®, Siemens Healthineers,
Erlangen, Germany) to evaluate the surgical resection rate and
the presence of the residual tumor.

3-Tesla IO-MRI System
Our 3T MRI site is built next to the operating theatre and end of
the operating room corridor that is dedicated to neurosurgical
operations. The magnet room interconnects with the operating
room corridor by a door RF-shielded. Our system differs from
the twin room concept but the contribution of this system to us is
that patients in each operating room can go to the IO-MRI unit
when the neurosurgeon needs, rather than only accessing the one
patient in a single operating room. Also, our 3T IO-MRI unit was
designed both to be used intraoperatively and in outpatient
January 2022 | Volume 11 | Article 733088
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clinics. The design of our MR unit gives us the possibility to
decrease the cost of the system, as it allows us to use standard
surgical equipment.

When the surgeon needs it, the IO-MRI room is properly
disinfected and the door of the magnet room and operating room
is opened, and the patient is transported to the IO-MRI unit with
an MRI compatible stretcher in less than 3 minutes. When the
patient is taken to the IO-MRI unit, the anesthesia team monitors
the patient and provides the connection with the fixed MRI
compatible anesthesia unit in this room. The transport of the
patient, the analysis of the images, and the decision-making
process take approximately 15 minutes in total. If we decide to
continue surgery, the examination procedure is repeated.

Statistical Methods
For statistical analysis, odds ratio and significance level were
calculated with Medcalc software (version 7; Medcalc Software,
Mariakerke, Belgium) to evaluate and compare clinical outcome
and disease recurrence between groups.
RESULTS

Between March 2018 and March 2020, 42 patients were operated
on for resection of skull base chordomas in our institution and all
of them were operated on under IO-MRI. Patients were analyzed
retrospectively for the disease recurrence and complications.

Four patients have previous surgery, and none of the patients
had received radiation previously. 22 patients were male, and 20
were female (male/female ratio of 1.1:1). The age ranged from 23
to 79 years (mean, 45,6 years). The average follow-up was 22.5 ±
2.4 months (range, 10-36 months). 27 patients presented with
headache; 11 with cranial nerve deficit; 2 with hemiparesis; 2
with visual field narrowing. When we examined the reason why
most of the patients applied with headache complaints, we found
that most of them developed these complaints secondary to
underlying causes such as dizziness, drowsiness, blurred vision,
nasal obstruction, and nasopharyngeal fullness.

The aim of chordoma surgery is that maximum safe resection
of the tumor. Radical surgical resection, defined as no residual
tumor with evaluating the final IO-MRI. In 22 patients (52,4%)
gross total resection was achieved according to the final IO-MRI.
The presence of any residual tumor was defined as subtotal
resection and it was achieved in 20 patients (47,6%). In these
patients, complete tumor removal was not possible because of
extension in the petrous bone (8 patients), pontocerebellar angle
(6 patients), prepontine cistern (4 patients), temporobasal (1
patient), cervical axis (1 patient) (Figure 1).

In this case series, the first intraoperative exam demonstrated
gross total removal in 15 patients. Other 27 patients demonstrate
residual tumor but 14 of these patients’ operations terminated
due to achieving the targeted resection rate and proximity of
residual lesion with vital neurovascular structures. Residual
tumor localizations were prepontine cistern (4 patients),
petrous bone (4 patients), pontocerebellar angle (4 patients),
temporo basal (1 patient), and cervical axis (1 patient). C1 body
Frontiers in Oncology | www.frontiersin.org 3121
and odontoid process invasion were seen in this patient and it
was evaluated as cervical axis invasion (Figure 2).

In 13 patients surgical intervention was continued due to the
demonstration of resectable remnants which were located in
petrous bone (6 patients), cavernous sinus (5 patients), and
pontocerebellar angle (2 patients). A second intraoperative
exam in 7 of these patients revealed total tumor excision
(Figure 3). The remnants of these patients were located in
cavernous sinus (5 patients) and petrous bone (2 patients). In
the remaining 6 patients, the surgery was terminated despite the
presence of residual tumor to avoid additional morbidity. These
patients’ remnant localization was petrous bone (4 patients) and
pontocerebellar angle (2 patients).

Tumor progression was determined in 2 of the patients who
achieved radical surgical resection and 17 of the patients who
couldn’t achieve radical surgical resection (Table 1). In the
postoperative period, 2 patients have developed rhinorrhea and
one of them has evolvedmorbidity after meningitis seconder to the
rhinorrhea. Both of the patients who developed rhinorrhea were
operated on. And 2 patients underwent ventriculoperitoneal shunt
surgery. Communicating hydrocephalus developed in 1 patient in
the postoperative period. In other patient, the tumor that filled the
prepontine cistern was totally resected, and in the postoperative
FIGURE 1 | Case sample 1, a mass is detected after the 6th cranial nerve
paralysis on the left. Upper row: Preoperative coronal and sagittal contrast-
enhanced T1 weighted MRI demonstrates a chordoma that invades the left
cavernous sinus and passes lateral to the internal carotid artery. Middle
row: Contrast-enhanced T1 weighted IO-MRI slices, the white arrow
indicating residual tumor superior to the cavernous sinus. Bottom row: Final
contrast-enhanced T1 weighted IO-MRI slices demonstrate gross total
surgical resection.
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period, the patient has been developed hydrocephalus, and shunt
surgery was applied (Figure 4).

Our findings support today’s knowledge about chordoma; the
most important factor for preventing recurrence is total surgical
resection. However, what we want to emphasize in this article is
the contribution of IO-MRI at this point.
DISCUSSION

In this study, 42 chordoma patients underwent IO-MRI, 27
patients were found to have residual tumors, and 13 of these
patients were evaluated as resectable which was located mostly
petrous bone (6 patients), cavernous sinus (5 patients), and
pontocerebellar angle (2 patients). Repeated IO-MRI helped
achieve gross total resection in 7 of these patients (53.8%) whose
tumor was located in the cavernous sinus (5 patients) and petrous
bone (2 patients) (Table 2).

Total tumor resection has been shown to be the most
important factor in progression-free survival and overall
survival in skull base chordomas (4–8, 16). Controversy over
Frontiers in Oncology | www.frontiersin.org 4122
aggressive tumor resection in skull base chordomas arises from
the tumor’s relationship to critical neurovascular structures and
that total resection often results in significant morbidity (2, 7, 8).
Tumor diameter and aggressive growth pattern, previous surgery
and radiation therapy have been found to be associated with
postoperative morbidity rates (7, 8, 17, 18). Although modern
skull base techniques implemented in experienced centers have
reduced the mortality and morbidity associated with chordoma
resection, chordomas are considered to be tumors that cannot be
curable surgically (2, 4–6, 17).

The aim of surgery in tumors that are not suitable for total
resection is to decompress critical neurovascular structures,
reduce the tumor burden, and establish a pathological
diagnosis (4, 6, 11, 16). Thus, adjuvant radiotherapy can be
made safer by creating a suitable space between the tumor and
radiosensitive structures such as the brain stem and optic nerve
(7, 8, 18). In cases of residual tumors or recurrence after surgical
treatment, radiation therapy modalities are used in the treatment
management, and the radiotherapy response depends on the
tumor volume, the radiation dose administered, as well as the
biomolecular characteristics of the tumor (2, 7, 8, 10, 11).

Fixed anatomic landmarks play an important role for skull
base chordoma surgery because surgeons ensure anatomic
FIGURE 2 | Case sample 2, the patient presenting with headache, diplopia,
and reduced sensation of the left side of the face. (A, B) Preoperative axial
contrast-enhanced T1 weighted MRI shows a tumor invading the left
cavernous sinus and compressing the brainstem. (C) Preoperative sagittal
contrast-enhanced T1 weighted MRI shows a tumor invading the lower clivus
and upper cervical spine. (D) Preoperative coronal contrast-enhanced T1
weighted MRI shows the tumor relation to the internal acoustic canal and
brainstem. (E) Final contrast-enhanced T1 weighted IO-MRI demonstrates
residual tumor located at the lower clivus and upper cervical spine. This IO-
MRI slice also demonstrates the fat graft and nasal package closure. (F) Final
contrast-enhanced T1 weighted IO-MRI demonstrates tumor resection.
FIGURE 3 | Case sample 3, the patient presenting cranial nerve deficit
because of the tumor which invades the right cavernous sinus. Upper row:
Preoperative axial and coronal contrast-enhanced T1 weighted MRI shows a
tumor invading the right cavernous sinus. Middle row: First contrast-
enhanced T1 weighted IO-MRI demonstrates residual tumor located at the
inferolateral cavernous sinus. Bottom row: Final contrast-enhanced T1
weighted IO-MRI slices demonstrate gross total surgical resection.
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orientation and estimation of the degree of resection and the
adequacy of neural decompression based on these landmarks (3,
16). However, chordomas tend to destroy surgical landmarks,
especially by infiltrating bone structures due to their nature (8,
19). Despite various technical advances, tumor spread and
destruction of anatomical landmarks making skull base
chordoma surgery are challenging (19–21). In these complex
and destructive lesions, direct visual assessment with an
operative endoscope may not be sufficient to estimate the
residual tumor volume and confirm the completeness of the
resection (20, 21). In addition, when large-volume resections are
Frontiers in Oncology | www.frontiersin.org 5123
made, it becomes difficult for the surgeon to judge due to the
large cavity that occurs (21, 22). At the same time, since the
tumor is debulked starting from the center, the reliability of
navigation is impaired when the cavity collapses or CSF leakage
occurs (4, 9, 14, 22).

IO-MRI is an important tool that can provide real-time
feedback on resection grade, residual tumor volume,
localization and adequacy of neural decompression (4, 7, 14,
15). The decompression mentioned here is the elimination of
tumoral compression, as compression-related changes in neural
structures are not expected to disappear immediately in early
imaging. Also, IO-MRI can be transferred to the neuronavigation
system, making it a useful tool when continuing surgery for
residual tumor (15). The main purpose of using IO-MRI in skull
base chordoma surgery is to provide a reliable anatomic directive
for maximum safe tumor resection with minimum surgical
morbidity and mortality (14, 15). Even if IO-MRI does not
lead to total resection, it is an important tool to assist the
surgeon in preventing neurological comorbidity and making
the decision to leave residual tumor (13, 14, 22).
FIGURE 4 | Case sample 4, the patient presenting with headache and impaired cognitive functions. (A, B) Preoperative axial T2 weighted MRI shows a huge tumor that
extremely compresses the brainstem. (C, D) Preoperative sagittal and axial contrast-enhanced T1 weighted MRI shows tumor relation to neurovascular structures. (E–G)
Final contrast-enhanced T1 weighted IO-MRI shows the gross total tumor resection and also our nasal closure procedure. (F, G) The patient developed hydrocephalus in
the postoperative period and a ventriculoperitoneal shunt was placed, and these axial T2 weighted MRI images were taken before the patient was discharged after an
intensive care period of approximately 3 months (H).
TABLE 1 | Number of relapses in patients with and without total resection.

Total
resection

Subtotal
resection

Total number
of patient

Recurrence 2 17 19
Progression free 18 5 23
Total number of patient 20 22 42
Odds ratio 30,6000/z statistic 3,791/Significance level P = 0,0002.
TABLE 2 | Distribution of the patients according to IO-MRI findings.

IO-MRI/1 IO-MRI/2

Gross total resection 15 patients 7 patients
Subtotal resection
(with residue locations)

27 patients

*14 patients operation terminated
• 4 prepontine cistern
• 4 petrous bone
• 1 temporobasal
• 1 cervical axis

*13 patients operation continued
• 6 petrous bone
• 5 cavernous sinus
• 2 pontocerebellar angle

6 patients
• 4 petrous bone
• 2 pontocerebellar angle
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Our study shows that the IO-MRI complements the operative
endoscope, thus helping to maximize the degree of resection
which is the most important parameter that affects survival.

Limitations
Since all of our case series consisted of patients operated under
IO-MRI, we do not have a control group for skull base chordoma
that did not go to IO-MRI. Also, we have limitations in
evaluating progression-free survival and tumor recurrence rates
since our patient follow-up period is relatively short.
CONCLUSIONS

Our study proves that the use of IO-MRI is a safe method that
provides the opportunity to show the degree of resection in skull
base chordomas and to evaluate the volume and location of the
residual tumor intraoperatively. Hence IO-MRI can improve the
life expectancy of patients because it provides an opportunity for
both gross total resection and maximal safe resection in cases
where total resection is not possible. Also, it makes important
contributions in evaluating the adequacy of decompression of
neural structures, especially the brainstem which is particularly
associated with improvement of clinical status. Another important
contribution of IO-MRI is that it enables the evaluation of the
relation with residual tumor tissue and radiosensitive neural
Frontiers in Oncology | www.frontiersin.org 6124
structures for possible radiation treatments in patients in whom
gross total resection is not possible.
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