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Abstract: Background: Glioblastoma is the most common primary brain neoplasm in adults, with
a poor prognosis despite a constant effort to improve patient survival. Some neuroradiological
volumetric parameters seem to play a predictive role in overall survival (OS) and progression-free
survival (PFS). The aim of this study was to analyze the impact of the volumetric areas of contrast-
enhancing tumors and perineoplastic edema on the survival of patients treated for glioblastoma.
Methods: A series of 87 patients who underwent surgery was retrospectively analyzed; OS and
PFS were considered the end points of the study. For each patient, a multidisciplinary revision
was conducted in collaboration with the Neuroradiology and Neuro-Oncology Board. Manual and
semiautomatic measurements were adopted to perform the radiological evaluation, and the following
quantitative parameters were retrospectively analyzed: contrast enhancement preoperative tumor
volume (CE-PTV), contrast enhancement postoperative tumor volume (CE-RTV), edema/infiltration
preoperative volume (T2/FLAIR-PV), edema/infiltration postoperative volume (T2/FLAIR-RV),
necrosis volume inside the tumor (NV), and total tumor volume including necrosis (TV). Results: The
median OS value was 9 months, and the median PFS value was 4 months; the mean values were 12.3
and 6.9 months, respectively. Multivariate analysis showed that the OS-related factors were adjuvant
chemoradiotherapy (p < 0.0001), CE-PTV < 15 cm? (p = 0.03), surgical resection > 95% (p = 0.004), and
the presence of a “pseudocapsulated” radiological morphology (p = 0.04). Conclusions: Maximal
safe resection is one of the most relevant predictive factors for patient survival. Semiautomatic
preoperative MRI evaluation could play a key role in prognostically categorizing these tumors.

Keywords: FLAIR infiltration; brain tumors; extent of surgical resection; glioblastoma; overall

survival; progression-free survival; pseudocapsule; neuro-oncology; tumor volume

1. Introduction

Glioblastoma (GB) is the most common primary brain neoplasm in adults and the
most common malignancy of the CNS (approximately 49% of malignant brain tumors are
glioblastomas) [1], It is described by the WHO as grade 4 according to the most recent
updates to the WHO classification (2021) [2,3].

Age, sex, and race/ethnicity influence the incidence rate, which exponentially in-
creases beyond 40 years of age. The mean age of diagnosis is 65 years, and it peaks
between 75 and 84 years. GB is more common in males and Caucasians compared to
African-American patients [4].

Adult-type diffuse gliomas now consist of only three categories: astrocytoma, IDH-
mutant; oligodendroglioma, IDH-mutant and 1p/19-codeleted; and glioblastoma, IDH-
wildtype. Thus, astrocytic tumors are grouped as those with and without IDH mutations;

J. Clin. Med. 2024, 13, 849. https://doi.org/10.3390/jcm13030849
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those without IDH mutations (wildtype) are named glioblastomas IDH-wildtype. The term
“glioblastoma multiforme” should not be used [1,2].

Despite decades of advances in surgery and discoveries in molecular research, encour-
aging outcomes are not typically observed; patients diagnosed with this tumor generally
have a dismal prognosis and poor quality of life as the disease progresses. The median
survival time has been reported to be less than 15 months on average. Survival longer than
3-5 years has been reported for approximately 0.5% of GB patients [5].

These data have led to an increasing number of studies focused on acquiring knowl-
edge about GB prognostic factors. According to the literature, the most relevant prognostic
factors are age, sex, Karnofsky Performance Status (KPS), surgical resection rate, adjuvant
therapies performed, and tumor molecular biology [6]. This last characteristic has grown in
importance because several genetic mutations have been shown to have a prognostic role,
such as MGMT promoter methylation, loss of 10q heterozygosity, miRNA dysregulation,
EGFR mutation, PTEN mutation, P53 mutation, and especially IDH1 mutation.

Positive GB prognostic elements:

MGMT promoter methylation: Methylation of the MGMT (O6-methylguanine-DNA
methyltransferase) promoter is associated with an improved response to temozolomide
chemotherapy, leading to a more favorable prognosis in glioblastoma patients.

ATRX mutations: ATRX mutations, particularly in the context of the IDH-mutant,
1p/19q non-codeleted subtype, are generally associated with a more favorable prognosis
and longer overall survival rates.

IDH1 R132H and IDH2 R173 mutations: In the rare instances of glioblastoma harboring
these specific IDH mutations, patients tend to have a better prognosis compared to IDH
wildtype glioblastomas. However, it is important to note that these mutations are relatively
rare in glioblastoma.

Negative GB prognostic elements:

EGFR amplification: Amplification of the EGFR (epidermal growth factor receptor)
gene is associated with increased tumor aggressiveness and a poorer prognosis in glioblas-
toma patients.

TERTp mutations: Mutations in the TERT (telomerase reverse transcriptase) promoter
are often associated with increased telomerase activity and contribute to the aggressiveness
of glioblastoma, resulting in a poorer prognosis.

Gain of Chr.7 and loss of Chr.10: Chromosomal alterations involving the gain of
chromosome 7 and the loss of chromosome 10 are commonly observed in glioblastoma and
are associated with more aggressive tumor behavior and a worse prognosis [1].

Recent studies have also shown increasing interest in some neuroradiological parame-
ters, evaluated both prior and after surgery, that seem to play a predictive role in overall
survival (OS) and progression-free survival (PFS) [7-10].

Glioblastomas are typically large tumors at diagnosis. They often have thick, irregu-
larly enhancing margins and a central necrotic core, which may also have a hemorrhagic
component. They are characterized by their ability to invade surrounding parenchyma
and are usually surrounded by vasogenic-type edema, which, in fact, usually contains
infiltration by neoplastic cells, making curative resection difficult.

Contrast-enhanced brain magnetic resonance imaging is the gold standard for di-
agnosis and presurgical planning. T1-weighted (T1) and T2-weighted/fluid-attenuated
inversion recovery (T2/FLAIR) sequences are commonly used in the study of glioblastoma.

T1-weighted images provide good anatomical detail and are excellent for visualizing
the brain’s anatomy, and GB typically appear hypointense (dark) due to their high cellularity
and increased protein content, making them distinguishable from surrounding normal
brain tissues. Enhancement patterns on T1 postcontrast images are often present and are
typically peripheral and irregular with nodular components. They are usually indicative
of increased vascularity and blood-brain barrier disruption surrounding a necrotic core,
which may also have a hemorrhagic component.
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T2-weighted images are sensitive to variations in water content and are useful for
highlighting vasogenic-type edema, which usually contains infiltration by neoplastic cells
and typically appears hyperintense (bright) in GB. FLAIR sequences suppress cerebrospinal
fluid (CSF) signals, enhancing the visibility of abnormalities near CSF-filled spaces and
making it easier to identify tumor borders.

The extent of edema seen on T2/FLAIR images can provide information about the
tumor’s infiltrative nature and its impact on the surrounding brain tissues. The absence of
a T2 /FLAIR mismatch may also help with differential diagnosis.

The aim of our study was to analyze clinical, radiological, and histologic characteristics
as predictive factors for OS and PFS in patients affected by GB who underwent surgery and
were monitored at our institute; in particular, the impact of the volumetric areas of contrast-
enhancing tumor and perineoplastic edema on the outcome of patients was analyzed.

2. Materials and Methods

A series of 87 patients diagnosed with GB (glioblastoma, IDH-wildtype, CNS WHO
grade 4) who underwent surgery at our institution between 2020 and 2022 was retrospec-
tively analyzed.

Overall survival (OS, defined as the time from first surgery until death) and progression-
free survival (PFS, defined as the time from first surgery and the radiological evidence of
disease relapse/progression on MRI) were considered the end points of the study. For each
patient, demographic, clinical, radiological, and histological characteristics were studied as
predictive factors, and a multidisciplinary revision of medical records was conducted in
collaboration with the Neuroradiology and Neuro-Oncology Board.

Manual and semiautomatic measurements were adopted to perform the radiologi-
cal evaluation, and the following quantitative parameters were retrospectively analyzed:
contrast enhancement preoperative tumor volume (CE-PTV), contrast enhancement postop-
erative tumor volume (CE-RTV), edema/infiltration preoperative volume (T2/FLAIR-PV),
edema/infiltration postoperative volume (T2/FLAIR-RV), necrosis volume inside the
tumor (NV), and total tumor volume including necrosis (TV). Quantitative volumetric
assessment was carried out using the Advantage Workstation Server 3.2 (AW Server 3.2,
General Electric®, 2009-2015, Boston, MA, USA).

A presurgery MRI was available for all patients; 37 (42.5%) of them also underwent
a postoperative MRI within the first 48 h after surgery. All exams were performed on
1.5 T scanners.

CE-PTV was evaluated on 2D axial contrast-enhanced T1 weighted (CE-T1w) images
(slice thickness: 5 mm; slice spacing: 5.5-6 mm) by contouring manually enhanced tumor
areas on every single axial slice, excluding necrosis; the same analysis was subsequently
performed with the semiautomatic method using the specific tool of the AW Server 3.2
(Figures 1 and 2).

CE-RTV was assessed on 2D axial CE-T1w images (slice thickness: 5 mm; slice spac-
ing: 5.5-6 mm) with the subtraction imaging technique to minimize errors due to the
spontaneous hyperintensity of degradation products of hemoglobin or those related to the
presence of hemostatic/chemotherapeutic agents in the surgical area. As for CE-PTV, the
analysis was performed both manually and semiautomatically (Figures 3 and 4).

T2/FLAIR-PV and T2/FLAIR-RV were both evaluated manually on axial hybrid
sequences resulting from FLAIR (slice thickness: 5 mm; slice spacing: 5.5 mm) and CE-T1lw
(slice thickness: 5 mm; slice spacing: 5.5-6 mm) fusion in order to exclusively measure the
edema/infiltration component, excluding the tumor (enhancing mass) previously assessed
with CE-PTV and CE-RTV measurements (Figures 5 and 6).
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Figure 1. CE-PTV, contrast-enhanced T1 weighted (CE-T1w) images by contouring manually en-
hanced tumor areas on every single axial slice, excluding necrosis.

Figure 2. CE-PTV, contrast-enhanced T1 weighted (CE-T1w) images performed with the semiauto-
matic method using the specific tool of the AW Server 3.2. The yellow box represents the area selected
by the radiologist that the software analyzes (semi-automatic method).
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Figure 3. Contrast enhancement postoperative tumor volume (CE-RTV) manual evaluation, achieved
with subtraction imaging technique to minimize errors due to the spontaneous hyperintensity of
degradation products of hemoglobin.

Figure 4. Contrast enhancement postoperative tumor volume (CE-RTV) semiautomatic evaluation,
assessed on 2D axial CE-T1w images (slice thickness: 5 mm; slice spacing: 5.5-6 mm), achieved with
the semiautomatic subtraction imaging technique.

Figure 5. Edema/infiltration preoperative volume (T2/FLAIR-PV), evaluated manually on axial
hybrid sequences resulting from FLAIR (slice thickness: 5 mm; slice spacing: 5.5 mm) and CE-T1w in
order to exclusively measure the edema/infiltration component, excluding the tumor (enhancing
mass) previously assessed with CE-PTV and CE-RTV measurements.
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Figure 6. Edema/infiltration postoperative volume (T2/FLAIR-RV), evaluated manually on axial
hybrid sequences resulting from FLAIR and CE-T1w fusion in order to exclusively measure the
edema/infiltration component, excluding the tumor (enhancing mass).

NV was evaluated manually on preoperative 2D axial CE-T1w images, including only
the necrotic area inside the tumor (Figure 7).

i

Figure 7. Necrosis volume inside the tumor, evaluated manually on preoperative 2D axial CE-T1w

images, including only the necrotic area inside the tumor.
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TV was calculated as the sum of NV and CE-PTV, both assessed on 2D axial CE-T1w
images (slice thickness: 5 mm; slice spacing: 5.5-6 mm).

In the case of tumor localization near eloquent brain areas, the extent of surgical
resection was modulated based on neurophysiological monitoring techniques such as
sensorimotor evoked potentials and electrocorticography.

Furthermore, we investigated the following relevant qualitative characteristics of
GB: tumor localization (the lobe containing the enhancing mass or, in case of radiologi-
cal multifocality, the lobe corresponding to the main tumor mass was considered as the
tumor site); eloquent area involvement (defined as neoplastic infiltration of the cortex
or iuxta-cortical white matter of eloquent areas, such as motor, visual, Wernicke’s area,
or Broca’s area); and radiological appearance (distinguished by three different patterns
based on the enhancing wall thickness on CE-T1w sequences: thin, with enhancing wall
thickness < 3 mm; thin-nodular, with enhancing wall showing focal thickening > 3 mm; and
nodular, with solid appearance predominant and intratumoral necrosis absent or less than
1.5 cm®) (Figure 8). Similarly, we identified two morphological categories: “pseudocap-
sulated” and non-pseudo-capsulated masses, depending on the macroscopic appearance
of a pseudocleavage plane at the time of neurosurgery. Furthermore, we analyzed the
presence of ependymal involvement (defined as visible signal alteration on FLAIR images
or tumor mass joining the ependymal interface) and focal or multifocal disease (focal if
only a single mass was observed; multifocal if multiple tumor foci were visible, contigu-
ous to FLAIR signal alterations or not, with no difference between the terms “multifocal”
and “multicenter”).

Figure 8. Thin, with enhancing wall thickness < 3 mm (left); thin-nodular, with enhancing wall focal
thickenings > 3 mm (center); and nodular, with solid appearance predominant and intratumoral
necrosis absent or less than 1.5 cm? (right).

Patients with incomplete data sets were not included in the study sample.

Statistical analysis was performed using the MedCalc 15.8 Portable software.

Univariate analysis was carried out using the Kaplan-Meier method, and patient
subgroups were compared employing the log-rank test. Both univariate and multivariate
analyses were based on the Cox proportional hazard regression stepwise method to identify
predictive factors for OS and PFS.

A p-value < 0.05 was considered statistically significant.

All procedures performed in the study were conducted in accordance with the ethics
standards given in the 1964 Declaration of Helsinki, as revised in 2013. The study protocol
was approved by the Institutional Ethics Review Board at our institution. All participants
provided written informed consent for their participation in the study, and patient consent
was obtained for the purpose of the study with due care to maintain their privacy.
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3. Results

Our sample included 87 patients; 45 (51.7%) were males and 42 (48.3%) were females,
and the mean age was 67 years (range: 25-85 years). At the time of our study, 22 (25.3%)
patients were still alive, and 65 (74.7%) were deceased.

All patients underwent neurosurgical intervention; 68 (78.1%) of them received ad-
juvant therapy as follows: 4 (4.6%) patients received only chemotherapy, 7 (8%) patients
received only radiotherapy, and 57 (65.5%) received both chemo- and radiotherapy. A total
of 19 (21.9%) patients did not receive any adjuvant treatment.

The median OS was 9 months, and the median PFS was 4 months; the mean values
were 12.3 months for OS and 6.9 months for PFS.

The KPS was evaluated before and after surgery: 74 (85%) patients showed a preoper-
ative KPS > 80 and 13 (15%) had a preoperative KPS < 80; two months after surgery, there
were 49 (59%) patients with a postoperative KPS < 80, while there were 34 (41%) patients
who had a postoperative KPS > 80. Four patients died within the first month after surgery.

3.1. Qualitative Analysis

e  Localization: All tumors had a supratentorial localization; 31 (36%) were in the frontal
lobe, 18 (21%) were in the parietal lobe, 36 (41%) in the temporal lobe, and 2 (2%) in
the occipital lobe.

e  Eloquent areas: 35 of the 87 lesions (40%) were in eloquent areas.

e  Ependymal involvement: Ependymal involvement was observed in 52 (60%) patients;
35 (40%) lesions had no connection with the periventricular zone.

e Morphological appearance: We divided GB lesions into three categories based on the
enhancing wall thickness: thin, <3 mm; thin-nodular, when the enhancing wall showed
focal thickenings > 3 mm; and nodular, when solid appearance was predominant and
intratumoral necrosis was absent or <1.5 cm?. A total of 11 (13%) masses showed
a thin pattern, 51 (58%) showed a thin-nodular pattern, and 25 (29%) showed a
nodular pattern.

e Multifocal disease: Multifocal disease was found in 20 (23.3%) patients (Table 1).

Table 1. Qualitative analysis.

Localization n (%) Morphology n (%)
Frontal lobe 31 (36%) Multifocal 20 (23.3%)
Parietal lobe 18 (21%) Thin (d <3 mm) 11 (13%)
Temporal lobe 36 (41%) Thin-nodular (d > 3 mm) 51 (58%)
Occipital lobe 2 (2%) Nodular 25 (29%)
Eloquent areas 35 (40%) Pseudocapsulated 62 (71%)
Ependymal involvment 52 (60%)

3.2. Quantitative Analysis

Median CE-PTV values obtained by manual and semiautomatic methods were 24.8
and 22.6 cm?, respectively. A good concordance value (R%: 0.86) between manual and
semiautomatic measurements was observed; a greater dispersion rate was noticeable for
volume values > 25 cm?.

We also calculated the percent deviation between manual and semiautomatic volumes,
and the resulting deviation mean value was 4%, despite a mean squared deviation value
of 34%. This result is probably due to the high values of the mean squared deviation
corresponding to mass volumes > 40 cm?. Similar results were observed for the CE-RTV
manual and semiautomatic volume correlation; the CE-RTV median values obtained by
manual and semiautomatic methods were 5.8 and 6.8 cm?, respectively.

The TV median value was 37.7 cm?, and the surgical resection median value was 78%.
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T2/FLAIR-PV and T2/FLAIR-RV were 59.2 and 42.3 cm?, respectively; the preopera-
tive necrosis volume median value was 6.6 cm?.

3.3. Overall Survival—Univariate Analysis

The univariate analysis showed that adjuvant therapies (chemotherapy, radiotherapy,
and chemoradiotherapy) and CE-RTV < 5.8 cm® were the only variables connected with
0s.

e  Chemotherapy: The median OS values were 15 months for patients who received
adjuvant chemotherapy (n = 61) and 3 months for patients who did not (n = 26); the
difference between the two groups was statistically significant (p < 0.0001).

e Radiotherapy: The median OS values were 14 months for patients who received
adjuvant radiotherapy (n = 64) and 3 months for patients who did not (n = 23); the
difference between the two groups was statistically significant (p < 0.0001).

e  Chemoradiotherapy: The median OS values were 16 months for patients who received
chemoradiotherapy (n = 57), 6 months for patients who received radiotherapy alone
(n =7), and 5 months for patients who received chemotherapy alone (n = 4); the median
OS value was 2 months for patients who did not receive any adjuvant treatment
(n =19). The difference was statistically significant (p < 0.0001).

e  CE-RTV: The median OS value was 19 months for patients with CE-RTV < 5.8 cm®
and 9 months for patients with CE-RTV > 5.8 cm®. The difference was statistically
significant (p < 0.004) (Table 2).

Table 2. Overall survival.

Median OS Treated (n) Median OS Not Treated (n) p-Value

AC 15 (n = 61) 3 (n = 26) <0.0001

ART 14 (n = 64) 3 (n=23) <0.0001

CRT 16 (n =57) 2 (n=19) <0.0001
CT 5(n=4)
RT 6(Mn=7)
NT 2(n=19)

CE-RTV <5.8 cm®: 19 >5.8 cm3: 9 <0.004

OS, overall survival; AC, adjuvant chemotherapy; ART, adjuvant radiotherapy; CRT, chemoradiotherapy; CT,
chemotherapy; RT, radiotherapy; NT, not treated.

3.4. Overall Survival—Multivariate Analysis

Similar to univariate analysis, multivariate analysis showed that adjuvant chemo-
and radiotherapy were OS-related prognostic factors (p < 0.0001). Furthermore, multi-
variate analysis proved that the only OS-related radiological prognostic factor was CE-
PTV < 15cm® (p = 0.03).

3.5. Progression-Free Survival—Univariate Analysis

During follow-up, 70 patients showed disease relapse or progression; the median PFS
value was 4 months, while the mean PFS value was 6.9 months.

Univariate analysis demonstrated that PFS-related variables were gender, adjuvant
chemo- and radiotherapy, postoperative KPS, and CE-RTV.

e  Gender: The median PFS value was 4 months for men and 5 months for women. The
difference was statistically significant (p = 0.02).

e  Chemotherapy: The median PFS value was 6 months for patients who underwent
chemotherapy and 1 month for patients who did not. The difference was statistically
significant (p < 0.0001).
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e Radiotherapy: The median PFS value was 5 months for patients who received ra-
diotherapy and 1 month for patients who did not. The difference was statistically
significant (p < 0.0001).

e  Postoperative KPS: The median PFS value was 3 months in patients with postoperative
KPS < 80 and 7 months in patients with postoperative KPS > 80. The difference was
statistically significant (p < 0.0001).

e CE-RTV: The median PFS value was 5 months in patients with CE-RTV < 5.8 cm® and
4 months in patients with CE-RTV > 5.8 cm®. The difference was statistically significant
(p =0.04).

e  Surgical resection: The median PFS value was 6 months in patients with a surgical
resection percentage > 95% and 4 months if the surgical resection percentage was
<95%. The difference was statistically significant (p = 0.02).

3.6. Progression-Free Survival—Multivariate Analysis

PFS-related variables in multivariate analysis were adjuvant radiotherapy (p = 0.01),
surgical resection percentage > 95% (p = 0.004), and the presence of “pseudocapsulated”
morphologic gross appearance (p = 0.04).

The preliminary analysis, performed with the McNemar test for qualitative dichoto-
mous nominal variables to find a correlation between “pseudocapsulated” appearance and
other parameters, showed a strong match between the macroscopic presence of pseudocap-
sule and the nodular pattern observed in preoperative MRI (p < 0.0001) (Table 3).

Table 3. Progression-free survival.

Median PFS (Months) p-Value

Sex (M/F) Male 4 Female 5 p=0.02
Chemotherapy With: 6 / Without: 1 p <0.0001
Radiotherapy With: 5 / Without: 1 p <0.0001
Postoperative KPS <80: 3 >80: 7 p <0.0001

CE-RTV <5.8cm®: 5 >5.8 cm®: 4 p=0.04

Surgical resection (%) >95%: 6 >95%: 4 p=0.02
Pseudocapsulated with: 6 Without: 3 p <0.0001

All quantitative data for CE-PTV and CE-RTV evaluations are shown in Table 4.

Table 4. Quantitative data for CE-PTV and CE-RTV evaluations.

Patient Semiautomatic CE-PTV (cm®) Manual CE-PTV (cm?) CE-RTV (cm?)
1 34.89 31.14
2 30.00 33.51 16.37
3 27.32 33.33 0.00
4 17.53 15.46
5 12.21 5.24
6 5.21 4.70 0.00
7 21.99 24.04 10.71
8 59.10 38.78 5.82
9 20.15 21.31 6.98
10 64.52 72.11
11 11.83 10.58 10.12
12 49.81 49.72
13 11.01 10.17
14 20.87 17.97
15 32.55 39.27
16 46.11 42.10
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Table 4. Cont.

Patient Semiautomatic CE-PTV (cm?) Manual CE-PTV (cm?3) CE-RTV (cm?)
17 35.88 36.29
18 23.65 39.15
19 5.87 5.21 4.65
20 25.75 24.16 10.49
21 17.78 14.68
22 20.43 21.26
23 1.18 0.39 0.00
24 10.93 11.26
25 16.06 14.84 0.00
26 20.11 18.65 13.28
27 25.89 25.40 0.00
28 19.49 13.90 0.00
29 39.34 42.64 16.67
30 38.90 42.41
31 20.24 22.89
32 43.90 42.09 4.17
33 14.30 13.22 8.44
34 24.87 23.45 6.85
35 451 5.29 2.85
36 28.13 24.56
37 68.11 61.67
38 51.79 54.13
39 59.65 64.19
40 83.58 65.28
41 18.34 13.45
42 8.03 10.69
43 49.64 28.78 527
44 62.41 51.74
45 22.34 12.37
46 5.69 9.09
47 20.00 17.02 0.00
48 47.05 44.89
49 2.12 1.60
50 31.19 34.89
51 6.73 5.93
52 28.91 34.66
53 8.54 8.50 3.30
54 50.48 60.56
55 12.72 11.05 7.75
56 28.14 27.22 12.23
57 37.39 32.12
58 37.98 31.05 0.00
59 36.26 51.17
60 22.56 27.87 5.32
61 28.90 44.36
62 16.00 15.98 14.46
63 5.97 17.10
64 17.40 17.61 7.38
65 14.28 15.88 5.78
66 8.80 10.30
67 46.00 49.34 28.97
68 0.79 0.97
69 15.53 12.24 0.73
70 29.56 41.62
71 10.79 11.25
72 37.61 51.02
73 21.61 29.19

74 24.86 33.77

11



J. Clin. Med. 2024, 13, 849

Table 4. Cont.

Patient Semiautomatic CE-PTV (cm?) Manual CE-PTV (cm?3) CE-RTV (cm?)
75 18.46 20.99
76 42.89 46.64 42.96
77 42.32 54.07
78 24.09 24.08 0.58
79 83.44 84.80 29.46
80 12.51 11.59
81 14.12 10.71 1.30
82 37.00 54.50
83 47.58 37.95
84 2.35 2.98 0.00
85 12.98 12.60 11.45
86 15.53 21.01
87 39.18 42.70 8.17

4. Discussion

According to the most recent literature, OS median values in patients with GB ranges
from 6 to 14 months [11], while the PFS median value is 6 months [12]. Our data (OS
median value: 9 months; PFS median value: 4 months) seems to be consistent with this
evidence. CE-PTV and TV median values of our sample were 24 and 39 cm?, respectively,
compared to other studies such as Wangaryattawanich et al.’s series that reported a median
CE-PTV =21 ecm? and Ellingson et al.’s work with a median TV = 15 cm?; this difference
may depend on the fact that larger masses were resected in our series, and this could
explain our lower survival rate [13,14]. CE-PTV < 15 cm? was an independent predictive
factor for OS together with adjuvant radio and chemotherapy in multivariate analysis;
especially when combined, it significantly increased the OS. Total tumor volume including
necrosis (TV), with a 15 cm® cut-off, represented a relevant independent prognostic factor
in multivariate analysis, in accordance with the aforementioned studies. Additionally, these
findings underscore the importance of accurate tumor volume assessment for optimizing
treatment strategies and predicting outcomes in GB patients.

Chaichana et al. established thresholds for the extent of resection and residual volume
that impact the survival and recurrence rates in patients with newly diagnosed intracranial
glioblastoma. Our analysis confirmed these findings by analyzing postoperative enhancing
mass volume (CE-RTV), resulting in a significance cut-off value of 5.8 cm?. This parameter
emerged as an important independent prognostic factor in univariate analysis. Notably,
patients with CE-RTV < 5.8 cm? demonstrated superior OS and PFS values, emphasizing
the pivotal role of surgical mass removal rates [15]. Univariate analysis concerning PFS
revealed that factors such as female gender, adjuvant chemo- and radiotherapy, absence of
postoperative neurological deficits, CE-RTV < 5.8 cm?, and surgical resection rate > 95% of
TV significantly increased its median value. Multivariate analysis pointed towards adjuvant
radiotherapy and surgical resection rate > 95% of TV as independent predictive prognostic
factors. The absence of postoperative neurological deficits was a noteworthy parameter
influencing PFS, leading to higher values in patients without deficiencies. This condition
strongly correlated with Karnofsky Performance Status (KPS) values > 80, emphasizing
the crucial role of KPS as a prognostic factor, a notion well-supported in the existing
literature [16-18]. A reduction in KPS value postsurgery emerged as a negative prognostic
factor. In our experience, a surgical resection rate > 95% proved to be a relevant independent
prognostic factor for PFS in multivariate analysis, further affirming its significance alongside
adjuvant chemo- and radiotherapy. These factors, which are well documented in the
literature, played a decisive role in our series, significantly associating with both OS and
PFS [6,19-23].

In our investigation, we identified an additional independent prognostic factor for
progression-free survival (PFS): the presence of a morphological “pseudocapsulated” gross
appearance in the tumoral mass. This phenomenon is characterized by a lesion displaying
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an apparent “pseudocapsule” at the superficial aspect, possibly attributed to regions of
necrosis and hemorrhage, as suggested by Khadijeh Abdal et al. [24]. Our preliminary
experience indicates that this more compact mass, with evidence of a pseudocleavage plan,
is correlated with the nodular preoperative MRI pattern. To our knowledge, this specific
association has not been widely documented in the existing literature. The identification of
this aspect by the neurosurgeon, coupled with neuroradiological findings, may be related
to the anatomopathological characterization.

Some tumors exhibit a type of “pseudoplane” surrounding the nodule, facilitating
easier and more effective removal. Al-Holou et al. [8] demonstrated that circumferential
perilesional resection of glioblastoma (GB) was linked to significantly higher rates of com-
plete resection and lower rates of neurological complications, even for tumors in eloquent
locations. Perilesional resection, when feasible, should be considered a preferred option.

Our analysis did not identify them as significant in our T2/FLAIR-PV and T2/FLAIR-
RV cohorts as significant prognostic factors, even though some studies have suggested these
volumetric parameters as important OS (T2/FLAIR-PV = 85 cm?) and PFS (T2/FLAIR-
RV = 24.85 cm?) predictive factors. Grossman R. et al. [25] noticed that OS was related to
CE-RTV assessed immediately after surgery and that a FLAIR alteration signal volume
reduction of at least 46% of preoperative volume (or a postoperative FLAIR alteration signal
volume < 19.3 cm®) evaluated 3 months after surgery represented a favorable prognostic
factor for OS, suggesting that surgical resection beyond contrast-enhancing boundaries
could represent a promising strategy to improve outcomes in GB patients. In relation to the
amount of FLAIR abnormality removal (defined as the rate of resection of the infiltrative
tumor component), Pessina et al. recorded a cut-off value for conditioning survival of
45% [9].

While these data necessitate correlation with main predictive factors such as KPS
and adjuvant therapies, quantitative imaging emerges as a reliable and valuable tool
in predicting overall and progression-free survival in glioblastoma patients undergoing
surgery. Notably, the removal of the surrounding perinodular area stands out as a signifi-
cant prognostic factor. Tumors exhibiting a nodular pattern, in our experience, correlate
with enhanced surgical removal, leading to maximal safe asportation and an improved
prognosis. This, however, needs to be carefully balanced with the goal of minimizing
neurological deficits. Glioblastoma is not merely a surgical disease but a complex con-
dition demanding multimodal treatment and multidisciplinary management. It remains
crucial to acknowledge that increasing resection volume, at the cost of inducing new or
permanent neurological deficits, may nullify the survival benefit conferred to patients.
Therefore, a judicious approach is essential to optimizing both surgical outcomes and
overall patient well-being.

5. Conclusions

In conclusion, despite the incorporation of diverse therapies, the prognosis for GB
patients remains bleak. A radical, yet safe, maximal surgical resection still retains its role as
a crucial predictive factor for patient survival. The integration of quantitative MRI volu-
metric imaging, particularly semiautomatic preoperative evaluation, emerges as pivotal
in stratifying the prognostic categories of these tumors and shows the intricate interplay
between surgical precision, imaging technologies, and overall patient outcomes. Therefore,
advancing our understanding of these dynamics holds promise for refining treatment
strategies and ultimately improving the challenging prognosis faced by GB patients.
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Abstract: Background: Meckel’s cave is a challenging surgical target due to its deep location and
proximity to vital neurovascular structures. Surgeons have developed various microsurgical transcra-
nial approaches (MTAs) to access it, but there is no consensus on the best method. Newer endoscopic
approaches have also emerged. This study seeks to quantitatively compare these surgical approaches
to Meckel’s cave, offering insights into surgical volumes and exposure areas. Methods: Fifteen
surgical approaches were performed bilaterally in six specimens, including the pterional approach
(PTA), fronto-temporal-orbito-zygomatic approach (FTOZA), subtemporal approach (STA), Kawase
approach (KWA), retrosigmoid approach (RSA), retrosigmoid approach with suprameatal extension
(RSAS), endoscopic endonasal transpterygoid approach (EETPA), inferolateral transorbital approach
(ILTEA) and superior eyelid approach (SEYA). All the MTAs were performed both with 10 mm
and 15 mm of brain retraction, to consider different percentages of surface exposure. A dedicated
navigation system was used to quantify the surgical working volumes and exposure of different
areas of Meckel’s cave (ApproachViewer, part of GTx-Eyes II, University Health Network, Toronto,
Canada). Microsurgical transcranial approaches were quantified with two different degrees of brain
retraction (10 mm and 15 mm). Statistical analysis was performed using a mixed linear model with
bootstrap resampling. Results: The RSAS with 15 mm of retraction offered the maximum exposure of
the trigeminal stem (TS). If compared to the KWA, the RSA exposed more of the TS (69% vs. 46%;
p =0.01). The EETPA and ILTEA exposed the Gasserian ganglion (GG) mainly in the anteromedial
portion, but with a significant 20% gain in exposure provided by the EETPA compared to ILTEA (42%
vs. 22%; p = 0.06). The STA with 15 mm of retraction offered the maximum exposure of the GG, with
a significant gain in exposure compared to the STA with 10 mm of retraction (50% vs. 35%; p = 0.03).
The medial part of the three trigeminal branches was mainly exposed by the EETPA, particularly for
the ophthalmic (66%) and maxillary (83%) nerves. The EETPA offered the maximum exposure of the
medial part of the mandibular nerve, with a significant gain in exposure compared to the ILTEA (42%
vs. 11%; p = 0.01) and the SEY (42% vs. 2%; p = 0.01). The FTOZA offered the maximum exposure of
the lateral part of the ophthalmic nerve, with a significant gain of 67% (p = 0.03) and 48% (p = 0.04)
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in exposure compared to the PTA and STA, respectively. The STA with 15 mm of retraction offered
the maximum exposure of the lateral part of the maxillary nerve, with a significant gain in exposure
compared to the STA with 10 mm of retraction (58% vs. 45%; p = 0.04). The STA with 15 mm of
retraction provided a significant exposure gain of 23% for the lateral part of the mandibular nerve
compared to FTOZA with 15 mm of retraction (p = 0.03). Conclusions: The endoscopic approaches,
through the endonasal and transorbital routes, can provide adequate exposure of Meckel’s cave,
especially for its more medial portions, bypassing the impediment of major neurovascular structures
and significant brain retraction. As far as the most lateral portion of Meckel’s cave, MTA approaches
still seem to be the gold standard in obtaining optimal exposure and adequate surgical volumes.

Keywords: Meckel’s cave; quantitative comparison; skull base surgery; endoscopy; microsurgery;
anatomy

1. Introduction

The trigeminal cave, or Meckel’s cave, originally described by Johann Friedrich Meckel
the Elder in 1748, is a cerebrospinal-fluid-containing dural pouch in the medial portion of
the middle cranial fossa and adjacent to the cavernous sinus [1]. It opens to the posterior
cranial fossa and houses the trigeminal ganglion (TG). Its deep location, the presence of
the temporal lobe, and the anatomical proximity to vital neurovascular structures make its
surgical access challenging [2].

Several microsurgical transcranial approaches (MTAs) to Meckel’s cave have been
described over time, but a common opinion among authors is still lacking as to which
approach can quantitatively offer the best exposure. Conversely, the choice of a surgical
approach often relies on personal preference, the level of comfort of the surgeon, and
the overall goals of the procedure (e.g., simple debulking for mass effect release, radical
resection, etc.). Moreover, with the recent introduction of endoscopic endonasal approaches
and endoscopic transorbital approaches (ETOAs), new surgical trajectories to Meckel’s
cave have been proposed.

Although clinical comparative analyses of different surgical approaches to Meckel’s
cave are available [3,4], they often include a small number of patients of single-center case
series or do not consider all the commonly used surgical approaches to Meckel’s cave.
Therefore, the aim of this study is to perform a quantitative anatomical comparison of the
most used surgical approaches to Meckel’s cave, describing surgical volumes and areas
of exposure.

2. Materials and Methods

Cadavers were obtained from the body donation program of the Institute of Anatomy
at the University of Brescia. Prior to death, the donors had all given written consent to the
use of the body for educational and research purposes. The general use of cadavers for
teaching purposes is a common practice and has been widely approved by the University
Ethics Board. Formal ethics committee approval for this type of research on cadavers
was not required by our University. The research was conducted in full compliance with
the ethical guidelines established by our Institutional Review Board. All investigations
involving human cadavers were carried out in strict adherence to the ethical principles
outlined in the 1964 Declaration of Helsinki and its subsequent revisions.

Of note, the methods of this study were replicated from previous peer-reviewed
anatomical studies both from our group and in the literature [5-8].

2.1. Preparation of Specimens and Neuronavigation

A total of 6 alcohol-fixed specimens (12 sides) were dissected. Intracranial arteries
were injected with red silicone rubber.
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Each specimen underwent a 128-multidetector computed tomography scan (Somatom®
Definition Flash, Siemens, Forcheim, Germany). Subsequently, the Digital Imaging and
Communications in Medicine (DICOM) records of the CT scans were transferred to a spe-
cialized neuronavigation software program (v. 1, GTx-Eyes II Approach Viewer, University
Health Network, University of Toronto, Toronto, ON, Canada) [8].

2.2. Surgical Approaches to Dissection

The dissections were conducted at the Anatomy Laboratory of the University of Brescia
(Italy) and the Anatomy Laboratory of the University of Tubingen (Germany) with the
utilization of conventional microsurgical and endoscopic tools from Karl Storz® (Ttttlingen,
Germany). To capture and record the intricate details of the microsurgical and endoscopic
anatomy, a Leica M320® surgical microscope (Leica Microsystems Srl, Buccinasco, Italy)
and a 4 K camera head from Olympus® (Segrate, Italy) were employed, respectively.

Fifteen surgical approaches were performed on each specimen. A schematic represen-
tation of these approaches is shown in Figure 1.

Endoscopic approaches
(Endonasal and Transorbital)

Anterolateral MTAs

Lateral MTAs

Posterolateral MTAs

Figure 1. Schematic representation of the surgical approaches performed on each specimen.

The following anterolateral MTAs were investigated:

1. Pterional approach (PTA), according to Yasargil et al. [9], with 10 and 15 mm of retraction;

2. Fronto-temporal-orbito-zygomatic approach (FTOZA) according to Van Furth et al. [10],
with 10 and 15 mm of retraction.
The following lateral MTAs were investigated:

1. Kawase approach (KWA), according to Kawase et al. [11], with 10 and 15 mm
of retraction;

2. Subtemporal approach (STA), according to Dolenc et al. [12], with 10 and 15 mm
of retraction.
The following posterolateral MTAs were investigated:

1.  Retrosigmoid approach (RSA) according to Samii et al. [13], with 10 and 15 mm
of retraction;

2. Retrosigmoid approach with suprameatal extension (RSAS) according to Samii et al. [5],
with 10 and 15 mm of retraction.

The following endoscopic approaches were investigated:
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1.  Endoscopic endonasal transpterygoid approach (EETPA), according to Agosti et al. [7];
Inferolateral transorbital endoscopic approach (ILTEA), according to Ferrari et al. [7];
3. Superior eyelid approach (SEYA), according to Locatelli et al. [14].

N>

As for MTAs, the surgical volumes were quantified with two different retraction
degrees (i.e., 10 and 15 mm), to evaluate the exposure advantage as cerebral retraction
increases. Brain retraction was kept constant during the quantification with the use of a
Greenberg® Retractor System, parallelly positioned at 10 and 15 mm from the sphenoid
ridge, middle cranial fossa, and posterior surface of the petrous bone for the anterolateral,
lateral, and posterolateral MTAs, respectively [7].

2.3. Quantification of the Surgical Corridor

We employed an optical neuronavigation system (Polaris Vicra®; NDI, Waterloo, ON,
Canada) in conjunction with GTx-Eyes II for the assessment of the maximum surgical
volume with optimal maneuverability, termed the “crossing” modality, and the largest ex-
posure achievable with straight instruments, referred to as the “non-crossing” modality [7].
Each modality was evaluated through three data collection iterations.

For MTAs, the height of the surgical corridor was established at the level of the
craniotomy, while, for ETOAs, it was set at the orbital rim. In the case of EETPA, the
surgical corridor height was aligned with the nasal pyriform aperture.

2.4. Surface Rendering and Quantification of the Exposed Area

Meckel’s cave was considered as an open-ended three-fingered glove, enveloping the
trigeminal ganglion, the ophthalmic nerve (V1), maxillary nerve (V2), and mandibular
nerve (V3) divisions until they reach the correspondent skull base foramina [1,2].

Meckel’s cave was divided into 8 surfaces, rendered with the ITK-SNAP software
v. 4.0.2 from each CT scan (Figure 2). Dedicated software (Autodesk Meshmixer v. 3.5% and
ApproachViewer v. 1), part of GTX-Eyes-II) quantified the percentage value of the exposed
area by all approaches for each of the 8 surfaces [7].

Figure 2. The 8 surfaces of Meckel’s cave that were rendered with ITK-SNAP software from CT scans.
Red: trigeminal stem; green: Gasserian ganglion; orange: V1 medial; yellow: V1 lateral; light-blue:
V2 medial; blue: V2 lateral; purple: V3 medial; violet: V3 lateral.
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2.5. Statistical Analysis

The Meckel’s cave exposure and surgical volume of the different approaches were
compared using linear mixed models with random intercepts for specimens. The final
estimate was expressed as the (3 coefficient and 95% CI and was calculated using the
bootstrap resampling method with 1000-fold replications. Statistical significance was set at
p < 0.05. All analyses were performed using the STATA® software v. 16.1 (StataCorp® LLC.,
College Station, TX, USA).

3. Results

A grand total of 720 intersection data points were gathered through the execution of
surgical procedures involving MTAs, EETPA, and ETOAs, all directed towards Meckel’s
cave. Detailed breakdowns of the average percentages of the exposed area on each surface
of Meckel’s cave, facilitated by each respective surgical approach, can be found in Tables 1-8.
A visual representation of these findings is depicted in Figure 3. Additionally, Figures 4-7
provide illustrative screen captures from the Approach Viewer for each of the distinct
surgical approaches.

Table 1. Comparison of surgical exposure for GG.

Gasserian Ganglion (GG)
% (95% CI)

Non-crossing Crossing
EETPA 41.8 (39.3,45.8) 47.4 (42.6, 50.6)
FTOZA (10 mm) 0 0
FTOZA (15 mm) 18.6 (4.6, 12.5) 24.5(15.4,31.6)
ILTEA 22.4(17.8,25.9) 27.1(18.3,32.5)
KWA (10 mm) 2.1(1.2,4.5) 48(3.2,5.1)
KWA (15 mm) 3.2(1.8,4.8) 6.3(3.2,7.8)
PTA (10 mm) 0 0
PTA (15 mm) 0 0
RSA (10 mm) 0 0
RSA (15 mm) 0 0
RSAS (10 mm) 0 0
RSAS (15 mm) 0 0
SEYA 5.6 (4.6, 6.0) 6.7 (5.8,7.5)
STA (10 mm) 35.3(29.5,39.4) 43.9 (33.4,47.9)
STA (15 mm) 49.7 (42.5, 53.6) 64.2 (51.5,70.4)

Abbreviations: CI, confidential interval; EETPA, endoscopic endonasal transpterygoid approach; FTOZA, fronto-
temporal-orbito-zygomatic approach; ILTEA, infero-lateral transorbital endoscopic approach; RSA, retrosigmoid
approach; RSAS, retrosigmoid approach with suprameatal extension; PTA, pterional approach; SEYA, superior
eyelid approach; KWA, Kawase approach; STA, subtemporal approach.

Table 2. Comparison of surgical exposure for TS.

Trigeminal Stem (TS)

% (95% CI)
Non-crossing Crossing
EETPA 8.0(1.2,12.9) 11.5 (3.4,17.3)
FTOZA (10 mm) 0 0
FTOZA (15 mm) 0 0
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Table 2. Cont.

Trigeminal Stem (TS)

ILTEA 0 0
KWA (10 mm) 33.0 (282, 35.7) 36.5 (312, 42.8)
KWA (15 mm) 463 (42.3,52.1) 552 (39.2, 65.6)
PTA (10 mm) 0 0
PTA (15 mm) 0 0
RSA (10 mm) 58.1 (55.3, 62.7) 61.4 (60.3, 63.5)
RSA (15 mm) 68.6 (65.9,71.9) 732 (69.8, 78.8)
RSAS (10 mm) 74.5 (68.2, 78.5) 78.0 (64.1, 82.0)
RSAS (15 mm) 782 (67.6, 81.7) 82.3 (78.6, 85.4)
SEYA 0 0
STA (10 mm) 0 0
STA (15 mm) 0 0

Abbreviations: CI, confidential interval; EETPA, endoscopic endonasal transpterygoid approach; FTOZA, fronto-
temporal-orbito-zygomatic approach; ILTEA, infero-lateral transorbital endoscopic approach; RSA, retrosigmoid
approach; RSAS, retrosigmoid approach with suprameatal extension; PTA, pterional approach; SEYA, superior
eyelid approach; KWA, Kawase approach; STA, subtemporal approach.

Table 3. Comparison of surgical exposure for Vim.

V1 Medial (V1m)

Non-crossing

% (95% CI)

Crossing

EETPA

663 (52.1, 74.2)

73.9 (61.6, 88.5)

FTOZA (10 mm)

FTOZA (15 mm)

ILTEA

KWA (10 mm)

KWA (15 mm)

PTA (10 mm)

PTA (15 mm)

RSA (10 mm)

RSA (15 mm)

RSAS (10 mm)

RSAS (15 mm)

SEYA

STA (10 mm)

||| o|lo|lo|o|o|o|o|o| o

|||l |lo|o|o|o|o|o| O

STA (15 mm)

0

0

Abbreviations: CI, confidential interval; EETPA, endoscopic endonasal transpterygoid approach; FTOZA, fronto-
temporal-orbito-zygomatic approach; ILTEA, infero-lateral transorbital endoscopic approach; RSA, retrosigmoid
approach; RSAS, retrosigmoid approach with suprameatal extension; PTA, pterional approach; SEYA, superior
eyelid approach; KWA, Kawase approach; STA, subtemporal approach.
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Table 4. Comparison of surgical exposure for V11.

V1 Lateral (V11)

% (95% CI)
Non-crossing Crossing
EETPA 53(2.1,6.2) 6.1(3.6,8.5)
FTOZA (10 mm) 89.4 (84.5,93.1) 93.4 (88.5,98.4)
FTOZA (15 mm) 93.8 (81.8, 95.9) 96.2 (91.3,98.4)
ILTEA 60.7 (48.5,72.4) 68.2 (56.3, 76.8)
KWA (10 mm) 0 0
KWA (15 mm) 0 0
PTA (10 mm) 23.5 (44.6,57.1) 36.1 (49.0, 59.9)
PTA (15 mm) 27.1(47.8,58.3) 39.2(53.2,61.3)
RSA (10 mm) 0 0
RSA (15 mm) 0 0
RSAS (10 mm) 0 0
RSAS (15 mm) 0 0
SEYA 2.3(1.2,3.4) 29(1.2,3.5)
STA (10 mm) 40.3 (34.2,48.9) 51.9 (41.0, 63.8)
STA (15 mm) 45.9 (35.8,54.1) 57.6 (44.2,69.2)

Abbreviations: CI, confidential interval; EETPA, endoscopic endonasal transpterygoid approach; FTOZA, fronto-
temporal-orbito-zygomatic approach; ILTEA, infero-lateral transorbital endoscopic approach; RSA, retrosigmoid
approach; RSAS, retrosigmoid approach with suprameatal extension; PTA, pterional approach; SEYA, superior
eyelid approach; KWA, Kawase approach; STA, subtemporal approach.

Table 5. Comparison of surgical exposure for V2m.

V2 Medial (V2m)

% (95% CI)
Non-crossing Crossing

EETPA 83.1(75.3,92.6) 91.3 (82.7,96.0)
FTOZA (10 mm) 0 0
FTOZA (15 mm) 0 0

ILTEA 1.6 (1.0,2.5) 5.3(24,6.8)

KWA (10 mm) 0 0
KWA (15 mm) 0 0
PTA (10 mm) 0 0
PTA (15 mm) 0 0
RSA (10 mm) 0 0
RSA (15 mm) 0 0
RSAS (10 mm) 0 0
RSAS (15 mm) 0 0
SEYA 0 0
STA (10 mm) 0 0
STA (15 mm) 0 0

Abbreviations: CI, confidential interval; EETPA, endoscopic endonasal transpterygoid approach; FTOZA, fronto-
temporal-orbito-zygomatic approach; ILTEA, infero-lateral transorbital endoscopic approach; RSA, retrosigmoid
approach; RSAS, retrosigmoid approach with suprameatal extension; PTA, pterional approach; SEYA, superior
eyelid approach; KWA, Kawase approach; STA, subtemporal approach.

22



J. Clin. Med. 2023, 12, 6847

Table 6. Comparison of surgical exposure for V2I.

V2 Lateral (V21)

% (95% CI)
Non-crossing Crossing
EETPA 8.1(2.9,154) 13.5(12.0, 21.8)
FTOZA (10 mm) 19.1 (14.4, 26.0) 23.7 (18.5,30.9)
FTOZA (15 mm) 30.6 (21.8, 38.5) 39.8 (31.6,44.5)
ILTEA 28.6 (21.0, 34.6) 35.3 (26.4,46.1)
KWA (10 mm) 0 0
KWA (15 mm) 0 0
PTA (10 mm) 3.1(15,5.6) 5.0(3.8,9.5)
PTA (15 mm) 5.4 (3.8,8.3) 9.2 (6.6,11.9)
RSA (10 mm) 0 0
RSA (15 mm) 0 0
RSAS (10 mm) 0 0
RSAS (15 mm) 0 0
SEYA 0 0
STA (10 mm) 44.7 (35.6,52.9) 60.1 (51.8, 71.0)
STA (15 mm) 57.9 (49.1, 64.3) 724 (58.2,79.3)

Abbreviations: CI, confidential interval; EETPA, endoscopic endonasal transpterygoid approach; FTOZA, fronto-
temporal-orbito-zygomatic approach; ILTEA, infero-lateral transorbital endoscopic approach; RSA, retrosigmoid
approach; RSAS, retrosigmoid approach with suprameatal extension; PTA, pterional approach; SEYA, superior
eyelid approach; KWA, Kawase approach; STA, subtemporal approach.

Table 7. Comparison of surgical exposure for V3m.

V3 Medial (V3m)

% (95% CI)
Non-crossing Crossing

EETPA 41.9 (35.7, 52.6) 50.3 (46.5, 63.0)
FTOZA (10 mm) 0 0
FTOZA (15 mm) 0 0

ILTEA 11.2 (9.0, 16.4) 15.8 (11.1, 20.6)
KWA (10 mm) 0 0
KWA (15 mm) 0 0
PTA (10 mm) 0 0
PTA (15 mm) 0 0
RSA (10 mm) 0 0
RSA (15 mm) 0 0
RSAS (10 mm) 0 0
RSAS (15 mm) 0 0

SEYA 2.3(1.9,5.5) 7.1 (4.4,10.9)

STA (10 mm) 0 0
STA (15 mm) 0 0

Abbreviations: CI, confidential interval; EETPA, endoscopic endonasal transpterygoid approach; FTOZA, fronto-
temporal-orbito-zygomatic approach; ILTEA, infero-lateral transorbital endoscopic approach; RSA, retrosigmoid
approach; RSAS, retrosigmoid approach with suprameatal extension; PTA, pterional approach; SEYA, superior
eyelid approach; KWA, Kawase approach; STA, subtemporal approach.
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Table 8. Comparison of surgical exposure for V3I.

V3 Lateral (V31)

% (95% CI)
Non-crossing Crossing
EETPA 0.5(0,1.3) 3.6 (2.2,6.3)

FTOZA (10 mm) 29.6 (24.5, 36.9) 37.3(28.9,48.2)

FTOZA (15 mm) 42.4 (30.0,47.4) 49.1 (35.6, 56.0)

ILTEA 449 (31.8,53.7) 53.7 (42.1, 58.5)
KWA (10 mm) 0 0
KWA (15 mm) 0 0

PTA (10 mm) 13.6 (8.2,17.9) 15.3 (10.1, 21.5)

PTA (15 mm) 25.7 (13.6, 31.4) 31.8 (26.8,42.3)
RSA (10 mm) 0 0
RSA (15 mm) 0 0
RSAS (10 mm) 0 0
RSAS (15 mm) 0 0

SEYA 17.0 (11.8, 23.6) 25.8 (124, 31.9)

STA (10 mm) 56.5 (41.3, 62.7) 65.6 (60.9,77.4)

STA (15 mm) 64.6 (54.2,76.9) 73.6 (64.8, 81.9)

Abbreviations: CI, confidential interval; EETPA, endoscopic endonasal transpterygoid approach; FTOZA, fronto-
temporal-orbito-zygomatic approach; ILTEA, infero-lateral transorbital endoscopic approach; RSA, retrosigmoid
approach; RSAS, retrosigmoid approach with suprameatal extension; PTA, pterional approach; SEYA, superior

eyelid approach; KWA, Kawase approach; STA, subtemporal approach.
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Figure 3. Visual depiction of the average exposed surface area percentages for each surgical approach
in relation to Meckel’s cave. Orange line: crossing measurements; blue line: non-crossing mea-
surements. Abbreviations: EETPA, endoscopic endonasal transpterygoid approach; FTOZA, fronto-
temporal-orbito-zygomatic approach; ILTEA, infero-lateral transorbital endoscopic approach; RSA,
retrosigmoid approach; RSAS, retrosigmoid approach with suprameatal extension; PTA, pterional
approach; SEYA, superior eyelid approach; KWA, Kawase approach; STA, subtemporal approach.

3.1. Areas of Exposure
3.1.1. Gasserian Ganglion (GG)

The STA with 15 mm of retraction offered the maximum exposure of the GG, with a
significant gain in exposure compared to the STA with 10 mm of retraction (50% vs. 35%;
p =0.03). The EETPA and ILTEA exposed the GG mainly in the anteromedial portion, but
with a significant 20% gain in exposure provided by the EETPA compared to ILTEA (42%
vs. 22%; p = 0.06). The lowest exposure of the GG was provided by the KWA (2%).

3.1.2. Trigeminal Stem (TS)

The RSAS with 15 mm of retraction offered the maximum exposure of the TS, without
any significant gain in exposure compared to the RSAS with 10 mm of retraction (78%
vs. 75%; p = 0.73). If compared to the KWA, the RSA exposed more of the TS (69% vs.
46%; p = 0.01). Neither the anterolateral MTAs nor the ETOAs provided any exposure to
this region.

3.1.3. Ophthalmic Nerve (V1): Medial (V1m) and Lateral (V1) Portions

The V1m is mainly exposed by the EETPA (66%). The FTOZA offered the maximum
exposure of the V11, with a significant gain of 67% (p = 0.03) and 48% (p = 0.04) in exposure
compared to the PTA and STA, respectively. The ILTEA is the endoscopic approach that
offers the major exposure (61%) of the V1. Neither the anterolateral EETPA nor the SEYA
provided any significant exposure to this region.
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3.1.4. Maxillary Nerve (V2): Medial (V2m) and Lateral (V21) Portions

The EETPA offered the greatest exposure of the V2m (83%). The STA with 15 mm of
retraction offered the maximum exposure of the V21, with a significant gain in exposure
compared to the STA with 10 mm of retraction (58% vs. 45%; p = 0.04). The STA with 15 mm
of retraction provided a significant exposure gain of 27% and 53% compared to FTOZA
and PTA with parity of retraction, respectively. The ILTEA is the endoscopic approach that
offers the greatest exposure (29%) of the V2.

Figure 4. (A). Exemplificative screenshot from Approach Viewer of the EETPA. (B). Exemplificative
screenshot from Approach Viewer of the ILTEA. (C). Exemplificative screenshot from Approach
Viewer of the SEYA.
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Figure 5. (A). Exemplificative screenshot from Approach Viewer of the STA with 10 mm of retrac-

tion. (B). Exemplificative screenshot from Approach Viewer of the STA with 15 mm of retraction.

(C). Exemplificative screenshot from Approach Viewer of the KWA with 10 mm of retraction. (D). Ex-
emplificative screenshot from Approach Viewer of the KWA with 15 mm of retraction.
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Figure 6. (A). Exemplificative screenshot from Approach Viewer of the PTA with 10 mm of retrac-
tion. (B). Exemplificative screenshot from Approach Viewer of the PTA with 15 mm of retraction.
(C). Exemplificative screenshot from Approach Viewer of the FTOZ with 10 mm of retraction. (D). Ex-

emplificative screenshot from Approach Viewer of the FTOZ with 15 mm of retraction.
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Figure 7. (A). Exemplificative screenshot from Approach Viewer of the RSA with 10 mm of retrac-
tion. (B). Exemplificative screenshot from Approach Viewer of the RSA with 10 mm of retraction.

(C). Exemplificative screenshot from Approach Viewer of the RSAS with 10 mm of retraction. (D). Ex-

emplificative screenshot from Approach Viewer of the RSAS with 15 mm of retraction.
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3.1.5. Mandibular Nerve (V3): Medial (V3m) and Lateral (V3l) Portions

The EETPA is the endoscopic approach that offers the maximum exposure of the V3m,
with a significant gain in exposure compared to the ILTEA (42% vs. 11%; p = 0.01) and
the SEY (42% vs. 2%; p = 0.01). The STA with 15 mm of retraction offered the maximum
exposure of the V3l, without any significant gain in exposure compared to the STA with
10 mm of retraction (65% vs. 57%; p = 0.23). The STA with 15 mm of retraction provided a
significant exposure gain of 23% compared to FTOZA with 15 mm of retraction (p = 0.03).
The FTOZA with 15 mm of retraction is the anterolateral MTA that offers the maximum
exposure of the V3l, with a significant gain in exposure compared to the PTA with 15 mm
of retraction (42% vs. 26%; p = 0.04).

3.2. Surgical Volumes

The endoscopic methods demonstrated comparable working volumes (EETPA: 84 cm?;
ETOAs: 66-75 cm®), albeit with varying distances from the target (EETPA: 12 cm; ETOAs:
11 cm). In contrast, the working volume for MTAs expanded in proportion to the craniotomy
size (FTOZAA: 63 cm®; RSA: 25 cm®). The average distance from the target was shorter than
that of the endoscopic approaches (9 cm). Refer to Table 9 for a summary of the minimum,
mean, maximum, and standard deviation values pertaining to the non-crossing volume of
each simulated approach, with a visual representation provided in Figure 8.

Table 9. Table featuring the minimum, mean, maximum, and standard deviation values, measured in
cubic centimeters (cm?), for the non-crossing volume in each simulated approach.

Approach Average Minimum Maximum Standard Deviation

EETPA 84.7 68.1 95.3 9.6
FTOZA 62.9 56.4 77.2 54
ILTEA 75.4 66.2 86.8 8.2
KWA 35.6 26.9 443 4.2
PTA 35.5 29.2 46.7 4.0
RSA 25.1 20.7 339 3.7
RSAS 30.4 21.0 38.5 3.9
SEYA 66.3 46.0 75.5 7.3
STA 33.1 27.4 41.8 3.9

Abbreviations: EETPA, endoscopic endonasal transpterygoid approach; FTOZA, fronto-temporal-orbito-
zygomatic approach; ILTEA, infero-lateral transorbital endoscopic approach; RSA, retrosigmoid approach; RSAS,
retrosigmoid approach with suprameatal extension; PTA, pterional approach; SEYA, superior eyelid approach;
KWA, Kawase approach; STA, subtemporal approach.
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Figure 8. Graphical representation of the minimum, average, maximum, and standard deviation
values of the non-crossing volume of each simulated approach. Abbreviations: EETPA, endoscopic
endonasal transpterygoid approach; FTOZA, fronto-temporal-orbito-zygomatic approach; ILTEA,
infero-lateral transorbital endoscopic approach; RSA, retrosigmoid approach; RSAS, retrosigmoid
approach with suprameatal extension; PTA, pterional approach; SEYA, superior eyelid approach;
KWA, Kawase approach; STA, subtemporal approach.

4. Discussion

In this anatomical pre-clinical study, we quantitatively compared the percentages of
exposure of eight different surfaces of Meckel’s cave by 15 surgical approaches. The experi-
mental findings can be summarized into three main results: (1) the TS is mainly exposed by
the RSA; (2) the STA and EETPA can both efficiently expose the GG but the need for major
parenchymal retraction must be considered in the microsurgical approach; (3) the EETPA
and ETOAs can provide adequate exposure of the most medial compartments of Meckel’s
cave, especially for the trigeminal branches, while the MTAs seem to offer the greatest
surgical exposure of the lateral compartment of Meckel’s cave. Our data furthermore
show clearly how moving anteriorly along the petrous part of the temporal bone posterior
approaches causes a loss of exposure power, while that for anterior ones increases.

The existing literature contains a scarcity of quantitative anatomical investigations.
These studies have primarily focused on comparing a small selection of surgical approaches
to Meckel’s cave, often neglecting the full spectrum of available options and occasionally
failing to comprehensively analyze the extent of exposure within the surgical field [15-17].

Beyond the anatomical factors, when translating these preclinical findings into a clini-
cal context, it is imperative to remain cognizant of the inherent advantages and disadvan-
tages associated with each surgical approach. Our results are useful for the management
of tumors involving Meckel’s cave. These closely related anatomical regions remain a
formidable challenge for today’s skull base surgeons due to the intricate bone structures
and the presence of critical neurovascular elements that converge within these areas [18-20].

Trigeminal schwannomas can present in three different anatomical situations [19,21-23].
(1) Schwannomas that involve the trigeminal branches and extend to the pterygopalatine
or infratemporal fossae. In this case, the best surgical approach seems to be the EETPA
with surface exposure of the medial part of V1, V2, and V3 of 73.9%, 91.3%, and 50.3%; the
GG is also well reached by this approach, with surface exposure of 47.4%. This approach
is a minimally invasive technique that provides direct access to the pterygopalatine and
infratemporal fossae. It has gained popularity in recent years due to its reduced morbidity
and faster recovery times [24]. (2) Schwannomas involving only the middle cranial fossa.
These tumors grow laterally and medially, pressing Meckel’s cave. In this case, the best
surgical approach seems to be the STA with surface exposure of 43.9%. It is interesting to
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note the gain of exposed surface with brain retraction of 15 mm instead of 10 mm (64.2%
vs. 43.9%). This allows the surgeon to carefully evaluate the balance between the benefits
and risks of parenchymal retraction, knowing that he will obtain a significant gain in
terms of surgical exposure. (3) Trigeminal schwannomas with extension to the TS and/or
invasion of the posterior fossa. In this case, the best surgical approaches are KWA or
RSAS. KWA is a highly complex but essential middle fossa approach, able to serve a wide
array of pathologies together with its extensions. It is very accurate in performing hearing
preservation surgery, but not without caveats and an inherent risk of complications [25].
RSAS provides greater exposure of the brainstem and petroclival areas, according to our
findings (82.3%) but also according to the literature [15,16].

The KWA is ideally suited for lesions around Meckel’s cave involving the TS but
with a main extension into the middle fossa. The KWA exposes significantly less ventral
brainstem area than RSAS, as previous studies have confirmed [15]. The mean petroclival
area of exposure through the KWA was significantly smaller than that obtained through the
RSAS. However, these approaches can be used in conjunction with one another to access
petroclival tumors [25]. While trigeminal schwannomas are quite rare, meningiomas are
the most frequent Meckel’s cave tumors [26].

Traditionally, three surgical approaches have been described to remove Meckel’s
cave meningioma: the STA, the RSA, and the KWA [27]. Still, endoscopic approaches are
increasingly used [28], above all when tumors are located anteriorly at the cavernous sinus
apex. Biopsy can be performed with EETPA when the percutaneous approach fails, but
it also allows tumor removal during the same procedure if indicated. According to our
results, EETPA can expose a wide portion of the GG and most of the medial portions of the
three trigeminal branches, being particularly useful for small tumors that are located in the
anterior portion of Meckel’s cave and that are not associated with significant compression
of the trigeminal nerve or other adjacent structures, as Kassam [29] and Jouanneau [28]
previously described. For meningiomas located posteriorly in the petrous apex extending
to the cerebellopontine angle, without expanding the upper and lower quadrangular spaces
of the sphenoid, as described by Cavallo [30], the KWA or RSA is more appropriate.

We found particularly interesting also the trans-orbital approaches, recently described
in clinical practice, both as single approaches and combined with EETPA [31,32]. Previous
studies have proposed ILTEA as a minimally invasive surgical approach that provides
access to the anterior and middle cranial fossae, the cavernous sinus, and the petrous
apex [32-34]. According to our results, ILTEA can expose wide portions of the lateral parts
of V1 and V3 (68.2% and 53.7%) but can reach also the GG with 27.1% of exposure. ILTEAs
should be considered as an additional tool rather than a replacement for EETPA or external
approaches, to optimize visualization and maneuverability, especially for multicompart-
mental lesions with extension to the cavernous sinus and petrous apex. SEYA can be used
to target lesions involving the anterolateral skull base, as previously described [31].

As far as lesions with parasellar extension are concerned, however, the approach to
be preferred is undoubtedly EETPA, given that it allows a wide range of exposure of all
the sellar and parasellar regions, as already reported in the literature [35-41]. To obtain a
general overview from the analysis of our anatomical results, it is possible to state that for
lesions that grow medially and displace Meckel’s cave laterally, it appears more convenient
to perform EETPA, while, for lesions that grow lateral to Meckel’s cave and cause therefore
medial compression, it is more appropriate to perform one of the MTAs; if the lesions
develop laterally but also present medial involvement, then it may be appropriate to add
ILTEA to EETPA.

Our study has several limitations. This was an experimental preclinical investigation,
and, as such, it did not consider any distortions in intracranial anatomy, such as the
mass effect of the tumor or CSF diversion, when conducting measurements. Additionally,
it is important to note that fixation tends to make tissues less flexible and more rigid,
potentially resulting in a decreased area of surgical exposure for both endoscopic and
transcranial approaches.
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5. Conclusions

The endoscopic approaches, through the endonasal and transorbital routes, can pro-
vide adequate exposure of Meckel’s cave, especially for its more medial portions, bypassing
the impediment of major neurovascular structures and significant brain retraction. As far
as the most lateral portion of Meckel’s cave, MTAs still seem to be the gold standard in
obtaining optimal exposure and adequate surgical volumes. Although limited to a preclini-
cal setting, these findings can provide a valuable contribution to everyday neurosurgical
practice and aid in the selection of the most accurate surgical approach to Meckel’s cave.
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Abstract: During the last few years, the superior eyelid endoscopic transorbital approach has been
proposed as a new minimally invasive pathway to access skull base lesions, mostly in ophthalmologic,
otolaryngologic, and maxillofacial surgeries. However, most neurosurgeons performing minimally
invasive endoscopic neurosurgery do not usually employ the orbit as a surgical corridor. The authors
undertook this technical and anatomical study to contribute a neurosurgical perspective, exploring
the different possibilities of this novel route. Ten dissections were performed on ten formalin-fixed
specimens to further refine the transorbital technique. As part of the study, the authors also report an
illustrative transorbital surgery case to further detail key surgical landmarks. Herein, we would like
to discuss equipment, key anatomical landmarks, and surgical skills and stress the steps and details
to ensure a safe and successful procedure. We believe it could be critical to promote and encourage
the neurosurgical community to overcome difficulties and ensure a successful surgery by following
these key recommendations.

Keywords: transorbital surgery; neuroendoscopy; neuroanatomy; skull base surgery

1. Introduction

During the last few years, neurosurgery has recently been enhanced by a variety of
minimally invasive endoscopic procedures to access the ventral skull base. With the advent
of transorbital neuroendoscopic surgery (TONES) [1], new modular pathways have been
developed for accessing the skull base from the orbit ventrally. This was due to the gradual
refinement of endoscopic techniques and anatomical research in minimally invasive skull
base surgery. As a matter of fact, anatomic studies have played an important role in the
development of transorbital endoscopic approaches, thus providing insights regarding
the anatomy [2-6] of the orbit and beyond, such as the paramedian aspect of the anterior
and middle cranial fossae and the safest interdural pathway to reach the cavernous sinus
laterally to the internal carotid artery (ICA) [7,8] (Figure 1A,B). These studies have allowed
surgeons to better understand the relationships between these structures and to identify the
safest and most effective approaches for accessing them [4,9-11]. In addition, advances in
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imaging technology, such as computed tomography (CT) and magnetic resonance imaging
(MRI), have enabled surgeons to create detailed 3-D models of the ventral perspective of
the skull base, which can be used to plan and guide transorbital endoscopic surgeries [12].
Overall, anatomic studies have been instrumental in the development of transorbital
endoscopic approaches, helping to make these procedures safer, more precise, and more
effective [13,14].

Figure 1. Three-dimensional skull reconstruction of the right orbit with superposition of the course
of the internal carotid artey (A), the fronto-temporal opercula, and the sylvian fissure (B).

Furthermore, transorbital endoscopic approaches have been demonstrated to be fea-
sible for the resection of certain types of tumors, such as trigeminal schwannomas and
spheno-orbital meningiomas, with encouraging results [15-17]. However, the decision
to use a transorbital endoscopic approach must be made on a case-by-case basis by a
multidisciplinary team of specialists involving neurosurgeons, maxillofacial surgeons,
ophthalmologists, and ENT surgeons [18,19].

On the other side, transcranial approaches for paramedian skull base lesions often
involve extensive surgeries, which can be associated with significant morbidity and pro-
longed recovery times. Transorbital endoscopic approaches offer a less invasive alternative,
with potential advantages such as shorter hospital stays and faster recovery times [20,21].

Another important thing to consider is that, as recently demonstrated, having ex-
perience with endonasal techniques can be valuable for the development of transorbital
techniques. Indeed, both endonasal and transorbital approaches involve accessing the
ventral skull base. As a matter of fact, experience with endonasal techniques may provide
valuable insight into navigating the complex anatomy in the skull base region and identifying
potential risks and complications associated with accessing this area. The skills and knowl-
edge developed through endonasal techniques, such as using endoscopes and the ergonomy
required to manipulate instruments, may also be applicable to transorbital techniques.

In addition, transorbital and endonasal approaches can be used in combination as
part of a multiportal approach to access, simultaneously or not, different median and
paramedian areas of the skull base [22-24], starting from a key anatomical paradigm:
the endonasal approach involves accessing the midline skull base, while the transorbital
approach involves accessing the paramedian areas laterally to the parasellar and paraclival
segments of the internal carotid artery (Figure 1A) [25]. By combining these approaches in
a multiportal approach, surgeons can access a wider range of skull base regions, including
areas that may be difficult to reach using a single route [23].

The purpose of this study is to present step-by-step maneuvers that should be observed
and accomplished before surgery begins from our 360-degree experience both in anatomy
and in clinical settings (endonasal and transorbital surgery). These steps might simplify the
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often-arduous initial period for beginners, helping them progress more quickly through
the steep learning curve. Finally, surgical technique and anatomical studies can provide
valuable insights into the potential uses and limitations of the transorbital route.

This specific knowledge can help surgeons plan and perform procedures using reliable
landmarks, reducing the risk of complications and improving patient outcomes.

2. Materials and Methods

Anatomical dissections were performed at the Laboratory of Neuroscience, EBRIS,
in Salerno (Italy). Ten adult cadaveric embalmed and injected specimens were accessed.
Each cadaver head underwent a bilateral superior eyelid transorbital endoscopic approach
(TOA). The initial skin and bone step dissections were run under exoscopic visualization
for illustrative purposes (Karl Storz) and then continued under endoscopic visualization by
means of a rigid 4-mm-diameter endoscope, 18 cm in length, with 0° and 30° rod lenses
(Karl Storz GmbH, Tuttlingen, Germany). The common carotid arteries were isolated,
cannulated, and injected with red latex. The authors also performed a retrospective review
of key and exemplificative transorbital surgery performed by the senior authors to provide
specific transorbital techniques applied to an illustrative case.

3. Results
Step-by-Step Paradigm
1. The endoscopic equipment

Endonasal and transorbital approaches share almost the same equipment. While there
may be some overlap in the instruments and equipment used in these approaches, they are
not identical. Similarly, the endoscopic instrumentation used in the endonasal approach
may also include a camera head, instruments such as suction devices, dissectors, and drills,
and a neuronavigator.

The endoscopes designed for transorbital surgery are the same as those for endonasal
procedures. In our institution, 4-mm-diameter endoscopes, 18 or 30 cm long, with 0 or 30°
angled lenses, are used. The 0 degree scope is used at the beginning of the procedure, while
30 degree scopes are usually used at the end of lesion dissection, either for completing the
surgical resection or for inspecting the most hidden and lateral aspects of the surgical field.
As for the endonasal procedure, a very useful tip is to use the external sheath connected to
a manual or automated irrigation system in which the endoscope is inserted to wash the
lens when inside the operating field, which renders the procedure clear and dynamic by
avoiding frequent in and out movements over the skin incision and keeping the endoscope
lens cleaned. In cases where the exoscope is unavailable, the camera head can also be used
alone (without the endoscope connected) as a kind of “external eye” at the beginning of
the procedure. In such cases, the “external” visual assistance allowed significant increases
in maneuverability by eliminating the space occupied by the endoscope. Indeed, at the
beginning of the procedure, the space necessary for carrying out the surgical approach is
very limited, and the endoscopes, due to their limited field of view and short focal distances,
have various limitations during such steps, meaning that they must be placed within the
surgical field with the shaft reducing the available working space and thereby reducing
maneuverability. To overcome such limitations, the introduction of a 3-D exoscope system
offers new possibilities in visualization and ergonomics specifically exploitable for TOA
(Figure 2).

Once the dissection proceeds medially and deeply and the great sphenoid wing (GSW)
is partially removed, the endoscopic visual assistance showed better surgical exposure with
increased magnification and illumination potentials, in our experience.
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Figure 2. Exoscopic visualization during the first steps of the surgical approach. After superior eyelid
incision and subcoutaneous dissection, the lateral orbital rim (LOR) is identified, and a malleable
spatula (S) is used to displace medially the orbital content. Two instruments, a low-profile high-speed
drill (D) and an aspirator (A), can be inserted inside the surgical corridor along the lateral orbital wall.

2. Drills

The surgical drill used during transorbital procedures should have some specific
characteristics to ensure optimal performance and safety. Here are some of the key features:

Low profile: As in the endonasal procedure, the drill should be designed with a low
profile to allow easy access to the surgical site without obstructing the surgeon’s view.

Cut burr: This type of burr is especially useful in transorbital surgery, where precision
and control are crucial, particularly at the beginning of the procedure (4 mm to 5 mm). It
can cut through bone with minimal pressure, requiring a large amount of bone to rapidly
enlarge the surgical field.

Diamond burr: In addition to the cut burr, the drill may also have a diamond burr
(4 mm to 5 mm). Diamond burrs are coated with tiny diamond particles that can grind
away bone and other hard tissues with exceptional precision (Figure 2). In addition to
their cutting ability, diamond burrs also have the ability to cauterize blood vessels to
achieve rapid hemostasis. This can help to reduce bleeding and promote better hemostasis
during the final step of the drilling (spongiosum bone) or when the grater sphenoid
wing (which represents the first anatomical bony “barrier”) is infiltrated by the lesion
(i.e., spheno-orbital meningiomas, chordomas). Overall, diamond burrs are a valuable
tool for surgeons performing transorbital procedures, as they can help to improve the
endoscopic visualization of the surgical field by reducing the bleeding.

3. Navigation system

Neuronavigation is as essential for the transorbital approach as any other skull base
surgery. Preoperative imaging, such as CT and MRI scans, allows for the creation of a
3-D roadmap of the patient’s anatomy. During surgery, the surgeon uses the navigational
probe to track their position in relation to the patient’s anatomy in real-time. In addition
to improving accuracy and reducing the risk of complications, navigation technology can
also help reduce the time required for surgery. Overall, navigation is an important tool
for transorbital skull base surgery, especially at the beginning of the procedure to localize
the first two main landmarks: the superior (SOF) and inferior orbital fissures (IOF). Other
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important landmarks to localize at the beginning to check the direction of the approach are
the position of the optic canal, the clinoidal process, and the lesser wing of the sphenoid in
order to understand the transition of the angle of attack from the middle temporal fossa
(caudally) to the anterior cranial fossa (cranially) (Figure 3). In our case series, it met our
main goal of significantly limiting device cutaneous displacement near the orbit without
invasiveness and postoperative discomfort. Finally, the use of a navigation system seems
mandatory when transorbital and endonasal approaches are used in combination as part of
a multiportal approach in order to plan and recognize intraoperatively the connection of
skull base areas between the two routes.

Figure 3. The picture illustrates the two different angles of attack for anterior and middle cranial
fossa access. The red dotted line, orthogonal to the fronto-zygomatic suture, represents an imaginary
limit between the lateral orbital wall and the orbital roof. FR: foramen rotundum; IOF: inferior orbital
fissure; LSW: lesser sphenoid wing; OC: optic canal; SOF: superior orbital fissure.

4. Operating setup and patient position

The operating setup and patient position for transorbital surgery are critical to ensuring
safety and accuracy during the procedure. The patient is positioned supine on the operating
table with their head turned 15 degrees, slightly away from the side of the operation.
The head is then secured with a Mayfield skull clamp to provide stability and allow
neuronavigation. Regarding the position of the surgical team, in our experience, the first
surgeon is positioned at the side of the patient, while the assistant may be positioned ahead
of the first surgeon, as in endonasal procedures. This allows for the assistant to provide
additional support to hold the endoscope and suction, as well as assist with instruments as
needed. The position of the nurse during the procedure may also vary depending on the
specific shape of the operating room. However, it is common for the nurse to be positioned
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in front of the first surgeon, providing additional support and assisting with any needs or
requests from the surgical team.

The monitor screens used by the first and second surgeons should ideally be placed in
front of them at a comfortable viewing distance and angle. This is important for several
reasons: it ensures that they have a clear and unobstructed view of the surgical site; this way,
they can maintain a comfortable and ergonomic posture throughout the procedure. This can
help to reduce fatigue and improve collaboration between the first and second surgeons,
as they can easily communicate and coordinate their actions by referring to the same
visual information. The position of the surgical team when a multiportal endonasal and
transorbital approach is performed has already been discussed and depicted elsewhere [26]
(Figure 4).

Figure 4. Operative room setup for endoscopic transorbital surgery.
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5. Ergonomics—build up your “triangle”

In order to perform a successful and safe surgery, degrees of freedom, angles of vision,
ergonomics, and instrument positioning are all of paramount importance. The instruments
must be positioned correctly during surgery to avoid instrument collisions and obstructing
the vision, exactly as during an endonasal procedure. Indeed, the maneuverability of the
endoscope itself can be limited by the crowded transorbital entry site, thus increasing
the risk of interference between instruments. As a result of these challenges, ergonomics
has been taught and practiced in the anatomical lab, as it happened for transsphenoidal
approaches, to provide a clear method to ensure the correct position of the instruments
during the surgical approach [3]. After the skin incision at the upper eyelid crease and the
progressive medial orbital retraction, the endoscope is inserted into a “virtual space” that
is gradually enlarged by drilling the GSW. Due to their limited field of view and short focal
distances, endoscopes must be placed within the surgical field, with the shaft reducing the
available working area and limiting maneuverability. To solve this issue, the surgeon must
construct a triangle-shaped operative area as follows: the lateral margin is represented by
the lateral orbital rim, the medial margin by the retractor itself, and the base is the lateral
aspect of the upper eyelid crease (Figure 5A).

Figure 5. The picture shows the anatomical boundaries of the triangular port. (A). The lateral margin
is represented by the lateral orbital rim, the medial margin by the retractor itself, and the base is the
lateral aspect of the upper eyelid crease. (B). The places of insertion of the endoscopic tip are on top,
and the two additional instruments are below.

6.  Evolving from endonasal to transorbital

Neurosurgeons with experience in neuroendoscopy, particularly endoscopic endonasal
surgery, may have a solid foundation to expand their expertise to transorbital surgery. They
would already possess knowledge of key endoscopic principles, instrument handling,
and navigation within complex skull base regions. Indeed, transorbital surgery can be
considered a subset of endoscopic neurosurgery. It requires a similar skill set and familiarity
with endoscopic techniques, instrumentation, and anatomical knowledge.

As a matter of fact, equipment and ergonomics for the transorbital approach come
directly from the EEA, as both procedures involve advanced endoscopic techniques. Con-
cerning the visualization systems, high-definition monitors and HD or 4K camera systems
are used in both transorbital and endonasal surgeries. These systems provide surgeons
with a clear view of the surgical field and allow for safe surgery. Similar to EEAs, as the
corridor is long and narrow, both procedures require an endoscope for visualization. The
endoscope can also be held by an external arm or a second surgeon.

While there are similarities in the equipment and ergonomics, it is worth noting that
the transorbital approach may require specific instruments and equipment designed for
orbital access and manipulation. Indeed, the main difference among surgical instruments
for transorbital surgery is the orbital retractor (Figure 5B). There are different types of
malleable or rigid orbital retractors that must be used during the initial step of the approach.
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For the first cases, we suggest using semi-rigid retractors. These retractors are designed to
hold the orbital tissues and maintain the desired exposure without the need for constant
manual holding. They come in various sizes and designs that can be adjusted and secured
in place. It is important to note that the specific choice of orbital retractors may vary
among surgeons and institutions, and there may be other specialized materials utilized for
retraction during transorbital procedures, such as protective silastic or silicone sheets. The
selection of appropriate retractors depends on the surgeon’s experience and preference.

7. Key anatomical transorbital principles to access the middle cranial fossa

According to previously published studies [3,7,25], the skin incision was made through
the superior eyelid crease and the orbicularis oculi muscle, and a skin-muscle flap was
raised superiorly and inferiorly until the lateral orbital rim was clearly identified.

The periosteal layer was then exposed, and a subperiosteal /subperiorbital dissection
plane was found and followed. Dissection proceeded using this plane caudally until the IOF
first and then the SOF were reached. This way, it was possible to expose a triangular bony
area between both fissures that corresponds to the ventral aspect of the GSW. Afterwards,
a malleable retractor was then gently introduced to protect the periorbita, displacing the
orbital content infero-medially for about 1 cm from the fronto-zygomatic suture and thus
creating room for the next surgical steps (Figure 6).

Figure 6. Steps of the superior eyelid transorbital approach. (A). Skin incision along the superior
eyelid crease (SEC). (B). Subcutaneous dissection preserving the optic septum (OS). (C). Exposure
of the periorbita (PO) of the lateral orbital rim (LOR), with the orbicularis oculi muscle (OOM)
separated to preserve the OS underneath. (D). Removing the PO and exposing the LOR and the
fronto-zygomatic suture (FZS); S: malleable spatula; A: aspirator.

The superior orbital fissure was then protected, and the drilling of the greater sphenoid
wing started from laterally to medially. At this point, it was mandatory to first expose
the temporal fossa to gain room for further medial progressive dissection. Once the deep
temporal muscle fascia is reached, the drilling can turn medially to further remove the
medial part of the GSW and gain retrobulbar space.

The “central core” of the transorbital approach is represented by the exposure of the
middle cranial fossa; the other possibilities of this very versatile technique are discussed
elsewhere [10].
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By using this straightforward drilling, it gives access to the middle cranial fossa and
exposes the dura mater of the temporal pole. While the bone drilling proceeded caudally
until the floor of the middle cranial fossa (MCEF), the progressive resection of the lesser
sphenoid wing allowed further exposure of the dura mater temporal pole. At this point,
the medial limit of bone drilling is represented by the most medial portion of the GSW,
where the GSW turns progressively from a coronal to a sagittal plane, forming a triangular
bony structure shaping dorsally, named the “sagittal crest” [7]. This crest separates the
medial temporal dura from the postero-lateral periorbital layer. The sagittal crest was then
meticulously drilled until the anterior aspect of the foramen rotundum was encountered,
opening the gate to perform the interdural dissection of the cavernous sinus (CS) through
the meningo-orbital band [8,27]. Then, the horizontal part of the MOB was cut, exposing
the roof of the SOF corresponding to the base of the anterior clinoidal process (ACP)
(Figure 7). At this point, the main landmarks over the middle cranial fossa come into
view: the foramen rotundum, the foramen ovale, the foramen spinosum, and the middle
meningeal artery. While proceeding with the dissection medially and posteriorly to the FO,
direct ventral interdural access to the cavernous sinus is achieved (Figure 8).

Figure 7. Endoscopic visualization of the transorbital corridor. (A). The greater sphenoid wing (GSW)
is exposed after identification of the lateral orbital rim (LOR) and frontozygomatic suture (FZS) and
subperiosteal dissection of the lateral orbital wall. A malleable spatula (S) is used to retract the orbit.
(B). Drilling the GSW exposes the dura mater of the temporal lobe (Tdura) in the depth of the surgical
field, the temporalis fossa (TF) on the lateral side, the lesser sphenoid wing (LSW) above, and the
floor of the middle cranial fossa (MCF) below. (C). Drilling the LSW exposes the frontal lobe dura
(Fdura) and the meningo-orbital band (MOB) in between; the sagittal crest (SC) is visible in the
inferomedial portion of the surgical field. (D). Temporal lobe retraction allows for the identification
of the maxillary nerve (V2) exiting from the foramen rotundum posterior to the SC; the periorbita
(PO) and the MCF can be seen on the medial and inferior sides of the surgical field, respectively.
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Figure 8. Interdural dissection of the cavernous sinus. (A). Exposure of the lateral wall of the
cavernous sinus. (B). Exposure of the anterior clinoidal process in the upper portion of the surgical
field. (C). Exposure of the maxillary and mandibulary nerves in the inferior portion of the surgical
field. (D). Exposure of the entire lateral wall of the cavernous sinus, up to the gasserian ganglion
and lateral portion of the middle cranial fossa. ACP: anterior clinoidal process; CS: cavernous
sinus; FO: foramen ovale; FR: foramen rotundum; FS: foramen spinosum; III: oculomotor nerve;
IV: troclear nerve; GG: gasserian ganglion; GSPN: greater superficial petrosal nerve; MCF: middle
cranial fossa; MMA: middle meningeal artery; S: spatula; PA: petrous apex; SOF: superior orbital
fissure; Tdura: temporal dura; V1: ophthalmic nerve; V2: maxillary nerve; V3: mandibulary nerve.

8. Illustrative clinical case (the best case to start)

The case is represented by a 55-year-old male with a history of tobacco smoking
(20 packs/year). He was referred for diagnostic endoscopic endonasal endoscopy by his
pneumologist during the follow-up of chronic bronchitis, as the patient complained of
weight loss and intermittent difficulty swallowing, with associated dysgeusia (described
by the patient as a persistent sensation of sour, bitter, and metal taste in the mouth) and
exophthalmos. This was associated with progressive left diplopia and blurred vision in the
left eye. On admission to our center, magnetic resonance imaging (MRI) of the nasopharynx
(NP) and the whole neck region and chest computed tomography (CT) were performed. A
brain and neck MRI and CT scan revealed that the primary pharyngeal tumor infiltrated
the left paramedian skull base and temporal pole without metastasizing to the upper neck
lymph nodes.

A left endoscopic transorbital decompression and biopsy of the lesion were performed
using image guidance by the senior author (MdN) (Figures 9 and 10). The procedure
revealed an abnormal appearance of greater sphenoid bone infiltration and meningeal
granular tissue, also enhanced by contact endoscopy. A biopsy of the infiltrated bone
and dura mater revealed several foci of infiltrating carcinoma consistent with metastatic
pharyngeal carcinoma. Pathological examination ultimately confirmed the squamous
phenotype of the lesion, as initially suspected.
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Figure 9. The four steps of transorbital access: (A). skin insicion; (B,C). subcoutaneous dissection;
and (D). exposure of the lateral orbital rim (LOR). FZS: frontozygomatic suture; LOR: lateral orbital
rim; OS: orbital septum; SEC: superior eyelid crease.

Figure 10. Transorbital corridor and tumor resection. (A). Exposure of the lateral orbital wall.
(B). Drilling the greater sphenoid wing (GSW) to access the middle cranial fossa. (C). Tumor biopsy.
(D). Tumor debulking. A: aspirator; D: dura meter; GSW: greater sphenoid wing; LSW: lesser
sphenoid wing; PO: periorbita; T: tumor; S: spatula; UA: ultrasonic aspirator; W: Weil nasal forceps.
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A postoperative TC and MRI scan revealed initial orbital decompression without other
complications (Figure 11). The patient was dismissed from our department without a new
neurological deficit; the exophthalmos improved one week later, and then he was referred
urgently to the oncology department for further evaluation and then adjuvant radiotherapy
and chemotherapy.

Figure 11. Pre-operative brain CT and MRI (A,C)show orbital infiltration by the primary tumor
involving the temporal dura and the temporal lobe. Post-operative brain CT and MRI (B,D) show
orbital decompression and resection of the brain tumor.

4. Discussion

The transorbital approach provides a direct ventral route to the paramedian skull
base, which can achieve a favorable ventral angle of attack for several anterior and middle
skull base lesions. As a matter of fact, the ventral perspective of most complex skull base
paramedian regions (i.e., the lateral wall of the cavernous sinus, the Meckel’s cave, and
the petroclival synchondrosis) allows the surgeon’s eye to be brought close to the target
without brain manipulation. Recently, different “extensions” of this ventral paramedian
port have been described to reach through a tailored petrous apex drilling in a safe “entry
zone” supero-medial to the internal acoustic meatus and without brain retraction or cranial
nerve manipulation, the middle tentorial incisura, until the ventral lateral brainstem.
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Actually, the transorbital approach is employed for a variety of procedures, including
optic nerve decompression [28], biopsy [29], and removal of orbital tumors [30,31], as well as
lesions in the anterior and middle skull bases [32] and repair of meningoencephaloceles [33].
It has been shown to be effective and safe in many studies, with low rates of complications
and high rates of success [34]. In this context, it can be described as a “game-changer”
and revolutionary technique in neurosurgery as a minimally invasive, safe, and reliable
technique for multiple reasons: it can lead to reduced morbidity, faster recovery, and shorter
hospital stays, avoiding the need for extensive skull base exposure or brain retraction. It
provides a direct ventral and paramedian, and intra- and extradural, route to the skull
base laterally to the cavernous and clinoidal segments of the internal carotid artery, which
can reduce the risk of brain injury, cerebrospinal fluid leak, and infection. This versatility
can help surgeons tailor their approach to the specific needs of each patient and surgical
target. Furthermore, it can be performed using relatively simple endoscopic equipment,
not requiring extensive hospitalization, making it a cost-effective option for many patients.

Finally, this technique is a rapidly evolving field, with ongoing research and de-
velopment focused on improving surgical techniques and outcomes. New instruments
and approaches are being developed to make the transorbital approach even safer and
more effective.

5. Conclusions

Overall, the transorbital approach represents a major advance in neurosurgery, pro-
viding a safe, minimally invasive, and versatile alternative to traditional open cranial
approaches. While the technique is still relatively new, its potential benefits for patients
and surgeons are significant, and it is likely to become an increasingly important technique
in the neurosurgeon’s arsenal.
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Abstract: Background: Thalamopeduncular tumors are challenging lesions arising at the junction
between the thalamus and the cerebral peduncle. They represent 1-5% of pediatric brain tumors,
are mainly pilocytic astrocytoma and occur within the first two decades of life. To date, the optimal
treatment remains unclear. Methods: We retrospectively reviewed pediatric patients who underwent
surgery for thalamopeduncular tumors in the Academic Pediatric Neurosurgery Unit of Padova
and Verona from 2005 to 2022. We collected information on age, sex, symptoms, preoperative and
postoperative neuroradiological studies, histological specimens, surgical approaches, and follow-
up. Results: We identified eight patients with a mean age of 9 years. All lesions were pilocytic
astrocytoma. The main symptoms were spastic hemiparesis, cranial nerve palsy, headache, and ataxia.
The corticospinal tract was studied in all patients using diffusion-tensor imaging brain MRI and in
two patients using navigated transcranial magnetic stimulation. The transsylvian approach was the
most frequently used. A gross total resection was achieved in two patients, a subtotal resection in
five and a partial resection in one. In three patients, a second treatment was performed due to the
regrowth of the tumor, performing an additional surgery in two cases and a second-look surgery
followed by adjuvant therapy in one. After the surgery, four patients maintained stability in their
postoperative neurological exam, two patients improved, and two worsened but in one of them,
an improvement during recovery occurred. At the last follow-up available, three patients were
disease-free, four had a stable tumor residual, and only one patient died from the progression of the
disease. Conclusions: Advanced preoperative tools allow one to define a safe surgical strategy. Due
to the indolent behavior of thalamopeduncular tumors, surgery should be encouraged.

Keywords: thalamopeduncular tumor; pilocytic astrocytoma; transcranial magnetic stimulation;
thalamopeduncular syndrome; DTI MRI; brain mapping

1. Introduction

Thalamopeduncular tumors are a new subgroup of lesions recently described by
Puget et al. [1] that originate from the interface between the thalamus and the cerebral
peduncles. They develop below a normal thalamus, pushing it upwards and displacing
the corticospinal tract. Pediatric thalamopeduncular tumors represent less than 5% of all
pediatric brain tumors. They can occur at all ages, rarely arise in adulthood, and mainly
affect children in the first two decades of their life, with no gender preference. In the past,
they were classified as tout court within a large group of tumors, defined as “thalamic”,
“brainstem” or “basal ganglia” tumors, without considering their different features in terms
of clinical or radiological presentation and therapeutic strategies.

In most cases, the thalamopeduncular tumors are pilocytic astrocytoma. In the pe-
diatric population, low-grade gliomas (LGG) have a very high chance of a long overall
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survival, reaching adulthood, and in the case of pilocytic astrocytoma and a histology
without aggressive or infiltrative histopathological features, a complete recovery can be
achieved with total resection, usually without the need for adjuvant oncological treatment.

If a more infiltrative tumor pattern is found, the recent molecular knowledge about
genetic mutations such as KIAA1549-BRAF fusion and BRAF-V600E mutation could offer
additional targets for therapies [2,3].

Frequently, thalamopeduncular tumors are responsible for a peculiar clinical syndrome
named the “Thalamopeduncular syndrome of childhood”, characterized by progressive
spastic hemiparesis associated with pyramidal signs. Hydrocephalus may be present due to
the proximity of the lesion to the ventricular system. Other signs such as visual impairment,
cranial nerve palsy, and focal seizures are less common [4].

Before the nineties, these tumors were considered inoperable, due to the deep and
complex areas involved. The lack of adequate neuroimaging and intraoperative tools made
the cost-benefit ratio of thalamopeduncular surgery unfavorable. In most cases, patients
were referred for radiotherapy with a poor prognosis due to early relapse, malignant
transformation, or cognitive impairment.

Nowadays, new advanced neuroimaging techniques such as diffusion-tensor imaging
tractography (DTI MRI) and neuronavigated transcranial magnetic stimulation (nTMS),
together with neuronavigation system and intraoperative neurophysiological monitoring,
allow one to plan an accurate surgical strategy to obtain good control of the disease with
low morbidity and a favorable long-term outcome [5-7].

2. Materials and Methods

We retrospectively reviewed pediatric patients who underwent surgery for thalam-
opeduncular tumors at the Academic Pediatric Neurosurgery Department of Padova and
at the Academic Neurosurgery Department of Verona from 2005 to 2022.

We collected eight cases, including four boys and four girls (M/F ratio 1:1) aged
from 3 to 15 years with a mean age of 9 years. The clinical presentation at admission was
progressive spastic hemiparesis in six patients, and in three of them, VII cranial nerve palsy
was also observed. Other symptoms were ataxia in one case and headache in another one.
In three patients, mild hydrocephalus was present (Table 1). For each patient, we assessed,
sex, age at onset, the histopathological report (with Ki67 proliferation index), preoperative
and postoperative brain MRI with gadolinium, DTI MRI to reconstruct the corticospinal
spinal tracts, cortical motor mapping, white fiber reconstruction with nTMS (Nexstim®,
Madison, WI, USA), the use of the neuronavigation system (Medtronic Stealth Station
Navigation S7®, Lafayette, CO, USA), and the use of intraoperative neurophysiological
monitoring (IONM).

The level of tumor resection was classified as a partial resection (<90% with the
presence of residual tumor on postoperative MRI), a subtotal resection (>90% with small
residual tumor on postoperative MRI), or a gross total resection (the absence of residual
tumor on postoperative MRI).

Finally, we reported the surgical approaches performed, the additional surgery or
eventual adjuvant therapies performed, the postoperative neurological status and the last
clinical and neuroradiological follow-up available (Table 2).
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Table 1. Data series.

3 . Pre-Op Post-Op Relapse\ 2nd
Case Sex; Age Histology EON HY Treatment EON Progression Treatment
A F; 12 PA HH N Surgery HH Stable N -
B F; 13 PA Mild HP Y Surgery im;(l)jve d N -
Moderate HP;
C M; 7 PA VIICN N Surgery HP a“ds\t/:{ﬂceN palsy N -
palsy
W d Additional
D F3 PA* Ataxia Y Surgery seszgrﬁl’ Progression surgery
+ CH\RT
E M; 15 PA Mild HP N Surgery stI;I I:IJ)le Progression A;ifrl;eor;al
F F;9 PA Moderate HP Y Surgery Lp vensient N -
Mild HP;
G M; 8 PA VIICN N Surgery % a“i‘jnzivcg palsy N -
palsy
H M; 6 PA HP N Surgery stI: Ifle Progression Agig;i;al

EON, neurological exam; HP, hemiparesis; HH, headache; PA, pilocytic astrocytoma; PA *, more aggressive
histopathological pattern (Ki67 > 5%); CN, cranial nerve; HY, hydrocephalus; Y, yes; N, no. Transient Worsened **,
EON improved just during recovery and after a brief rehabilitation period.

Table 2. Surgical approaches performed, level of tumor resection and follow-up.

Case Surgical EOR FU (MO) LTFU
Approach

A Transsylvian GTR 11 Disease free
B Transtemporal T1-T2 STR 10 Stable residual
C Transtemporal T1-T2 GTR 96 Disease free
D Parietal transcortical PR 36 Deceased

E Transsylvian STR 108 Stable residual
F Transsylvian STR 120 Stable residual
G Transsylvian STR 84 Stable residual
H Transsylvian STR 51 Stable residual

EOR, amount of tumor resection; GTR, gross total resection; STR, subtotal resection; PR, partial resection; FU,
Follow-up; MO, months, LTFU, long-term follow-up.

3. Surgical Plan

Every patient underwent brain MRI with gadolinium (Gd) and DTI MRI tractography
to reconstruct the cortical spinal bundles, and in recent cases, nTMS was used to reconstruct
the cortical motor mapping.

Due to the deep sites and complex areas invaded by thalamopeduncular tumors, DTI
MRI tractography (DTI) is an important tool used to identify the corticospinal tracts (CSTs)
with the aim of planning a surgical approach and trying to obtain a gross total resection
with respect to neurological function [8].

Neuronavigated transcranial magnetic stimulation (nTMS) was a recent neuroimag-
ing tool introduced by the Academic Neurosurgery of Padova and Verona. nTMS is an
innovative technique that allows one to obtain a preoperative functional mapping of the
motor cortex, adding functional information on the CSTs with respect to the anatomic data
obtained with DTI-MRI. nTMS requires collaboration from the patients, and for this reason,
it is usually performed on adults [9].

DTI-MRI CST reconstruction combined with nTMS mapping allows for an accurate
tridimensional visualization of the cortical spinal bundles and helps the surgeon to choose
the safer surgical corridor (Figures 1 and 2).

In addition to the location and size of the lesions, the DTI MRI and the nTMS data are
important tools used to decide the surgical approach.

We performed three main surgical approaches: transsylvian, transcortical transtempo-
ral, and transcortical parietal.
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Figure 1. (I-IV) Neuronavigated transcranial magnetic stimulation pre-op study. (III) A 3D recon-
struction of the nTMS data that shows cortical maps of the right spinal tract (CST) for the hand (green)
and foot (yellow) and its relationship with the thalamopeduncular tumor of Case B. (IILIV): The
brain MRI merged with the nTMS data shows that the cortical spinal tract (CST) runs antero-laterally
with respect to a right thalamopeduncular tumor.

Figure 2. Neuronavigated transcranial magnetic stimulation pre-op study. (III) A 3D reconstruction
of the nTMS data that shows cortical maps of the right spinal tract (CST) for the foot (blue) and
hand (orange) and its relationship with the thalamopeduncular tumor of Case A. (IILIV) Brain MRI
merged with nTMS data showing that the cortical spinal tract (CST) runs antero-medially respect to a
right thalamopeduncular tumor.

Furthermore, intraoperative neurophysiological monitoring (corticospinal and corti-
cobulbar SSEPs and MEPs) and cortical-subcortical mapping [10] guided all the intraopera-
tive steps of the surgery.

Finally, in all cases, we performed a postoperative brain MRI with gadolinium within
24 h of the surgery (Figure 3).

725

Figure 3. (a-d) Early postoperative brain MRI with gadolinium. (a,b) An early postoperative brain
MRI, T1-weigthed with gadolinium in the axial (to the left) and coronal plane (to the right), for
Case A in Figure 2. (c,d) An early post operative MRI, T1-weigthed with gadolinium, for Case B in
Figure 1. In detail: In accordance with the nTMS data, we performed a transsylvian approach for
Case A (a,b) obtaining a gross total resection (GTR). In Case B (b-d), we performed a trans-temporal
approach, obtaining a subtotal resection (STR).
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4. Results

In the last 17 years (from 2005 to 2022), a total of eight children with thalamopeduncular
tumors underwent surgery in the Academic Pediatric Neurosurgery Department of Padova
and in the Academic Neurosurgery Department of Verona.

In our series, the mean age was 9 years (range 3-15 years), with no gender prevalence,
and the patients had not undergone any previous surgical intervention. Six patients
developed “thalamo-peduncular syndrome” [11] with progressive spastic hemiparesis, and
in three of them, facial cranial nerve palsy was observed. Other symptoms at onset were
headache and an unstable gait. Indeed, three patients presented chronic hydrocephalus
that did not require shunt surgery before the tumor resection.

In seven patients, the tumor was unilateral (in four on the left side and in three
on the right side), and it was bilateral in one case. In all cases, the preoperative brain
MRI with gadolinium showed mixed solid-cystic lesions with non-homogeneous contrast
enhancement.

Preoperative DTI-MRI showed a posterior displacement of the cortical spinal tracts
in three cases (posterolateral in) and anterior (four antero-lateral and one antero-medial)
displacement in five cases.

In the most recent cases (Case A-Case B), the preoperative nTMS was performed
to obtain a cortical motor mapping and the cortical spinal bundles reconstruction. The
nTMS data confirmed the DTT MRI data for the motor bundles’ displacement, adding
functional information about cortical and subcortical motor areas of the mouth, arms and
legs (Table 3).

Table 3. DTI and nTMS data for cortical spinal tracts’ position with respect to the thalamopeduncu-

lar tumor.

Case DTICST nTMS CST
A AM AM And P
B AL AL And P
C AL N\A
D AL N\A
E PL N\A
F P N\A
G P N\A
H AL N\A

DTI, diffusor tensor imaging; nTMS, neuronavigated transcranial magnetic stimulation; CST, cortical spinal
tract; AL, antero-laterally; AM, antero-medially; P, posterior; N\ A, data not available.

A total of 11 procedures were performed on eight patients. Two patients (Case E-Case H)
required a second surgery for progression one and four years after surgery, respectively,
and one required an early second-look surgery due to a partial resection (Case D).

The main surgical corridor used was the transsylvian approach (Case A-E-F-G-H).
In two cases, we used the transcortical transtemporal route (Case B-C), and in one case,
we used a posterior parietal approach (Case D) due to the greater posterior parietal de-
velopment of the lesion. We achieved GTR in two cases (Case A—Case C), STR in five
(Case B-E-F-G-H), and PR in one (Case D).

All the tumors were pilocytic astrocytoma, but in one, we found a more infiltrative
and aggressive histopathological pattern with a higher proliferation index (Ki67) (Case D)
(Table 4).

The location and the extension of the tumor together with the DTI-MRI and nTMS
reconstruction CST data guided the preoperative surgical plan. In all cases, we used
intraoperative neurophysiological monitoring of the SSEPs, MEPs, and cortical\subcortical
mapping. The brainstem acoustic evoked responses (BAERs) were used in the presence of a
great extension of the lesion to the midbrain and the pons and the visual evoked potentials
(flash-VEPs) in cases of the involvement of the optic chiasm or optic tracts.
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Table 4. Histopathological report and molecular features.

Histology

Case ki67% kiaa1549-braf braf v600e
Features
A PA (Nos) 2% positive negative
B PA (Nos) 1% positive negative
C PA (Nos) 1% ) )
D PA (infiltrative) 5% negative negative
E PA (Nos) 3% ) )
F PA (Nos) 1% ) )
G PA (Nos) 1% negative negative
H PA (Nos) 3% ) )

PA pilocytic astrocytoma; Nos not otherwise specified; (-) Data non avaible.

Two patients showed improved neurological status after the surgery (Case B-G)
and four maintained stable (Case A-C-E-H). Two patients worsened immediately after
the surgery (Case D-F), but one (Case F) improved during recovery, recovering to his
pre-surgery neurological status after a period of rehabilitation.

Three patients had a progression of their disease (Case E-D-H). Two patients (Case E-H)
experienced a regrowth of the lesion after 15 months and four years, respectively, and
therefore underwent an additional surgery, obtaining a new subtotal resection with good
clinical and radiological long-term outcomes.

In only one case (Case D), due to an important extension and aggressive histopatho-
logical pattern, a partial resection was achieved. For this reason, we performed an early
second-look surgery to obtain a new partial resection. Therefore, this patient received addi-
tional adjuvant therapy (CHT\RT) after a multidisciplinary discussion with the oncologist
group. Finally, this patient died due to a rapid progression of disease.

At the last neuroradiological and clinical follow-up, five patients had a stable residual
tumor (Case B-E-F-G-H), two were disease-free (Case A-C), and one was deceased
(Case D). The mean follow-up was 64.5 months (range 10-120 months).

5. Discussion

Thalamopeduncular tumors are lesions that arise at the junction between the thala-
mus and the cerebral peduncles [1] (Figure 4). Most of these tumors are slow-growing
pilocytic astrocytoma and displaced the corticospinal bundle, leading to the typical con-
tralateral progressive spastic hemiparesis described as “childhood thalamopeduncular
syndrome” [11].

Figure 4. Preoperative brain MRI of the thalamopeduncular tumor of Case A (a,b) and of Case B (c,d).
(a,b) Brain MRI, T1-weighted with gadolinium, showing solid-cystic right thalamopeduncular tumors
in the axial plane (on the left) and coronal plane (on the right) in Case A. (c,d) Brain MRI, T1-
weighted with gadolinium, showing a right thalamopeduncular lesion with disomogenous contrast
enhancement in the axial (on the left) and coronal (on the right) plane in Case B.

The natural history of pediatric low-grade gliomas is favorable, and children have
an excellent survival prognosis in comparison to adults. Overall survival rates at 10 and
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20 years range from 80 to 90%. Therefore, in the pediatric population, these lesions rarely
undergo malignant transformation during their lifetime and have a very low mortality
rate [12,13]. For all these reasons, these patients can reach later adulthood.

Our series collected and retrospectively reviewed eight children with thalamopeduncu-
lar tumors who underwent surgery in the Academic Pediatric Neurosurgery Departments
of Padova and Verona. In most cases, the clinical presentation observed was “childhood
thalamopeduncular syndrome”, as described in the literature [4-11]. Other symptoms such
as headache and cranial nerve palsy were observed. Two cases (Case B-F), due to persistent
hydrocephalus, required ventricular-peritoneal shunt surgery after tumor resection, unlike
in the Baroncini and Cinalli series [14,15].

All patients in our series underwent elective surgery. We achieved gross total resection
in two patients, subtotal resection in five, and a partial resection in one case (<90% removal).
No mortality related to surgery occurred.

All tumors were pilocytic astrocytoma and were examined for their proliferation
activity using a Ki67 marker with a mean of 2% (range 1-5%).

Three patients underwent an additional surgery for tumor progression, obtaining a
new subtotal resection in two and a partial resection in one. This latter case presented a
more infiltrative histopathological pattern, with a Ki67 of 5%, and a more rapid progression
of the disease. For this reason, we performed an early second-look surgery and then an
additional chemotherapy regime with carboplatin and vincristine followed by radiotherapy
(SIOP-LGG 2004 protocol) [16].

Indeed, one patient died due to rapid progression of their disease, while the other
seven patients in our series had a stable residual tumor or were disease-free at the last
follow-up.

Our surgical series provides further evidence regarding the key role of surgical treat-
ment with curative intent for challenging entities such as thalamopeduncular tumors with
a low-grade histology.

According to the literature [17,18], due to the very low mortality rate of this condition
and the rare possibility of undergoing malignant transformation, in low-grade thalamope-
duncular tumors, we suggest maximizing tumor resection as the treatment of choice. The
cornerstone of treatment of these lesions is surgery, even in cases of tumor regrowth.

Even a subtotal resection offers a good long-term outcome, as shown in our series.
Five cases with subtotal resection were clinically and radiologically stable at long-term
follow-up (Figure 5).

Figure 5. (a-d) Brain MRI, T1-weighted with gadolinium. Last follow-up of Case A (a,b) and
Case B (¢,d). (a,b) Brain MRI, T1-weighted with gadolinium, in the axial and coronal planes of
Case A, showing good control of the disease (2021). (b—d): MRI, T1-weighted with gadolinium, in
the coronal and axial planes of Case B, showing no evidence of relapse five years post-op.

Preoperative advanced techniques of neuroimaging, including the more recent nTMS,
are important tools used to plan surgery and guide the intraoperative steps of tumor
resection with a good risk-benefit ratio. Therefore, the surgical corridor is chosen according
to the tumor location and size and according to the relationship between the tumor and the
corticospinal tract, studied with DTI MRI and nTMS [19].

57



J. Clin. Med. 2023, 12, 5521

The introduction of nTMS for pediatric thalamopeduncular tumors has led to addi-
tional information about the topography of motor pathways from the brain cortex and
provides functional information about the different components inside the cortical spinal
bundles. Thus, the integration between anatomic and functional studies based on DTI MRI
and nTMS allows for more precise and detailed knowledge of the motor bundles’ position
with respect to the tumor and consequently allows us to tailor a better surgical approach.

nTMS is also useful, as reported in the recent literature, for better understanding the
benefits and risks of surgery in terms of neurological functional outcomes and to convey
realistic expectations to families [7].

The use of an nTMS machine on children requires some precautions, such as the
adaption of the nTMS seat workstation to the size of the children. The seat of the nTMS
workstation is too large for a young patient, and so it must be adjusted to the height of the
child in each individual case.

Therefore, NnTMS is an exam that requires the patient’s concentration and collaboration,
which is difficult in the case of young patients, but we did not encounter any problems
during mapping, and no side effects were registered for our patients, as the latest systematic
review of the literature describes [5].

Even though further studies are needed to verify the utility of nTMS so as to improve
surgical and functional outcomes in pediatric thalamopeduncular tumors, this paper and
another one recently published by our work team describe the first surgical series where
nTMS was applied in pediatric thalamopeduncular tumors for a preoperative study of the
arrangement of the corticospinal bundles [20].

The technological tools described are valid instruments used to preserve and, in
some cases, improve neurological function in patients with thalamopeduncular low-
grade gliomas.

The limitations of this study must be kept in mind due to the small number of patients
presented. Furthermore, our paper does not have statistical and comparative value with
respect to overall survival with and without the use of these tools, but we wish to stress the
utility of advanced presurgical tools for reconstructing cortical spinal bundles, as nTMS
and DTI MR allow us to perform surgery on lesions located in deep and complex areas of
the brain.

Indeed, we underline our surgical attitude to planning a maximal safe resection using
DTI MR, as described above, in children harboring thalamic and thalamopeduncular
low-grade gliomas, as well as the use of innovative techniques as nTMS.

According to our experience, many residual tumors can be observed with serial MRI,
and upon progression or clinical manifestation, further surgery and eventual oncologi-
cal therapy can be considered depending on the histopathological and molecular tumor
features, the location of the tumor and the patient’s functional status.

The innovative technique described allows us to choose a safer surgical approach and
helps the surgeon to obtain good control of the disease.

Another important aspect observed in children with thalamopeduncular tumors is
that even though immediate worsening in the postoperative neurological exam is possible,
in most patients, an improvement of their clinical status can occur during recovery or with
a brief rehabilitation period.

As suggested in the literature [21], this clinical behavior in patients with thalam-
opeduncular tumors is probably due to a reduction in the compressive effects of the
thalamopeduncular tumor on the thalamus and on the motor spinal tracts.

6. Conclusions

In the past, thalamopeduncular tumors were considered inoperable, and their surgery
was characterized by elevated morbidity and mortality. Nowadays, safe surgical planning
with advanced preoperative techniques, such as DTI MRI and nTMS, and intraoperative
tools, such as intraoperative neurophysiological monitoring and neuronavigation systems,
is the key to obtaining good control of the disease with acceptable surgery-related morbidity.
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Therefore, due to the potential indolent behavior of thalamopeduncular low-grade
gliomas, neurosurgical attitudes have changed, becoming more aggressive in recent years.

By using DTT MRI and nTMS for pediatric thalamopeduncular tumors, we showed
a feasible and curative surgical approach which allowed us to navigate areas previously
considered as a neurosurgical taboo, for it was impossible to conduct even a subtotal
resection without severe complications, as supported by the recent literature.

Even if the use of nTMS is in its initial stages and further studies are needed to confirm
its real potential for support in these kinds of tumors, our experience suggests the utility of
nTMS as a preoperative instrument to provide functional information for cortical spinal
bundles observed using DTI MRI, allowing us to improve the functional outcomes of
patients with thalamopeduncular tumors.

Finally, we underline that a small residual tumor can be stable for many years, even af-
ter a subtotal resection; thus surgery for thalamopeduncular tumors should be encouraged.
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Abstract: The aim of this study was to evaluate whether radiologically defined sarcopenia, or a low
skeletal muscle index (SMI), could be used as a practical biomarker for frailty and postoperative
complications (POC) in patients with head and neck skin cancer (HNSC). This was a retrospective
study on prospectively collected data. The L3 SMI (cm?/m?) was calculated with use of baseline
CT or MRI neck scans and low SMIs were defined using sex-specific cut-off values. A geriatric
assessment with a broad range of validated tools was performed at baseline. POC was graded with
the Clavien-Dindo Classification (with a grade of > II as the cut-off). Univariate and multivariable
regression analyses were performed with low SMIs and POC as the endpoints. The patients’ (n = 57)
mean age was 77.0 £ 9 years, 68.4% were male, and 50.9% had stage III-IV cancer. Frailty was
determined according to Geriatric 8 (G8) score (OR 7.68, 95% CI 1.19-49.66, p = 0.032) and the risk
of malnutrition was determined according to the Malnutrition Universal Screening Tool (OR 9.55,
95% CI1.19-76.94, p = 0.034), and these were independently related to low SMIs. Frailty based on G8
score (OR 5.42, 95% CI 1.25-23.49, p = 0.024) was the only variable related to POC. However, POC
was more prevalent in patients with low SMlIs (A 19%, OR 1.8, 95% CI 0.5-6.0, p = 0.356).To conclude,
alow SMl is a practical biomarker for frailty and malnutrition in HNSC. Future research should be
focused on interventions based on low SMI scores and assess the effect of the intervention on SMI,
frailty, malnutrition, and POC.

Keywords: head and neck neoplasms; skin neoplasms; postoperative complications; geriatric assess-
ment; frail elderly; sarcopenia

1. Introduction

Older patients have a higher chance of developing HNSC due to the cumulative
damages from solar UV radiation, and this is a population that is expanding as our society
ages [1-4]. Surgery is the primary treatment choice for HNSC; however, primary radiother-
apy can be an alternative to surgery in selected cases. In general, surgical interventions for
HNSC are relatively simple with local excision, but extensive surgery can be necessary for
cases of advanced disease. Preoperative screening for this population is essential as older
patients may have more comorbidities, functional impairments, psychological issues, and
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poorer social support, all of which can affect perioperative risk [5]. Hence, a multidisci-
plinary approach and personalized treatment are important for decision-making [6,7].

The Comprehensive Geriatric Assessment (CGA) is a multidimensional and interdisci-
plinary assessment and is the gold standard for identifying frail patients [6,8]. However,
the CGA is time-intensive, partially subjective, requires the active participation of the
patient, and can be strenuous for the patient or clinician. Therefore, shorter frailty screening
questionnaires, such as the Geriatric 8 (G8) and the Groningen Frailty Indicator (GFI) are
also available. Screening for frailty with the G8 is promising as it is related to postoperative
complications (POC) [9], guideline deviations [10], and declined quality of life in HNSC
patients [11]. Although shorter, these frailty screening tools still require the active partic-
ipation of the patient, and the frailest patients tend to not return questionnaires [12]. A
simple, objective method to assess frailty and the risk of POC could be helpful to overcome
these problems.

SMI is considered a surrogate biomarker for total body skeletal muscle mass [13]
and could be a fast, objective biomarker for frailty and POC in HNSC patients. Generally,
neck imaging for HNSC is reserved for more complex or advanced cases. SMI can reliably
be measured on CT and MRI neck scans that are conducted during oncological work-
up [14,15], and it provides a convenient, objective, and less time-intensive tool relative to
the CGA. A low SMI, also referred to as radiologically defined sarcopenia, has already
emerged as a predictor for adverse clinical outcomes, including POC and frailty in patients
with mucosal head and neck cancers (mHNC) [16-18]. The impact of a low SMI in HNSC
could be considerable as a recent meta-analysis found that low SMIs were related to lower
progression-free survival and lower overall survival in patients diagnosed with malignant
cutaneous melanoma who had been treated with palliative immunotherapy [19].

However, the clinical value of SMI for predicting frailty and POC is unknown in
HNSC, and insights could be beneficial for multidisciplinary teams when making treatment
decisions or selecting patients for pre-habilitation, particularly in an older population.
Therefore, in the present study, the aims were to: (1) determine SMI using baseline CT
or MRI neck scans conducted during oncological work-up, (2) analyze the relationship
between frailty and (low) SMI, and (3) investigate the impact of (low) SMI and frailty on
the occurrence of POC in patients with HNSC.

2. Materials and Methods

Patients in this retrospective cohort study were prospectively enrolled in the Onco-
logical Life Study (OncoLifeS) databiobank [20] after obtaining written informed consent.
This large-scale, institutional oncological databiobank collects and stores the following
details of adult patients diagnosed with cancer: clinical and treatment data, comorbidities,
lifestyle, radiological and pathological findings, biomaterials, quality of life, and long-term
outcomes. The OncoLifeS databiobank has been approved by the Medical Ethical Commit-
tee of the University Medical Center Groningen (UMCG) and is registered in the Dutch
Trial Register under the registration number NL7839. The scientific board of OncoLifeS
gave its permission for this study.

2.1. Patient Population and Data Collection

Between October 2014 and October 2018, 197 patients with HNSC were included in
OncoLifeS. The patients were treated according to national guidelines within the multidis-
ciplinary head and neck tumor board and, if applicable, the melanoma board. Eligibility
criteria for the present study were patients who had been surgically treated for HNSC in
the UMCG with follow-up data on POC, sufficient neck imaging at baseline, and a geriatric
assessment at baseline (n = 65). Patients without imaging data at a level of C3 (n = 5), those
with too small field of view (n = 2), or those with too much angulation in the cervical spine
(n =1) were excluded. In total, 57 patients (28.9% of the initial sample size) were included
in this study.
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The baseline patient, tumor, and treatment characteristics were extracted from the
OncolLifeS databiobank, including age (years), sex, body mass index (BMI, kg/m?), smoking
status (never vs. former or current), alcohol usage (none or mild vs. heavy, as defined by
the usage of two alcohol units or more per day), reason for referral (primary vs. residual or
recurrent), primary tumor location, stage of disease (stage I-II vs. II-IV), tumor size (cm),
tumor type, treatment intensity (minor vs. major, as defined by a surgery of > 120 min),
type of anesthesia (local vs. general), and reconstructive surgery (yes vs. no). The seventh
edition of the Union for International Cancer Control TNM Classification was used for
defining tumor stage.

2.2. Frailty Screening and Geriatric Assessment

The included patients underwent a geriatric assessment on the first day of consultation
using a range of validated tools (Table S1), and the outcomes were registered in OncoLifeS.
The Geriatric 8 (G8) and Groningen Frailty Indicator (GFI) were used for frailty screening.

2.3. Quantification of Skeletal Muscle Mass

All scans were made for clinical purposes and performed using modern CT (n = 43)
or MRI (1.5 Tesla, n = 9; 3 Tesla, n = 5) scanners. Most CT scans were performed with an
intravenous iodine contrast (n = 42) and with the use of a soft tissue kernel of between
20 and 40 (n = 37). The CT slice thicknesses were 0.6-1.25 mm. Most MRI scans had a slice
thickness of 3.0 mm without the use of an intravenous contrast (n = 13). Measurements on
the MRI scans were completed on a T2, and if a T2 was not available, they were completed
onaTl(n=4).

The SMIs were measured with CT and MRI neck scans using previously validated
procedures [14,15]. In short, the third cervical vertebra (C3) was identified and the cross-
sectional area (CSA, cm?) of the neck musculature was measured [14]. The CSA at the
C3 level was converted to the CSA at the third lumbar vertebra (L3) to calculate the SMI
(cm?/m?) (see Equations 1 and 2) [13,14]. A low SMI was defined using sex-specific SMI
cut-off values, with an SMI of < 42.4 cm?/m? for males and an SMI of < 30.6 cm?/m? for
females [21]. One observer (LMC) took all of the measurements and was blinded for the
baseline characteristics and clinical outcomes. Before making the CSA measurements in
the dataset of the present study, the performance of this observer was tested in a separate
training set (with the CT n = 25 and the MRI n = 25). In addition to the main observer,
the observers for the inter-observer analyses included a PhD student (ATZ) with 5 years
of experience doing these measurements, a board-certified radiologist, and three medical
students. All CSA measurements taken by the main observer in the dataset of the present
study were visually verified by ATZ. The equations used for the calculations were:

CSAatL3(cm?) = 27.304 + 1.363 % CSAatC3(cm?) +0.640 * Weight(kg)

1
+26.442 « Gender(Gender = 1 forFemale,2 forFemale) — 0.671 % Age(years) @

The lumbar SMI was then calculated using the formula published by Prado et al. see
Formula (2) [5]

LumbarSMI (cm? /m? ) = CMSAatL3/ (height + height). @

2.4. Postoperative Outcomes

POC was classified using the Clavien—Dindo Classification (CDC) with a grade of >
II as a cut-off [22]. Unplanned readmission for any cause and duration of hospitalization
(days) within thirty days post-surgery were recorded.
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2.5. Statistical Analysis

Baseline characteristics, adverse postoperative outcomes, and frailty status were
presented as means (standard deviations), medians (ranges), or values (%). Normality was
analyzed in continuous data with a Kolmogorov-Smirnov analysis and Q-Q plots. Inter-
rater observer reliability was analyzed with the Intraclass Correlation Coefficient (ICC).
For the second research aim, the relationship between frailty and skeletal muscle mass was
assessed by univariate and multivariable linear (with SMI being dependent) and logistic
(with a low SMI being dependent) regression analyses. For the third research aim, the
relationship between skeletal muscle mass, frailty, and POC was analyzed with univariate
and multivariable logistic regression analyses (with a CDC grade of >II being dependent),
and skeletal muscle mass, frailty, and the other baseline variables were the covariates.
Statistically significant and clinically relevant variables (x < 0.05, two-sided) from the
univariate regression analyses with high impacts on the dependent variable, without
multicollinearity (variance inflation factors of < 3), were selected for the multivariable
regression analysis. To reduce overfitting, a multivariable model with only three covariates
was built. Odds ratios (ORs) or beta (B) and 95% confidence intervals (Cls) were provided.
SPSS version 28 (IBM, Armonk, NY, USA) was used for the analyses.

3. Results
3.1. General Patient Characteristics

In total, 57 patients with HNSC having neck imaging and a geriatric assessment at
baseline were included in the present study. Table 1 shows the patients’ baseline character-
istics. The mean (SD) age of the study population was 77.1 (& 9.0) years, and a majority
of the patients were male (68.4%) and had stage ITI-IV disease classifications (50.9%). The
tumors were mostly keratinocyte carcinoma (squamous and basal cell carcinoma) (73.7%)
and located on the ears (36.8%). The prevalence levels of frailty were 20.0% and 41.9% for
the GFI and the G8, respectively (Table 2).

3.2. Predictors for Skeletal Muscle Mass

The inter-rater reliability of the main observer was excellent for both the CT (ICC = 0.994,
95% CI 0.982-0.998, p < 0.001) and the MRI (ICC = 0.985, 95% CI 0.970-0.993, p < 0.001).
The mean (SD) SMIs were 42.40 & 6.75, 44.95 + 6.01, and 26.87 £ 6.01 cm?/m? for the total
population, male patients, and female patients, respectively. Seventeen (29.8%) patients
were diagnosed has having low SMIs. Figure 1 shows examples of patients with and
without low SMIs. Frequencies, means, and medians for the clinical characteristics, frailty
domains, and postoperative outcomes for the total population and for the patients with
and without low SMls are displayed in Tables 1-3, respectively.

The outcomes of the univariate regression analyses for low SMIs and SMIs are shown
in Table 4 and Table S2. Adjusted for the type of anesthesia, the multivariable logistic
regression identified frailty based on the G8 frailty screening tool scores (OR 7.68, 95% CI
1.19-49.66, p = 0.032), and medium-high malnutrition risk was determined according to the
MUST (OR 9.55, 95% CI 1.19-76.94, p = 0.034) as significant variables associated with low
SMIs (Table 5). After correction of alcohol usage, female sex (B —7.36, 95% CI —10.56-—4.16,
p < 0.001) and (ex-) smokers (B 3.15, 95% CI 0.17-6.34, p = 0.039) remained significantly
related to SMI according to the linear multivariable regression analysis (Table S3).
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Table 1. Demographic and clinical characteristics of patients surgically treated for cutaneous malig-
nancies of the head and neck area. The data are stratified for sarcopenia diagnosis. Disease stage was
defined using the seventh edition of the Union for International Cancer Control TNM Classification.
* indicates other malignancies, including angiosarcoma (1 = 2), pleomorphic dermal sarcoma (1 = 1),
and dermatofibrosarcoma protuberans (1 = 1). ** indicates instances defined as a surgery of > 120 min.
*** indicates intraoperative reconstruction or subsequent reconstructive surgery. Due to missingness,
not all numbers sum up to 57. BMI = body mass index and SD = standard deviation.

Total Normal SMI Low SMI
n=>57 n =40 (70.2%) n =17 (29.8%)
Patient characteristics
Age, mean + SD, year 77.14+9.0 755 4+9.0 809 +79
Sex
Male 39 (68.4%) 16 (40.0%) 2 (11.8%)
Female 18 (31.6%) 24 (60.0%) 15 (88.2%)
BMI, mean + SD, kg/cmz 269 +4.1 28.3+39 23.6 £22
Smoking status
Never 16 (34.0%) 11 (31.4%) 5 (41.7%)
Former or current 31 (66.0%) 24 (68.6%) 7 (58.3%)
Alcohol usage
None or mild 37 (88.1%) 26 (86.7%) 11 (91.7%)
Heavy (>2 units/day) 5 (11.9%) 4 (13.3%) 1(8.3%)
Tumor characteristics
Reason for referral
Primary 26 (45.6%) 20 (50%) 6 (35.3%)
Residual or recurrent 31 (54.4%) 20 (50%) 11 (64.7%)
Primary tumor location
Ear 21 (36.8%) 15 (37.5%) 6 (35.3%)
Scalp 15 (26.3%) 9 (22.5%) 6 (35.3%)
Nose 5 (8.8%) 4 (10.0%) 1(5.9%)
Temporal 3(5.3%) 2 (5.0%) 1(5.9%)
Cheek 3(5.3%) 3 (7.5%) -
Peri-orbital 3(5.3%) 1(2.5%) 2 (11.8%)
Neck 3(5.3%) 2 (5.0%) 1 (5.9%)
Peri-oral 2 (3.5%) 2 (5.0%) -
Frontal 2 (3.5%) 2 (5.0%) -
Stage
Stage I-II 28 (49.1%) 20 (50.0%) 8 (47.1%)
Stage III-1V 29 (50.9%) 20 (50.0%) 9 (52.9%)
Tumor size, median (range), cm 2.0 (0.2-12.0) 2.0 (0.2-12.0) 2.0 (1.0-6.5)
Tumor type
Squamous cell carcinoma 36 (63.2%) 24 (60.0%) 12 (70.6%)
Basal cell carcinoma 6 (10.5%) 3 (7.5%) 3 (17.6%)
Malignant melanoma 7 (12.3%) 5 (15.5%) 2 (11.8%)
Merkel cell carcinoma 4 (7.0%) 4 (10.0%) -
Other * 4 (7.0%) 4 (10.0%) -
Treatment characteristics
Treatment intensity **
Minor 21 (38.9%0 13 (33.3%) 8 (53.3%)
Major 33 (61.1%) 26 (66.7%) 7 (46.7%)
Anesthesia
Local 5 (8.8%) 1(2.5%) 4 (23.5%)
General 52 (91.2%) 39 (97.5%) 13 (76.5%)
Reconstructive surgery ***
No 25 (44.6%) 15 (38.5%) 10 (58.8%)
Yes 31 (55.4%) 24 (61.5%) 7 (41.2%)
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Table 2. Outcomes of the geriatric assessments of patients surgically treated for cutaneous ma-
lignancies of the head and neck area. The data are stratified for low SMls. Due to missingness,
not all numbers sum up to 57. ACE-27 = Adult Comorbidity Evaluation 27, ADL = activities of
daily living, G8 = Geriatric 8, GDS-15 = Geriatric Depression Scale 15, GFI = Groningen Frailty
Indicator, IADL = instrumental activities of daily living, MMSE = Mini-Mental State Examination,
MUST = Malnutrition Universal Screening Tool, ND = not determined, TUG = Timed Up and Go.

Total Normal SMI Low SMI
n=>57 n =40 (70.2%) n =17 (29.8%)
Frailty indicators
G8
Non-frail (>14) 25 (58.1%) 21 (67.7%) 4 (33.3%)
Frail (<14) 18 (41.9%) 10 (32.3%) 8 (66.7%)
GFI
Non-frail (<4) 32 (80.0%) 23 (79.3%) 9 (81.8%)
Frail (>4) 8 (20.0%) 6 (20.7%) 2 (18.2%)
Comorbidities
ACE-27
None or mild 14 (24.6%) 11 (27.5%) 3(17.6%)
Moderate or severe 43 (75.4%) 29 (72.5%) 14 (82.4%)
Polypharmacy
Medication count
< 5 medications 29 (67.4%) 19 (61.3%) 10 (83.3%)
>5 medications 14 (32.6%) 12 (38.7%) 2 (16.7%)
Nutritional status
MUST
Low risk 48 (84.2%) 37 (92.5%) 11 (64.7%)
Medium to high risk 9 (15.8%) 3(7.5%) 6 (35.3%)
Functional status
ADL
Independent (<2) 53 (93.0%) 37 (92.5%) 16 (94.1%)
Moderate independent (2—4) 4 (7.0%) 3 (7.5%) 1(5.9%)
TADL
No restrictions (<1) 16 (37.2%) 10 (32.3%) 6 (50.0%)
Restrictions (>1) 27 (62.8%) 21 (67.7%) 6 (50.0%)
TUG
No restrictions (<20) 40 (95.2%) 30 (96.8%) 10 (90.9%)
Restrictions (>20) 2 (4.8%) 1(3.2%) 1(9.1%)
History of falls
No 46 (90.2%) 32 (88.9%) 14 (93.3%)
Yes 5(9.8%) 4 (11.1%) 1(6.7%)
Social support
Education
Low level 17 (37.0%) 13 (40.6%) 4 (28.6%)
Middle and high level 22 (56.4%) 15 (53.6%) 7 (63.6%)
Relationship
No 15 (30.6%) 12 (34.3%) 3(21.4%)
Yes 34 (69.4%) 23 (65.7%) 11 (78.6%)
Cognitive status
MMSE
Normal cognition (>24) 35 (81.4%) 26 (83.9%) 9 (75.0%)
Declined cognition (<24) 8 (18.6%) 5(16.1%) 3 (25.0%)
Risk of delirium
No 47 (82.5%) 32 (80.0%) 15 (88.2%)
Yes 10 (17.5%) 8 (20.0%) 2 (11.8%)
Psychological status
GDS-15

No depression (<6)
Depression (>6)

40 (95.2%)
2 (4.8%)

29 (96.7%)
1(3.3%)

11 (91.7%)
1 (8.3%)

66



J. Clin. Med. 2023, 12, 3445

Figure 1. Examples of patients with (A) and without (B) low SMIs on the neck CT.s CT: computed
tomography. SMI: skeletal muscle index.

3.3. Predictors for Postoperative Outcomes

Of all patients, 61.4% endured POCs (CDC > II) (Table 3). The univariate logistic
regression with POC as the dependent variable (Table 4) showed that SMI as a continuous
variable did not have a high or significant impact on POC (OR 1.02, 95% CI 0.94-1.10,
p = 0.703). Although the occurrence of POC was more often seen in patients with low SMIs
(70.6%) compared to patients with normal SMIs (51.5%), the association was not significant
(OR 1.77 95% CI 0.53-5.99, p = 0.356). POCs did not occur in patients with local anesthesia.
To generate an OR for anesthesia type, the occurrence of POC was randomly added to one
patient with local anesthesia. Although not significant, general anesthesia may have had a
high impact on POC (OR 8.24 95% CI 0.85-79.44, p = 0.068). The G8 frailty screening tool
score (OR 5.42, 95% CI 1.25-23.49, p = 0.024) was the only variable significantly related to
POC according to the univariate logistic regression analysis, and a multivariable regression
analysis was therefore not conducted. Secondary outcomes showed that unplanned read-
mission and duration of hospitalization were equally distributed between patients with
and without low SMls.

Table 3. Postoperative outcomes for patients surgically treated for skin cancer of the head and neck
region. The data are stratified for low SMIs. SMI = skeletal muscle index.

Total Normal SMI Low SMI
n=>57 1 =40 (70.2%) n =17 (29.8%)
Complications
No complications 22 (38.6%) 17 (42.5%) 5 (29.4%)
Grade I 9 (15.8%) 6 (15.0%) 3 (17.6%)
Grade I 15 (26.3%) 10 (25.0%) 5 (29.4%)
Grade III 9 (15.8%) 6 (15.0%) 3 (17.6%)
Grade IV 2 (3.5%) 1 (2.5%) 1 (5.9%)
Grade >II (endpoint) 35 (61.4%) 23 (57.5%) 12 (70.6%)
Hospitalization
Duration
Median (range), days 4.0 (1.0-29.0) 4.0 (1.0-29.0) 3.0 (1.0-22.0)
Missing 1
Unplanned readmission
No 51 (89.5%) 36 (90.0%) 15 (88.2%)
Yes 6 (10.5%) 4 (10.0%) 2 (11.8%)
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Table 4. Univariate linear regression analysis with SMI as the dependent variable and two univariate

logistic regression analyses with low SMIs and POC as the dependent variables. Significant p-

values (« < 0.05) are curved and bold. * indicates that one value was manually added into a blank
cell to generate the odds ratios. 95% CI = 95% confidence interval, ACE-27 = Adult Comorbidity
Evaluation 27, B = beta, ADL = activities of daily living, BMI = body mass index, G8 = Geriatric 8,
GDS-15 = Geriatric Depression Scale 15, GFI = Groningen Frailty Indicator, MUST = Malnutrition
Universal Screening Tool, OR = odds ratio, POC = postoperative complication, SD = standard
deviation, SMI = skeletal muscle index, TUG = Timed Up and Go.

SMI Low SMI POC
B (95% CI) p-Value OR (95% CI) p-Value OR (95% CI) p-Value

Age, year —0.12 (—0.32-0.09) 0.255 1.09 (1.00-1.18) 0.041 0.99 (0.93-1.05) 0.750
Sex

Male Ref Ref Ref

Female —8.08 (—11.30-—4.86) >0.001 0.20 (0.04-0.10) 0.049 0.50 (0.64-6.25) 0.233
BMI, kg/cm? 0.74 (0.33-1.14) 0.001 0.58 (0.42-0.80) 0.001 0.97 (0.85-1.11) 0.645
Smoking status

Never Ref Ref Ref

Former or current 4.61 (1.20-8.02) 0.009 0.64 (0.17-2.48) 0.520 3.14 (0.90-11.03) 0.074
Alcohol usage

None or mild Ref Ref Ref

Heavy (>2 units/day) 7.23 (1.14-13.31) 0.021 0.59 (0.06-5.91) 0.654 3.40 (0.35-33.40) *  0.294*
Stage

Stage I-1I Ref Ref Ref

Stage ITII-TIV 2.60 (—0.95-6.15) 0.148 1.13 (0.36-3.51) 0.839 1.93 (0.65-5.68) 0.235
Treatment intensity *

Minor Ref Ref Ref

Major 2.76 (—0.83-6.34) 0.129 0.44 (0.13-1.47) 0.182 2.42 (0.77-7.65) 0.131
Anesthesia

Local Ref Ref Ref

General 4.34 (—1.95-10.62) 0.172 0.08 (0.01-0.81) 0.033 8.24 (0.85-79.44)*  0.068 *
Reconstruction

No Ref Ref Ref

Yes —3.46 (—7.04-0.13) 0.058 0.44 (0.14-1.40) 0.163 1.94 (0.65-5.75) 0.233
G8

Non-frail (>14) Ref Ref Ref

Frail (<14) —2.09 (—5.94-1.76) 0.281 4.20 (1.02-17.32) 0.047 5.42 (1.25-23.49) 0.024
GFI

Non-frail (<4) Ref Ref Ref

Frail (>4) 2.17 (—3.01-7.34) 0.405 0.85 (0.14-5.03) 0.860 6.18 (0.68-56.15) 0.106
ACE-27

None or mild Ref Ref Ref

Moderate or severe 1.65 (—2.53- 5.83) 0.433 1.77 (0.43-7.38) 0.433 1.27 (0.37-4.31) 0.706
MUST

Low risk Ref Ref Ref

Medium to high risk —3.40 (—8.27-1.48) 0.168 6.73 (1.44-31.40) 0.015 0.75 (0.18-3.16) 0.695
TUG

No restrictions (<20 s) Ref Ref Ref

Restrictions (>20 s) —4.90 (—14.64-4.84) 0318 3.00(0.17-52.53)  0.452 0.60 (0.04-10.32)  0.725
SMI, cm? /m? - - - - 1.02 (0.94-1.10) 0.703
Low SMI

No - - - - Ref

Yes - - - - 1.77 (0.53-5.99) 0.356
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Table 5. A multivariable logistic regression analysis with a low SMI as the dependent variable.
Significant p-values (ot < 0.05) are curved and bold. 95% CI = 95% confidence interval, G8 = Geriatric 8,
MUST = Malnutrition Universal Screening Tool, OR = odds ratio.

Low SMI
OR (95% CI) p-Value
Anesthesia
General Ref
Local 0.06 (0.00-1.15) 0.062
G8
Non-frail (>14) Ref
Frail (<14) 7.68 (1.19-49.66) 0.032
MUST
Low risk Ref
Medium to high risk 9.55 (1.19-76.94) 0.034

4. Discussion

To our knowledge, this is the first study that quantified skeletal muscle mass with
SMI in HNSC patients using CT or MRI neck scans taken during oncological work-up and
assessed its clinical value. The key findings were that malnutrition risk (MUST) and frailty
(G8) were independently and significantly related to radiologically defined sarcopenia
(low SMI), and further, frailty (G8) was the only variable significantly related to POC.
Although the difference was not significant, patients with low SMIs more often had POCs
compared to patients with normal SMlIs. These key findings give new insights into the
interrelation of low SMIs, frailty, and POCs in patients diagnosed with HNSC.

4.1. Frailty, Malnutrition, and Skeletal Muscle Mass

The results of the present study are in line with other studies on frailty and low SMIs
in mHNC [18,23-25]. Frailty and sarcopenia are not the same, and frailty is considered a
geriatric syndrome while sarcopenia a disease [26]. Both are, however, related to multiple
adverse clinical outcomes [27,28], and they have been found to be related to each other [18].
In this present study, a low SMI was found to be related to G8 score and not GFI score.
This discrepancy in outcomes can be explained by the content of the frailty indicators.
Compared to the GFI, the G8 is more focused on weight loss, BMI, mobility, and food
intake, and it leans more toward a physical definition of frailty, which has a tendency
to overlap more with sarcopenia [26,29]. In mHNC, previous studies have also found a
significant relationship between a low SMI (with or without low muscle strength) and G8
score [23] but not with GFI score [23]. Moreover, G8 score was found to be the most suitable
frailty screening tool in older adults with skin cancer [30], highlighting the importance of
the found relationship between a low SMI and G8 score in this study. Officially, sarcopenia
is defined as low muscle performance/strength and low muscle mass [26]. Moreover, the
specificity of the G8 has been debated, and Pottel et al. and Hamaker et al. concluded
that the G8 frailty screening tool is very sensitive—but not very specific—in contrast to
the CGA [6,7]. Meerkerk et al. further investigated the association between frailty as
measured with a geriatric assessment and a low SMI with and without low muscle strength
in mHNC [23]. They found that a low SMI (without consideration of low muscle strength)
was related to frailty [23]. This implies that adding muscle strength into the sarcopenia
diagnosis is not beneficial for identifying frail patients, but it should be investigated if this is
also the case in HNSC. Patients with low SMIs had higher risks of malnutrition in this study,
which was in line with other studies [18,31]. Moreover, low SMIs could be irreversible as
studies have shown that nutritional and/or exercise interventions are feasible and able to
improve skeletal muscle mass in patients with mHNC [32,33], which, in turn, may improve
(nutritional) health outcomes and frailty status.
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4.2. Frailty and Postoperative Complications

De Vries et al. also analyzed the value of geriatric assessment and frailty indicators for
predicting postoperative outcomes in patients diagnosed with HNSC undergoing surgery,
and they found the G8 frailty indicator to be related to POC [9], which was in line with
the outcome of the present study. Despite an overlapping patient cohort between the
present study and the study by de Vries et al., differences were apparent regarding the
definitions for POC (CDC grade of > II vs. grade of > III) and stage of disease (50.9%
vs. 25.9% stage III-IV cancers). Therefore, it could be concluded that the G8 is able to
predict postoperative complications in different cohorts of heterogenic HNSC patients.
Moreover, the G8 has been shown to be related to other adverse health outcomes in HNSC
patients, including guideline deviation [10] and declined quality of life [11]. A recent study
by Valdatta et al. also observed a significant association between frailty (measured with
FRAIL scores) and surgical complications in elderly patients diagnosed with non-melanoma
skin cancer [34]. Therefore, screening for frailty appears to have a predictive value for
adverse postoperative outcomes in skin cancer patients and should be recommended before
initiating major surgery.

4.3. Skeletal Muscle Mass and Postoperative Complications

In mHNC patients, pre-treatment diagnosed sarcopenia has already been associated
with negative clinical outcomes [17,18,27,35,36]. In this cohort, the patients with low SMIs
more often developed POCs, and therefore, it appears to be a promising predictor. However,
the difference was not significant, which was very likely due to the small sample size and
the fact that less general anesthesia was used in sarcopenic patients, which, in turn, possibly
had a high impact on POC. Low SMIs appeared to have a greater impact than SMI as a
continuous variable on POC in this cohort. Sabel et al. found in their cohort of stage III
melanoma patients that skeletal muscle mass qualified with decreased psoas muscle density
on CT, which was independently associated with decreased disease-free survival, distant
disease-free survival, and higher rates of surgical complications [37]. Measuring muscle
density or adding low muscle strength to a sarcopenia diagnosis may further improve the
association between skeletal muscle and POC. However, muscle density analysis using
CT images was not feasible as most CT scans in the present study were generated with an
intravenous iodine contrast, which is known to affect the muscle density measurements [38],
and thus, no data on muscle strength were available.

4.4. Limitations

First, our sample size was relatively small and heterogenic in terms of tumor char-
acteristics with a high percentage of complex cases. Therefore, caution should be made
when extrapolating our findings to patients diagnosed with less complex and low-risk
HNSC. Heterogeneous image techniques could be regarded as another possible limitation;
however, recent research has found that CT and MRI neck imaging could be used inter-
changeably for skeletal muscle analysis [15]. In the present study, low muscle strength
was not a criterion for sarcopenia. This could be seen as a limitation; however, a low SMI
without consideration of muscle strength has been found to be associated with inferior
health outcomes [39]. Moreover, others have encouraged the use of SMI and not muscle
strength at the core of nutritional management strategies as skeletal muscle mass is an
important metabolically active and homeostatic indicator [40]. Nevertheless, low muscle
strength as an additional criterion for sarcopenia may be beneficial in HNSC cases to predict
clinical outcomes. Ideally, SMI cut-off values as generated in an HNSC population should
be applied to define low SMIs.
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4.5. Strengths

First, the association between frailty and sarcopenia was assessed and their impact on
postoperative outcomes was analyzed, which is highly clinically relevant. Second, patients
were included prospectively and were assessed with a broad range of validated geriatric
assessments and screening tools at baseline. Third, high observer reliability scores were
achieved, and the observer was furthermore blinded from the clinical outcome, preventing
bias. Fourth, we evaluated skeletal muscle mass using both SMIs and low SMIs to examine
if certain relationships existed with or without using an SMI cut-off value.

4.6. Future Research

Identifying patients with low SMIs and assessing their prognostic value is fairly new
in dermato-oncology, which creates many opportunities. It would be interesting to see if
the prognostic value of SMI on POC can be improved. For instance, a low SMI defined
using HNSC-specific SMI cut-off values may better predict postoperative outcomes than a
low SMI based on mHNC SMI cut-off values. Moreover, the effect of low muscle strength
on POC should be assessed. Therefore, after optimizing SMI cut-off values in HNSC,
the present study should be repeated at a large-scale multicenter study to analyze the
relationship between frailty, a low SMI (with and without consideration of low muscle
strength), and POC in HNSC. Ideally, a multivariable regression analysis on (major) POC
should be performed, including relevant clinical variables related to POC. Additionally,
randomized controlled trials with interventions on low SMIs (with or without consideration
of low muscle strength) should be performed to assess the effect on frailty and POC.

5. Conclusions

Preoperative frailty screening of elderly patients at risk for POCs is highly recom-
mended, but it is time-intensive and could be strenuous for the patients. The present study
found that malnutrition risk and frailty were independently related to low SMIs (also radio-
logically defined sarcopenia). Frailty, not SMI, was related to POC. Although the difference
was not significant, patients with low SMIs more often had had POCs compared to patients
with normal SMIs. These outcomes implied that patients with low SMIs may benefit from
interventions to improve their frailty and nutritional status, which, in turn, may result in
fewer complications. Therefore, identifying patients with low SMIs at baseline may help
multidisciplinary teams to make treatment decisions or select patients for pre-habilitation.
Hence, a low SMl is a practical and objective radiological biomarker for screening for frailty
and malnutrition. However, further research is needed to assess the capability of SMIs to
predict postoperative outcomes. Preoperative screening for frailty should be advised for
major surgeries as frailty was the only variable significantly related to POC in this cohort
of HNSC patients.
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Abstract: Background: Brain metastases (BMs) is one of the most frequent metastatic sites for non-
small-cell lung cancer (NSCLC). It is a matter of debate whether EGFR mutation in the primary tumor
may be a marker for the disease course, prognosis, and diagnostic imaging of BMs, comparable to
that described for primary brain tumors, such as glioblastoma (GB). This issue was investigated
in the present research manuscript. Methods: We performed a retrospective study to identify the
relevance of EGFR mutations and prognostic factors for diagnostic imaging, survival, and disease
course within a cohort of patients affected by NSCLC-BMs. Imaging was carried out using MRI at
various time intervals. The disease course was assessed using a neurological exam carried out at
three-month intervals. The survival was expressed from surgical intervention. Results: The patient
cohort consisted of 81 patients. The overall survival of the cohort was 15 £ 1.7 months. EGFR
mutation and ALK expression did not differ significantly for age, gender, and gross morphology
of the BM. Contrariwise, the EGFR mutation was significantly associated with MRI concerning the
occurrence of greater tumor (22.38 & 21.35 cm® versus 7.68 + 6.44 cm?, p = 0.046) and edema volume
(72.44 + 60.71 cm? versus 31.92 cm3, p = 0.028). In turn, the occurrence of MRI abnormalities was
related to neurological symptoms assessed using the Karnofsky performance status and mostly
depended on tumor-related edema (p = 0.048). However, the highest significant correlation was
observed between EGFR mutation and the occurrence of seizures as the clinical onset of the neoplasm
(p =0.004). Conclusions: The presence of EGFR mutations significantly correlates with greater edema
and mostly a higher seizure incidence of BMs from NSCLC. In contrast, EGFR mutations do not
affect the patient’s survival, the disease course, and focal neurological symptoms but seizures. This
contrasts with the significance of EGFR in the course and prognosis of the primary tumor (NSCLC).

Keywords: brain metastases; lung cancer; NSCLC; EGER; ALK; brain tumor

1. Introduction

Brain metastases (BM) are the most common intracranial tumors in adults and signif-
icantly affect lethality. Roughly, 40% of patients with malignancies develop intracranial
metastases during the disease course. Lung cancer is the neoplasm, which leads to the
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highest percentage of brain metastases [1-3]. Among various lung cancers, non-small cell
lung cancer (NSCLC) is the leading cause of BMs and represents the most frequent cancer-
related death worldwide [1]. Approximately 5-30% of all BMs derive from NSCLC [4,5].
Over 40% of patients carrying an early diagnosis of lung cancer develop BMs during the
disease course [1,2,6,7], which significantly worsens the life expectancy and the quality of
life (QoL) [8].

The increase in BMs, which was registered in the last decades, is likely due to
prolonged life duration, which is achieved in the general population affected by neo-
plasm [9,10], and mainly due to advances in the treatment of primary cancer, and an earlier
diagnosis of BM due to an improvement in neuroimaging techniques [11]. However, de-
spite current standard treatments represented by microsurgical resection, focal fractionated
radiotherapy, stereotactic radiosurgery, and BM from NSCLC continues to be associated
with a poor prognosis [12-16]. Therefore, at present, intense research activity is dedicated
to unravelling the key molecular targets of NSCLC to develop novel therapeutic strategies
to treat NSCLC-derived BMs. A key molecule characterizing NSCLC is epidermal growth
factor receptor (EGFR), along with anaplastic lymphokinase (ALK), and PD-L1 [17]. In fact,
it has been observed that the incidence of BM is higher in patients with ALK fusions [18-20]
and EGFR mutations [18-22]. In detail, EGFR positivity or ALK-1 rearrangements (which
are mutually exclusive in their occurrence) are associated with the worsening of tumor
progression. The ability to identify these targets prompted specific therapies that modified
the prognosis of the primary tumor. Therefore, at present, EGFR positivity represents a
therapeutic advantage to delay tumor progression by using specific tyrosine-kinase in-
hibitors, which improves survival and reduces the relapse of lung cancer, thus leading
to a better prognosis [23,24], even considering that EGFR positivity is often associated
with PD-L1 negativity [25]. When considering the therapeutic development achieved
via treating EGFR-positive primary NSCLC, one may argue that the same outcome may
apply to NSCLC-derived BMs. Unfortunately, NSCLC-derived EGFR-positive metastasis
does not respond positively to the specific treatment [26,27]. To understand the signifi-
cance of EGFR positivity for the natural course of NSLC-derived BMs, we carried out the
present study.

With this aim, we retrospectively analyzed a consecutive series of patients who had
resection surgery of NSCLC-derived BMs from January 2015 to January 2019 at the Depart-
ment of Neurosurgery of Policlinico Umberto I of Rome (Italy) and Hospital Molinette of
Turin (Italy). In this study, we retrospectively identify the significance of the occurrence of
EGFR mutations by assessing life expectancy, neurological symptoms in the disease course,
and neuroimaging (to assess neoplasm and edema volume measured on FLAIR sequences)
in a cohort of 81 surgically treated patients.

2. Materials and Methods
2.1. Participants and Eligibility

All the patients included in the final cohort meet the following inclusion criteria:

1. A preoperative KPS scale score >50%.

2. An estimated overall survival of >3 months (according to the radiation therapy
oncology group and the grade prognostic assessment rankings) [28,29]

3. The estimated target of the surgical procedure was the gross-total, near-total, or
sub-total resection of the lesions: no biopsies were included. We included those
patients where complete surgical resection could be guaranteed by pre-operative
planning, thus excluding cases with multiple deep-site metastases that could not be
surgically treated by definition. Patients with sub-centimetric heteroplastic lesions
were included after dedicated conformational radiotherapy regimens.

4. The molecular analysis of EGFR mutations was carried out in the brain metastases in
addition to the primary NSCLC.

5. Only patients who may undergo post-surgical adjuvant chemo-radiotherapy and a
follow-up program were included.
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6. Patients were included if they received standard conformational planning with a
linear accelerator (LINAC).

7. Once the progression of the disease was noticed, the patient and the relevant imaging
were referred again to our attention to evaluate the feasibility of a second surgery or
to address the patient to the second line of adjuvant treatment.

All patients underwent a general medical, neurological, and oncological evaluation
at admission. For all patients, we recorded gender; age; peri- and post-operative KPS;
clinical presentation; survival; antiepileptic prophylaxis and treatment; the incidence of
postoperative seizures; and tumor- and surgery-related variables: number, location and
side of the lesions, tumor and edema volume, morphology, the onset of the primary tumor,
and molecular profile (EGFR, ALK, and PD-L1).

In particular, the specimens used in this study were examined for EGFR. DNA muta-
tions in EGFR were detected using polymerase chain reaction (PCR) to identify mutations
within exons 19 and 21. Immunohistochemistry for CDX-2, CK7, CK20, TTF-1, and Napsin-
A was routinely carried out. Overall survival (OS) was recorded in months; it was measured
from the date of diagnosis to the fatality considering the last contact when alive. Clini-
cal information was obtained using the digital institutional database. A particular focus
was centered on the performance status expressed as KPS results, which were used as
dichotomy data (either more or less than score 70, KPS). This score was chosen since it
is critical for a patient’s survival when BM are present [13,30-32]. KPS was recorded
before surgery at the time of diagnosis and it was repeated 30 days after surgery (early
post-operative evaluation and it was further recorded at the end of the adjuvant treatment,
the last outpatient evaluation).

2.2. Preoperative and Operative Protocol

All patients received a pre-operative brain MRI scan, including a 3 Tesla volumetric
study with the following sequences: T2w, fluid-attenuated inversion recovery (FLAIR),
and isotropic volumetric T1-weighted magnetization-prepared rapid acquisition gradient
echo (MPRAGE) before and after intravenous administration of paramagnetic contrast
agent; diffusion tensor sequences (DTI) with 3D tractography and functional MRI (fMRI)
completed our protocol for what concerns lesions affecting eloquent locations. The volume
of the contrast-enhancing lesion was calculated by drawing a region of interest (ROI) in a
volumetric enhancing post-contrast study weighted in T1 (a multi-voxel study), conforming
to the margins of the contrast-enhancing lesion. In contrast, the volume of edema was
measured by drawing an ROI in a FLAIR-weighted research, from which the previously
calculated lesion was subtracted. The study was carried out using the Horos Dicom Viewer
(v 3.36, opensource software, Pixmeo SARL, Bernex, Switzerland; https:/ /horosproject.
org/) [33]. Moreover, we routinely performed total-body sodium-enhanced CT and bone
scintigraphy to complete the oncology staging protocol.

In a standard neurosurgical theatre, all the procedures were performed with an
infrared-based Neuro-navigator (Brainlab, Kick® Purely Navigation), with a standard
operative microscope. During the first post-operative day, as routine, the patients un-
derwent a CT scan to exclude major complications and a volumetric brain MRI scan to
evaluate the EOR. For both groups, in the case of lesions placed within non-eloquent areas,
a standard total intravenous anesthesia protocol with Propofol (1 mg/kg) and Remifentanil
(0.5 mg/kg/min) was applied. For lesions involving the sensory-motor and language-
related cortex, a standard full awake surgery protocol was routinely performed with the aid
of intraoperative neuro-monitoring realized using bi- and monopolar stimulating probes,
respectively, for the cortical and sub-cortical mapping. No muscle relaxants were admin-
istered when intra-operative neuromonitoring or no awake surgery was performed [34].
During surgery, tumor excision was arrested when:

1. Despite a directly visualized or navigation-proven remnant, neuromonitoring or
intraoperative neuropsychological testing outlined a risk for postoperative sensory-
motor damage,
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2. The white matter appeared free of disease in each aspect of the surgical cavity.

2.3. Data Sources and Quantitative Variables

The extent of resection (EOR) was determined by comparing the MR images obtained
before surgery and the first early MRI after surgery, following the RANO criteria [35]. EOR
was coded in a 3-step ordinal variable as reported elsewhere [11]: gross-total resection
(GTR) <2 mm? residual lesions; near-total resection (NTR) (22 to <5 mm?), and sub-total
resection (STR) (25 mm?).

In the case of GTR, “tumor progression” was defined as the first MRI scan demonstrat-
ing the presence of pathologically enhancing tissue characterized using an MRI pattern
(mainly relying on perfusion-weighted imaging) inconsistent with a cerebral radiation
injury (which is, in fact, a “pseudo-progression”). In incomplete resections (NTR/STR),
a volumetric increase in the residual disease detected at the first postoperative MRI scan
was considered as disease progression. A close-range dedicated neuro-imaging follow-up
program was routinely performed at our institution. This program included:

A standard early (maximum 24 h after surgery) postoperative volumetric brain MRI;
at approximately one month from surgery (25-35 days), a volumetric brain MRI scan was
repeated for a first step follow-up control and information for the radiation treatment
planning; a volumetric brain MRI scan was performed every three months at the end
of irradiation; and we performed a complete medical and neurological outpatient re-
evaluation at every radiological reevaluation.

2.4. Size, Statistics, and Potential Source of Bias

The study size was determined based on the selection of the inclusion criteria. The
sample was analyzed with SPSS v18 (SPSS Inc., released 2009, PASW Statistics for Windows,
Version 18.0, Chicago, IL, USA) to outline potential correlations between variables under
investigation. Comparisons between nominal variables were carried out using the Chi? test.
EOR, OS, PFS mean, edema, lesion volume, and their correlations with EGFR mutations
were compared with one-way and multivariate ANOVA analysis and contrast analysis
and post-hoc tests. Kaplan—Meier survival analysis was carried out. Continuous variable
correlations were investigated using Pearson’s bivariate correlation. The threshold of
statistical significance was considered p < 0.05.

2.5. Ethical Issue

The Institutional Review Board approved the informed consent at our Institution
(IRB 6168 Prot. 0935/2020). Before the surgical procedure, all the patients gave informed
written explicit consent after appropriate information. The data reported in the study have
been completely anonymized. No treatment randomization was carried out. This study is
perfectly consistent with the Helsinki Declaration of Human Rights in Medical Research.

3. Results

In a period ranging from January 2015 to January 2019, a total of 81 patients suffering
from NSCLC brain metastases have been operated on in our Neurosurgical Departments.
A total of 27 patients were female (33.3%), and 54 were male (66.7%) with a 1:2 ratio. The
average age of the cohort was 62.1 years & 10.9. In this cohort, brain metastasis favored
frontal (32 patients, 39.5%) and cerebellar (18 patients, 22.2%) localization; in general, the
lesions were more commonly found in the supratentorial compartment (77.8%) with no
infratentorial involvement but the cerebellum. The frontal placement is statistically sig-
nificant (p < 0.001). Thirty-six patients had a right lesion, 43 left, while just 2 involved
the midline. No statistically significant side-specificity was evident. The tumor morphol-
ogy was mostly solid and compact (61.7%), whereas BMs presented as cystic lesions in
19.7% of cases. The average volume of the lesions and perilesional edema were, respec-
tively, 14.62 4 18.5 cm® and 54.21 =+ 45.76 cm®. The diagnosis and clinical presentation were
more commonly synchronous (60.5%) rather than metachronous and with sensory-motor
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dysfunction (41.9%) or with seizures (27.2%). In 59 cases (72.8%), a GTR was achieved.
A total of 67 patients presented a preoperative KPS over 70 before surgery, whereas 73 had
the same performance status at the 30th post-operative day re-evaluation (p = 0.001). The
overall survival of the cohort was 15 £+ 17 months (data reassumed in Table 1).

Table 1. Patient’s demographics.

N = 81 Patients

Sex

Male N = 54-66.7%

Female N = 27-33.3%

Age

62.1 years 4 10.9

KPS at admission

>70 = 67-82.7%

<70 =14-17.3%

3=4pts

2.5=14pts
GPA for 80 pts (1 missing datum) 2=1l6pts

1.5=22pts

1=22pts

0.5=2pts

>70 = 73-90.1%
KPS after surgery (30 d)

<70 =9-11.1%

>70 = 49-60.5%
KPS at last Evaluation

<70 = 32-39.5%

48 dead
Dead 68/81 pts at 09/20

20 alive
Overall Survival 15 + 1.7 months
Volume (cm?) 14.62 + 18.5
Edema Volume (cm?) 5421 + 45.76

Periventricular

11 pts-15.1%

Location

Supratentorial = 63-77.8%

Subtentorial = 18-22.2%

Major Lobe involved

Frontal
32 (39.5%)

Temporal
5 (6.1%)

Occipital
10 (12.34%)

Parietal
16 (19.75%)

Cerebellar
18 (22.22%)

Side

Left
43 (53.1%)

Right
36 (44.4%)

Midline
2 (2.47%)
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Table 1. Cont.

N = 81 Patients

Seizures

Symptoms at onset 22 (27.16%)

Sensory-Motor Dysfunction

34 (41.9%)
Asymptomatic (follow-up)
25 (30.8%)
Antiepileptic Profilaxis and Treatment 43 pts (53.1%)
Post-operative Seizure 25 pts (30.86%)

GTR =59 (72.84%)
STR =22 (27.16%)
Solid = 50 (61.73%)
Cystic = 16 (19.75%)
Hemorragic = 8 (9.87%)
Mixed =7 (8.6%)

Onset Synchronous = 49 pts (60.5%)
Metachronous = 32 pts (39.5%)

Surgical Resection

Morphology of Tumors

Extracranial metastases 5 pts (6.2%)

Immunohystochemical/molecular features

Expressed = 56.25%
Not expressed = 43.75%
Expressed = 17%

Not expressed = 83%
(TPS) >1% = 54% of pts

Not Expressed = 46% of pts

Abbreviations: Karnofsky performance status (KPS), Graded Prognostic Assessment (GPA), Gross-total resection
(GTR), Sub-total resection (STR), tumor proportion score (TPS).

EGFR mutation

ALK mutation

PD-L1 expression with tumor proportion score (TPS) >1%

3.1. Volume and Edema

Tumor volume and edema demonstrated a significant reciprocal association (r = 0.369,
p = 0.010) (Figure 1), and the more significant edema was associated with supratentorial
placement (p = 0.034, Figure 2a). The tumor-related edema demonstrates an association
with neurological symptoms at the beginning of the disease (p = 0.048) rather than with
the volume of the lesion per se (p = 0.891), outlining that the tumor-associated edema is
more commonly responsible for the neurological symptoms rather than a greater tumor
volume itself. Moreover, a greater tumor volume was associated with a higher incidence
of complications (p = 0.031, Figure 2b), which, in turn, was also associated with signifi-
cantly shorter survival (p = 0.018 Figure 2c). This finding is exciting when observing, on a
multivariate ANOVA analysis, that complications, per se, negatively affect survival, inde-
pendently of tumor volume (p = 0.002, Figure 2d). Furthermore, on a repeated measures
ANOVA analysis, edema was demonstrated to play a statistically significant role (p = 0.049,
Figure 3a) affecting the early post-operative period: patients with edema volume greater
than 30 cm? had a poorer outcome on post-operative day 30th at KPS when compared with
pre-operative and late follow up time intervals.
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Figure 1. Figure shows tumor reconstruction using Horos software with volumetric calculation of
contrast capturing lesion and peritumoral edema.
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Figure 2. (a) One-way ANOVA analysis demonstrating the association between edema volume and
the intracranial compartment. (b) One-way ANOVA analysis demonstrating the association between
total volume and the incidence of complications. (¢) Kaplan-Meier survival curve demonstrating the
impact of complications on survival. (d) Multivariate ANOVA analysis demonstrating the association
between complications and survival independently from the volume of the lesion.
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Figure 3. (a) Repeated measures ANOVA analysis demonstrating the impact of edema on the func-
tional status (b) One-way ANOVA analysis demonstrating the association between EGFR mutation
status and the lesion and edema volumes. (c) One-way ANOVA analysis demonstrating the as-
sociation between ALK mutation status and Overall Survival. (d) Multivariate ANOVA analysis
demonstrating the association between ALK mutation status and survival with respect to the volume
of the lesion: the survival advantage disappears for the greater lesions.

3.2. EGFR-Related Parameters

In all cases, the presence of EGFR was confirmed both within the primary tumor and
its BM. This is important since some cases may possess EGFR mutations in the primary
tumor but not within its BM, while in the presence of an EGFR-positive BM, the primary
tumor necessarily expresses EGFR as well. EGFR mutations were neither significantly
associated with gender, age, nor with the shape and number of the BM (Table 2); in contrast,
the size and peri-lesion edema were significantly associated with the EGFR mutations
(for BM’s volume 22.38 + 21.35 cm? in EGFR expressing BMs versus 7.68 & 8.44 cm? in
non-EGFR expressing BMs while for peri-lesion edema was 72.44 + 60.71 cm? versus
31.92 cm3; p = 0.046 and p = 0.028, respectively. Figure 3b). Remarkably, in our series,
EGFR was not associated with any specific neurological symptoms apart from the incidence
of pre-operative seizures (p = 0.004). EGFR was not associated with survival, while the
expression of ALK, as previously reported [36], was strongly associated with survival. In
fact, the cumulative survival of patients presenting ALK mutation was 30.0 &= 18.36 months
compared with 12.88 £ 8.31 months in the wild-type ALK phenotype (p = 0.015, Figure 3c).
ALK mutation was associated with better survival in patients harboring smaller lesions,
possibly with smaller edema volumes. In great lesions (>10 cm?®) with bigger edema
(>30 cm?), the survival advantage of ALK mutation disappears (Figure 3d).
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Table 2. EGFR mutation groups analysis.

Total 81 EGEFR + EGFR — p-Value
NF° of cases 45 36
Age 61.34 £ 11.11 63.1+9 1
Volume (cm®) 22.38 £ 21.35 7.68 £ 6.44 0.046
Edema volume (cm®) 72.44 + 60.71 31.92 0.028
Clinical debut
Seizure 20 2 0.004
Asymptomalic 9 16 041
Morphology 1
Hemorragic 25 21
Cistic 7 9
Solid 6 2
Mixed 3 4
Overall Survival 12+43 16 £ 6.5 0.77

4. Discussion

So far, the current treatment of BMs is represented by RT (or radiosurgery) or mi-
crosurgery followed by RT [37,38]. Concerning NSCLC, treatment protocols have been
radically changed by discovering molecular targets, such as EGFR and ALK, and the sub-
sequent development of specific drugs aimed to block these receptors. However, their
efficacy in patients affected by BMs is not fully understood because this group of patients is
usually excluded from clinical studies, especially when neurologically symptomatic [8,39].
Therefore, a standard treatment schedule for these patients needs to be identified [40].

Recent findings suggest that driver mutations in NSCLC would be at least partly
associated with the development of BMs in NSCLC. More specifically, EGFR mutations have
been detected in 64% and 31% of patients with and without BMs, respectively, suggesting
that brain metastases would be more frequent in tumors bearing EGFR mutations [41].
Recent evidence regarding anaplastic lymphoma kinase (ALK) translocations also indicates

that they may predispose to brain metastasis formation [42].

Although ALK translocations might correlate with the development of BMs, they may
represent a beneficial event for prognosis. Nevertheless, the association between ALK
positivity and prognosis is widely debated [43]. Further studies are needed to establish a
correlation between ALK mutation and better survival in patients with small brain lesions.
Despite the occurrence of EGFR mutations that improve the prognosis of primary lung
neoplasm [44], such an association could not be confirmed in these studies concerning
EGFR-positive BMs. Further evidence is needed to confirm this finding and specific
correlative studies should consider lesion volumes and amount of brain edema. In fact, as
described in this study, the presence of larger volumes of edema is associated with a higher
incidence of neurological symptoms. Treatment of both the primary neoplasms and the
BMs is not contraindicated solely by a single BM, and complete resection of all diseases
should be attempted whenever safe and feasible. Operative mortality and morbidity for
this combined approach are low [45]. In fact, given the encouraging results in terms of
survival, primary tumor resection and treatment (neurosurgical intervention or irradiation)
for synchronous lung and brain lesions appear to be justified [15,32-34,46]. In our cohort,
we defined two groups of patients harboring BMs: those with a single lesion synchronous
with the primary tumor and those with a solitary lesion that develops months or years after
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successfully managing the primary tumor. Some authors observed that the synchronous
presentation of lung cancer and BMs is a negative prognosis factor [14,17,47].

In the present study, several factors (functional status, general health conditions,
morphological and histological features of the lesions, and prognostic indices) have been
investigated to analyze their association with the risk of death at 12 weeks and at one
year. Among these, only the KPS score (>70%) and RT application appear to be signifi-
cant protective factors [47-51]. Moreover, morbidity and mortality rates have decreased
significantly with improved neurosurgical techniques and perioperative care. Most single
BMs are manageable by total resection, performed on 72.84% of the patients with low
mortality and morbidity rates, in line with data reported in the literature [44]. Nevertheless,
the surgical indication in debilitated patients with advanced systemic disease should be
carefully considered because the morbidity and deaths in our study were primarily due to
systemic and infectious complications.

In BMs without surgical indication, treatment options, such as SRS or SRS and whole-
brain radiotherapy (WBRT), should be performed whenever feasible by tailoring the treat-
ment protocol to both the patient’s and the diseases” specificity. Prophylactic cranial
irradiation (PCI) has been abandoned due to complications, such as cognitive disorders
and neurological deficits [52]. This strengthens the need to develop accurate approaches
to identify those patients affected by lung cancer-bearing an increased risk of developing
BMs. In this scenario, the role of ALK and EGFR could be relevant in the immediate
future [26,27,35].

The main limitation of the present paper is its retrospective nature. Moreover, the
current investigation was conducted on a subset of BMs patients, which met the criteria
for surgical indication, and who had relatively good functional status. Therefore, this
may affect the general outcome of all the patients suffering from BMs from NSCLC of
the present findings. Another potential bias is the limited availability of the ALK and
EGER status in the entire cohort (41 ALK and 37 EGFR-investigated patients). Nevertheless,
the conclusions reported here are statistically significant, thus, providing exciting clues
concerning the use of ALK and EGFR in patients” stratification.

The occurrence of high correlation between EGFR mutations and seizure incidence
may extend the significance of this study making EGFR more than a mere disease marker to
disclose novel avenues in the pathophysiology of BMs and epilepsy. In fact, in a very recent
paper, where patients affected by mesial temporal lobe sclerosis and limbic seizures were
analyzed, abnormal EGFR signaling was measured [26], which poses a causal relationship
between EGFR mutations in BMs, primary tumors, and seizure onset.

5. Conclusions

According to the results of the present study, the presence of EGFR mutations correlates
with edema, volumes of the lesion, and a higher incidence of seizures, while no effects were
noticed on prognosis. Contrariwise, the presence of ALK translocations in BMs deriving
from NSCLC could be associated with a better prognosis. Given the dense scientific debate
on the role of EGFR and ALK mutations in NSCLC, aimed studies on BMs derived from
this specific family of lung cancer should be carried out to explore their impact on diagnosis
and treatment prognosis.
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Abstract: Background: The aim of this study was to evaluate the impact of adverse lifestyle factors
on outcomes in patients with human papillomavirus (HPV)-related oropharyngeal squamous cell
carcinoma (OPSCC). Methods: From 2010 to 2019, 150 consecutive non-metastatic OPSCC patients
receiving curative treatment in our institution were retrospectively enrolled. HPV positivity was
defined as p16 expression >75%. The effects of adverse lifestyle factors on overall survival (OS) and
disease-free survival (DFS) on OPSCC patients were determined. Results: The median follow-up
duration was 3.6 years. Of the 150 OPSCCs, 51 (34%) patients were HPV-positive and 99 (66%)
were HPV-negative. The adverse lifestyle exposure rates were 74.7% (n = 112) alcohol use, 57.3%
(n = 86) betel grid chewing, and 78% (n = 117) cigarette smoking. Alcohol use strongly interacted
with HPV positivity (HR, 6.00; 95% CI, 1.03-35.01), leading to an average 26.1% increased risk of
disease relapse in patients with HPV-positive OPSCC. Heavy smoking age >30 pack-years was
associated with increased risk of death (HR, 2.05; 95% CI, 1.05-4.00) and disease relapse (HR, 1.99;
95% CI, 1.06-3.75) in OPSCC patients. In stratified analyses, the 3-year absolute risk of disease
relapse in HPV-positive OPSCC patients reached up to 50% when alcohol use and heavy smoking for
>30 pack-years were combined. Conclusions: Alcohol acted as a significant treatment-effect modifier
for DFS in HPV-positive OPSCC patients, diluting the favorable prognostic effect of HPV positivity.
Heavy smoking age >30 pack-years was an independent adverse prognostic factor of OS and DFS in
OPSCC patients. De-intensification treatment for HPV-related OPSCC may be avoided when these
adverse lifestyle factors are present.

Keywords: alcohol; smoking; betel nut; human papillomavirus (HPV); oropharyngeal cancer;
treatment-effect modifier; prognostic factor

1. Introduction

Over the past few decades, the prevalence of human papillomavirus (HPV)-related
oropharyngeal squamous cell carcinoma (OPSCC) has increased rapidly—particularly
in high-income countries [1,2]. Unlike other head and neck squamous cell carcinomas
(HNSCCs), HPV-related OPSCCs have distinct clinical presentations: the patients tend to
be younger and the cancers are less associated with smoking and more associated with
primary tonsillar tumors and cystic cervical lymph node metastasis [3]. HPV-16 accounts
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for at least 85% of all HPV-related OPSCCs [4]. Two HPV oncogenes, E6 and E7, are key
drivers of HPV-mediated carcinogenesis. E6 and E7 involve increased degradation of
the tumor suppressor proteins p53 and Rb, respectively, resulting in the loss of cell-cycle
checkpoint activation in response to DNA damage and uncontrolled licensing of DNA
replication—which together result in genomic instability and resistance to apoptosis [5,6].
p16 is upregulated during the process of E7-directed epigenetic reprogramming [7]. Thus,
p1l6 overexpression is a surrogate marker for HPV-related OPSCC [8]. The cutoff of p16
positivity by immunohistochemistry (IHC) staining is nuclear expression >+2/+3 intensity
and >75% distribution [9].

The prognostic significance of HPV status in OPSCC has been established; patients
with HPV-related OPSCC have a more favorable treatment response and longer survival
time than HPV-unrelated OPSCC [10-12]. The American Joint Committee on Cancer (AJCC)
has defined HPV-positive and HPV-negative OPSCCs as separate entities because of their
distinct tumor characteristics, biological behaviors, and treatment outcomes [9,13].

Asian OPSCC patients have poorer treatment outcomes than other ethnicities [14,15].
One suspected reason for this is the lower rate of HPV positivity in OPSCC, which is
about 30% to 50% in Asians but 70% to 85% in Western populations [2]. Higher rates
of alcohol use, betel grid chewing, and cigarette smoking (ABC lifestyle factors) in Asia
also might contribute to poorer prognosis [14]. The ABC lifestyle factors are especially
common in Southeast Asia—especially in low socioeconomic and less-educated popula-
tions [16]. ABC lifestyle factors usually coexist, which may contribute to a dramatically
increased risk of developing HNSCC in multi-user persons compared with that in persons
who have never been exposed to ABC factors [17]. Although the role of ABC lifestyle
factors has been well established in the development of HNSCC [18,19], less is known
about their prognostic significance in patients with HPV-positive OPSCC. Epidemiologic
studies of HPV-positive OPSCC have been conducted mostly in Western countries and are
therefore not generalizable to non-Western countries [20], where factors such as cultural
and behavioral differences might result in different etiologies in HPV-positive OPSCC.
Wider geographically based investigations are necessary to guide region-specific clinical
treatments and public health policies.

As de-intensification treatment protocols in patients with HPV-positive OPSCC are
currently applied [21-23], it is important to identify patients where such attempts may
not be safe. We hypothesized that ABC lifestyle factors moderate the effects of p16 status
on survival in OPSCC patients. This study aimed to evaluate the impact of ABC lifestyle
factors on treatment outcomes in patients with HPV-positive OPSCC and to optimize the
selection of a subgroup of HPV-positive OPSCC patients for de-intensification treatment.

2. Materials and Methods
2.1. Patients

One hundred and fifty OPSCC patients who had completed a course of curative
treatment, consisting of surgery and radiotherapy (RT)-based therapy from January 2010
to October 2019, were consecutively collected and analyzed. All patients had received a
complete staging work-up before treatment and were followed to determine their treat-
ment response and survival. The exclusion criteria were: (1) other underlying malignancy
or distant metastasis at the time that OPSCC was diagnosed; (2) lack of available pre-
treatment primary tumor specimens to re-evaluate p16 expression by IHC staining; (3)
lack of pretreatment contrast-enhanced computed tomography (CT) images of the head
and neck to re-evaluate clinical staging. The Institutional Review Board approved this
retrospective study.

2.2. Demographic and Clinical Data

Patient data—including age, gender, tumor subsites, history of ABC lifestyle (alcohol
consumption, betel grid chewing, cigarette smoking), smoking age (number of cumulative
pack-years of smoking), treatment-related profiles (surgery, radiotherapy, chemotherapy),
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and outcome data—were gathered by retrospective chart review. The clinical and patholog-
ical staging that had been determined previously were re-evaluated and revised based on
the seventh and eighth editions of the AJCC staging system [9,13].

HPYV status was determined by re-examination of p16 nuclear expression in the pre-
treatment primary tumor by IHC staining. After tissue specimens from our human biobank
were collected, all the slides were re-evaluated by a head and neck pathologist with 30-years’
experience to determine the HPV status. HPV positivity was defined as the presence of p16
expression in >75% of carcinoma cells, with nuclear reactivity on IHC staining [9].

2.3. Treatments

The standard primary treatments for OPSCC were surgery and RT-based therapy. Defini-
tive concurrent chemoradiotherapy (CCRT) with a platinum-based chemotherapeutic regimen
was most often used in locally advanced OPSCC. The curative-intent radiation dose to the
primary tumor and grossly involved lymph nodes was 60-74 Gy in 1.8-2.2 Gy per fraction,
delivered daily with intensity-modulated radiotherapy or volumetric-modulated arc therapy
techniques. Induction chemotherapy was allowed before primary treatments. Adjuvant
treatments after primary surgery were indicated when patients with adverse pathological
features—including positive/close surgical margin, extranodal extension, pT3-pT4 disease,
positive lymph node metastasis, perineural invasion, lymphovascular space invasion, or any
other concern—when determined to be appropriate by multidisciplinary discussion.

2.4. Statistical Analysis

Baseline characteristics were presented as mean (standard deviation) for continuous
variables and number (frequency) for categorical variables. The Kaplan-Meier survival
method was used to depict the curves for the distribution of time to death or relapse and
log-rank tests were carried out to evaluate differences between HPV-positive and HPV-
negative OPSCC patients. Overall survival (OS) was defined as the date of initial treatment
to the date of death or last follow-up. Disease-free survival (DFS) was defined as the date
of initial treatment to the date of disease relapse (locoregional recurrence and/or distant
metastasis) or death. The p-value of continuous variables was calculated by the two-sample
t-test whereas the p-value of categorical variables was calculated by the chi-square test and
Fisher’s exact test.

Among patients with OPSCC, univariable Cox proportional hazard models were ap-
plied to identify significant patient characteristics associated with OS and DFS—including
p16 status, gender, age, clinical stage, tumor subsites, initial treatment, and ABC lifestyle
factors. We hypothesized that ABC lifestyle factors could modify the effects of p16 status for
OS and DFS. We used multivariable Cox proportional hazard models with patient character-
istics and p16 status and lifestyle factors as interaction terms by using the stepwise variable
selection method to select relevant variables for OS and DFS. The criteria for the model
fitting were based on the Akaike information criterion. Furthermore, multivariate models
were constructed with interaction terms that were selected by the stepwise method and
significant and clinically relevant variables from univariate analyses. The multicollinearity
and proportional hazard assumption of the models were checked; none of the models
showed high multicollinearity and the proportional hazard assumption was met.

The stratified analyses were made according to alcohol use and smoking age to
estimate 3-year and 5-year cumulative risks of disease relapse in HPV-positive patients
using multivariate models. The interaction plot was depicted by HPV status and alcohol
use to show changes in the cumulative risk of disease relapse, which was estimated using
multivariate models, in different situations. A two-tailed p value < 0.05 was considered
statistically significant. All statistical results were carried out with R (version 4.1.0) software
and Quanta for Medical Care Al: Al Medical Platform (QOCA AIM) 2.0 version (Quanta
Computer Inc., Taoyuan, Taiwan).
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3. Results
3.1. Patient Characteristics

One hundred and fifty patients were analyzed in this study; 99 (66%) had HPV-
negative OPSCC and 51 (34%) were HPV-positive OPSCC patients. The mean age at
diagnosis of OPSCC was 54.4 years; most were locally advanced OPSCCs. The ABC
lifestyle exposure rates were: 112/150 (74.7%) patients showed alcohol consumption,
86/150 (57.3%) betel grid chewing, and 117/150 (78%) cigarette smoking. More than
half of all patients (79/150; 52.7%) had concomitant ABC lifestyle exposure. Among the
150 patients, 39 (26%) were treated with primary surgery and 111 (74%) were treated
with primary RT-based therapy (106 CCRT and 5 RT only). In the primary surgery group,
10 patients underwent induction chemotherapy before surgery and 35 underwent adjuvant
RT/CCRT after surgery. In the primary RT-based therapy group, 22 patients underwent
induction chemotherapy before definitive RT/CCRT. The baseline characteristics of the
study population are summarized in Table 1.

Table 1. Baseline characteristics of the study population.

pl6 (=), n=99 p16 (+), n =51
Variable p-Value
n % n %
Male, 1, % 93 93.94 37 72.55 <0.001
Female, 1, % 6 6.06 14 27.45 <0.001
Age, mean, SD 53.3 9.22 56.7 9.71 0.036
Age, 1, % 0.085
<50 36 36.36 10 19.61
50-59 35 35.35 20 39.22
>60 28 28.28 21 41.18
Cigarette smoking, 1, % 91 91.92 26 50.98 <0.001
Smoking age (pack-years), mean, SD 31.8 26.8 144 17.9 <0.001
Smoking age (pack-years), 11, % <0.001
0 8 8.08 25 49.02
1-9 7 7.07 3 5.88
10-19 14 14.14 0 0.00
20-29 18 18.18 10 19.61
>30 52 52.53 13 25.49
Alcohol use, 11, % 86 86.87 26 50.98 <0.001
Betel quid chewing, 1, % 76 76.77 10 19.61 <0.001
ABC concomitant use, 1, % <0.001
3 70 70.7 9 17.65
20f3 20 20.2 12 23.53
Tumor subsite, 1, % 0.002
Tonsil 47 47.47 40 78.43
Soft palate 22 22.22 6 11.76
Tongue base 23 23.23 5 9.80
Posterior pharyngeal wall 7 7.07 0 0.00
Clinical stage (AJCC 7th ed.), n, % 0.041
Stage I 2 2.02 1 1.96
Stage II 7 7.07 0 0.00
Stage IIT 6 6.06 9 17.65
Stage IVA 68 68.69 37 72.55
Stage IVB 16 16.16 4 7.84
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Table 1. Cont.

pl6 (—), n=99 p16 (+), n =51
Variable u % " % p-Value

Clinical stage (AJCC 8th ed.), 1, % <0.001

Stage I 2 2.02 26 50.98

Stage II 7 7.07 15 29.41

Stage IIT 5 5.05 10 19.61

Stage IVA 55 55.56 0* 0.00 *

Stage IVB 30 30.3 0* 0.00 *
Initial treatment, 1, % 0.024

Surgery 32 32.32 7 13.73

RT-based therapy 67 67.68 44 86.27

CCRT 66 66.67 40 78.43

RT only 1 1.01 4 7.84
Disease relapse, 1, % 58 58.59 13 25.49 <0.001

LRR 25 25.25 6 11.76

DM 18 18.18 5 9.80

LRR + DM 15 15.15 2 3.92
Mortality, 1, % 61 61.62 9 17.65 <0.001

DOD 47 47.47 5 9.80

Dead, other reason 14 14.14 4 7.84

* The clinical stage of nonmetastatic HPV-positive OPSCC was downstaged to stage III or less in the eighth edition
of the American Joint Committee on Cancer (AJCC) staging system. Abbreviations: 7, number of patients; SD,
standard deviation; ABC, alcohol/betel nut/cigarette; AJCC, American Joint Committee on Cancer; ed., edition;
RT, radiotherapy; CCRT, concurrent chemoradiotherapy; LRR, locoregional recurrence; DM, distant metastasis;
DOD, died of disease.

Between the two groups of HPV-positive and HPV-negative OPSCC patients, there
was no significant difference in the age distribution and clinical stage. In patients with
HPV-positive OPSCC, the dominant tumor subsite was the tonsil and the majority received
primary RT-based therapy. Patients with HPV-negative OPSCC had a significantly higher
proportion of male gender, a higher exposure rate to ABC lifestyle factors, and a higher
smoking age (Table 1).

3.2. Treatment Outcomes

The median follow-up time was 3.6 years. The recurrence rate was 47.3%, with 71 of the
150 patients developing disease relapse (locoregional recurrence and/or distant metastasis).
The mortality rate was 46.7%, which meant that 70 of the 150 patients had expired by
the time of analysis. Patients with HPV-positive OPSCC had significantly lower disease
relapse and mortality rates than those with HPV-negative OPSCC (p < 0.001; Table 1). The
3-year overall survival (OS) and disease-free survival (DFS) rates for HPV-positive versus
HPV-negative OPSCC patients were 90% versus 52% and 74.5% versus 42.9%, respectively
(both p values < 0.0001; Figure 1).
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Figure 1. Kaplan-Meier estimate of (a) overall survival (p < 0.0001) and (b) disease-free survival (p <
0.0001) by p16 status.
3.3. Factors Affecting Overall Survival (OS)
In the multivariate analysis, the HPV status (positive: hazard ratio, 0.09; 95% CI,
0.02-0.44), clinical stage (stage IVA: hazard ratio, 2.72; 95% CI, 1.05-7.00; stage IVB: hazard
ratio, 15.62; 95% CI, 5.29-46.13), and smoking age (>30 pack-years: hazard ratio, 2.05; 95%
CI, 1.05-4.00) were significant prognostic factors for OS in OPSCC patients (Table 2). There
was no significant interaction between HPV positivity and ABC lifestyle factors; that is,
ABC lifestyle factors were not significant treatment-effect modifiers for OS in HPV-positive
OPSCC (Table 2).
Table 2. Univariate and multivariate analyses for overall survival.
L. Multivariate
Variable Univariate
aria Stepwise Selection * Selected Predictors *
HR 95% CI HR 95% CI HR 95% CI
Covariate
p16 (ref. = negative) 0.18 (0.09, 0.37) 0.08 (0.02, 0.35) 0.09 (0.02, 0.44)
Gender (ref. = male) 0.15 (0.04, 0.60) 0.52 (0.12, 2.33)
Age (5-year increments) 0.89 (0.78,1.02)
Clinical stage (ref. = stage I-IIT) &
Stage IVA 2.69 (1.07, 6.76) 2.55 (1.00, 6.49) 2.72 (1.05, 7.00)
Stage IVB 12.11 (4.41, 33.26) 16.26 (5.76, 45.86) 15.62 (5.29, 46.13)
Tumor subsite (ref. = other sites than tonsil) 0.46 (0.28,0.73) 0.77 (0.45, 1.33)
Initial treatment (ref. = surgery) 0.88 (0.52,1.48) 1.02 (0.58,1.81)
Smoking age (ref. = <20 pack-years)
29 1.78 (0.85, 3.70) 0.96 (0.41,2.23) 1.15 (0.46, 2.90)
>30 298 (1.67,5.32) 1.90 (1.02, 3.54) 2.05 (1.05, 4.00)
Alcohol use (ref. = none) 3.19 (1.58, 6.44) 0.90 (0.39, 2.08)
Betel quid chewing (ref. = none) 2.35 (1.40, 3.96) 0.85 (0.45,1.61)
Interaction term
pl6: Smoking age (20-29 pack-years) 8.00 (1.16,55.01) 5.74 (0.79, 41.53)
plé: Smoking age (>30 pack-years) 2.94 (0.43,19.93) 2.53 (0.36, 17.85)

plé: Alcohol use
plé: Betel quid chewing

* Variable selection employed the stepwise method by the Akaike information criterion. # The Cox proportional
hazard model was constructed with interaction terms that were selected by the stepwise method and significant
and clinically relevant variables from univariate analyses. & The clinical stage was defined by the 7th edition of
the American Joint Committee on Cancer (AJCC) staging system. Significant values of HR and 95% CI are in bold.
Abbreviations: HR, hazard ratio; CI, confidence interval; ref., reference.
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3.4. Factors Affecting Disease-Free Survival (DFS)

In the multivariate analysis, the HPV status (positive: hazard ratio, 0.10; 95% ClI,
0.02-0.49), clinical stage (stage IVA: hazard ratio, 2.87; 95% CI, 1.11-7.41; stage IVB: hazard
ratio, 8.43; 95% ClI, 2.83-25.08), tumor subsite (tonsil: hazard ratio, 0.46; 95% CI, 0.27-0.80),
and smoking age (>30 pack-years: hazard ratio, 1.99; 95% CI, 1.06-3.75) were significant
prognostic factors for DFS in OPSCC patients (Table 3). Moreover, there was a strong
interaction between HPV positivity and alcohol use (alcohol use: hazard ratio, 6.00; 95% CI,
1.03-35.01), which meant that alcohol was a significant treatment-effect modifier for DFS
in HPV-positive OPSCC patients (Table 3). The presence of alcohol exposure diluted the
favorable prognostic effect of HPV positivity in OPSCC patients. In a median follow-up
duration of 3.6 years, alcohol use contributed to an average 26.1% increased risk of disease
relapse in patients with HPV-positive OPSCC, whereas there was no risk increment in those
with HPV-negative OPSCC (Figure 2). By stratification of smoking age among HPV-positive
OPSCC patients with alcohol use, the 3-year absolute risk of disease relapse was 33% in
those with smoking age <20 pack-years and up to 50% in those >30 pack-years (Table 4).

Table 3. Univariate and multivariate analyses for disease-free survival.

L. Multivariate
Variable Univariate - - - p
Stepwise Selection * Selected Predictors
HR 95% CI HR 95% CI HR 95% CI
Covariate
p16 (ref. = negative) 0.31 (0.17, 0.56) 0.12 (0.03-0.58) 0.10 (0.02, 0.49)
Gender (ref. = male) 0.32 (0.12, 0.88) 112 (0.36, 3.42)
Age (5-year increments) 0.98 (0.87,1.11) 1.12 (0.97-1.28)
Clinical stage (ref. = stage I-IIT) &
Stage IVA 2.75 (1.09, 6.90) 3.6 (1.37-9.45) 2.87 (1.11, 7.41)
Stage IVB 10.68 (3.88,29.41) 12.35 (4.09-37.26) 8.43 (2.83, 25.08)
Tumor subsite (ref. = other sites than tonsil) 0.34 (0.21, 0.55) 0.49 (0.26-0.83) 0.46 (0.27, 0.80)
Initial treatment (ref. = surgery) 1.05 (0.62,1.78) 1.21 (0.68, 2.16)
Smoking age (ref. = <20 pack-years)
20-29 1.43 (0.71, 2.88) 1.69 (0.77-3.70) 1.64 (0.74, 3.63)
>30 2.07 (1.20, 3.55) 1.88 (1.01-3.49) 1.99 (1.06, 3.75)
Alcohol use (ref. = none) 2.68 (1.37,5.23) 0.66 (0.27-1.62) 0.57 (0.23,1.39)
Betel quid chewing (ref. = none) 1.77 (1.08, 2.92) 0.91 (0.48,1.72)
Interaction term
pl6: Smoking age (20-29 pack-years)
plé: Smoking age (>30 pack-years)
p16: Alcohol use 44 (0.78-24.7) 6.00 (1.03, 35.01)

plé: Betel quid chewing

* Variable selection employed the stepwise method by the Akaike information criterion. # The Cox proportional
hazard model was constructed with interaction terms that were selected by the stepwise method and significant
and clinically relevant variables from univariate analyses. & The clinical stage was defined by the 7th edition of
the American Joint Committee on Cancer (AJCC) staging system. Significant values of HR and 95% CI are in bold.
Abbreviations: HR, hazard ratio; CI, confidence interval; ref., reference.
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Figure 2. Interaction plot for estimated risk of disease relapse according to p16 status and alcohol use.

Table 4. The cumulative risks of disease relapse in HPV-related oropharyngeal cancer by alcohol and

smoking age.

p16 (+)
Smoking Age Follow-Up  Absolute Risk (95% CI)  Absolute Risk (95% CI)
Alcohol (—) Alcohol (+)

<20 pack-years 3 years 0.12 (0.11, 0.14) 0.33 (0.24, 0.39)
5 years 0.14 (0.12, 0.15) 0.35 (0.26, 0.42)
20-29 pack-years 3 years 0.19 (0.18, 0.20) 0.45 (0.35, 0.51)
5 years 0.21 (0.20, 0.21) 0.47 (0.37,0.54)
>30 pack-years 3 years 0.22 (0.21, 0.24) 0.50 (0.38, 0.57)
5 years 0.24 (0.22, 0.25) 0.52 (0.41, 0.59)

Abbreviations: HPV, human papilloma virus; CI, confidence interval.

4. Discussion

In this study, we demonstrated that alcohol was a significant treatment-effect mod-
ifier for DFS in HPV-positive OPSCC patients. The presence of alcohol use diluted the
favorable prognostic effect of HPV positivity in OPSCC patients, leading to an average
26.1% increased risk of disease relapse. A heavy smoking age of >30 pack-years was a
poor prognostic factor of all-cause and disease-specific mortality among OPSCC patients,
regardless of HPV status. On the other hand, betel grid chewing made no contribution to
effect modification or the prediction of treatment outcomes in patients with OPSCC.

Confusion between treatment-effect modifiers and prognostic factors is common.
Effect modifiers, also called effect moderators, are factors that influence how well an
intervention affects the outcome. Prognostic factors are factors that predict the outcome
of a disease [24]. Scientifically, effect modifiers must be differentiated from prognostic
factors, but it is more challenging to claim that a factor is an effect modifier rather than a
prognostic factor. Prognostic factors are familiar to oncologists and are used to provide
patients with a more accurate prognosis, but they do not help identify which patients
will respond best to a specific intervention. Effect modification has recently become of
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particular interest in oncology in the era of targeted therapy and immunotherapy, where the
effectiveness of a treatment might largely depend on host or tumor factors [25,26]—as does
HPV-related OPSCC. Due to the heterogeneous tumor behavior present in HPV-positive
and HPV-negative OPSCCs, the variety of variables affecting treatment outcomes may play
different roles as effect modifiers or prognostic factors. Determining the treatment-effect
modifiers in HPV-positive OPSCC helps to identify subgroups of patients who respond
better or worse to de-escalation treatments.

Our data indicate that alcohol is a significant treatment-effect modifier for DFS in
HPV-positive OPSCC patients. Exposure to alcohol is well-known as a dominant etiologic
factor of HNSCC. A large case-control study conducted by Lee et al. involved 740 HNSCC
patients in Taiwan [25]; although the patients enrolled in this study were heterogeneous,
the results showed a significant positive dose-response relationship between pre-diagnosis
alcohol use and worse OS in HNSCC. This association was more significant for non-oral
cavity HNSCC than for oral HNSCC. A possible mechanism for this is the polymorphism
of the ethanol-metabolizing genes ADH1B and ALDH?2, which modify the relationship
between pre-diagnosis alcohol use and the OS of HNSCC patients—providing a possible
biological explanation [27]. However, unlike our study, this analysis did not adjust for
HPV status (due to a lack of access to the tumor tissues to test for HPV)—thus prohibiting
its generalization to HPV-positive OPSCC. A recent study in Belgium demonstrated that
alcohol use was a poor prognostic factor for OS in OPSCC patients and established a
simplified scoring system composed of p16 status, smoking, and alcohol [28]. Another
study showed that alcohol consumption was an independent factor for survival among
patients with HPV-negative OPSCC rather than for those with HPV-positive OPSCC [29].
So far, relevant studies on the impact of alcohol use on HPV-positive OPSCC are scanty and
contradictory. To the best of our knowledge, our study was the first to highlight the role of
alcohol use as a treatment-effect modifier for HPV-positive OPSCC, which had not been
previously evaluated and reported. The findings of our provided supporting evidence that
p16 expression is not the only key factor for survival in OPSCC patients and demonstrated
that the favorable prognostic effect of HPV positivity in OPSCC patients can be diluted by
alcohol use.

Our study also demonstrated that smoking was not a treatment-effect modifier for
HPV-positive OPSCC, but heavy smoking age >30 pack-years was a significant prognostic
indicator of worse OS and DFS in OPSCC patients. A considerable amount of literature has
explored the association between smoking and HPV-positive OPSCC. First, the association
between smoking and the pathogenesis of HPV-positive OPSCC was suggested. The
potential pathways of smoking-related carcinogenesis were likely attributed to cellular
alterations and DNA damage, promoting infection by and the persistence of HPV [30]. By
pooling two large head and neck cancer studies with HPV serology data, Anantharaman
et al. demonstrated that smoking was consistently associated with increased risks of both
HPV-positive and HPV-negative OPSCC [31]. Second, the association between smoking
and treatment-related outcomes in HPV-positive OPSCC has been widely explored. The
results remained somewhat controversial, with some studies reporting smoking as a poor
prognostic factor independent of HPV status, which is consistent with our findings [32,33],
and others reporting smoking exposure as a poor prognostic factor within the context
of HPV-positive OPSCC [34,35]. Though there are some conflicting results, most studies
agree that smoking is associated with worse OS and a trend towards worse DFS in HPV-
positive OPSCC [36]. Third, the association between the amount of smoking and worse
survival outcomes in HPV-positive OPSCC has been investigated. There is no consensus
on the cutoff for high-risk smokers. Several previous studies have reported smoking age
>10 pack-years as a cutoff delineating higher risk HPV-positive OPSCC patients [10,37].
Other smoking metrics reported in the literature have included smoking age >20 pack-
years, >20 cigarettes daily, total pack-years, current smoking, and ever smoking—with
variable prognostic effects on survival outcomes [38-40]. The divergence in outcomes
determined by these smoking metrics might be due to heterogeneous patient populations,
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various sample sizes, and different lifestyle factors, with exposure influenced by different
cultures. However, most studies have agreed that the heavier the smoking, the worse the
survival outcomes [36]. Our study recommended a cutoff of >30 pack-years smoking age
for risk stratification in Asian OPSCC populations. As more than three-quarters of our
study population had a smoking history—with the majority being heavy smokers—and
more than half also had ABC lifestyle exposure, our study populations were more reflective
of current conditions among OPSCC patients in Southeast Asia [14,16,41].

Compared to previous studies, the strength of our study was the clear definition of
HPV positivity as the presence of p16 expression in >75% of carcinoma cells, showing
nuclear reactivity on IHC staining [9]. We repeated p16 immunostaining tests in all the
pretreatment primary tumor tissues, which were reviewed by a 30-year-experienced head
and neck pathologist to accurately discriminate between HPV positivity and negativity.
Furthermore, all the pretreatment CT images of the head and neck region were reviewed
by a 15-year-experienced radiologist to revise clinical staging based on the seventh and
eighth editions of the AJCC staging system to accurately display disease status. Detailed
ABC lifestyle exposure histories and an adequate follow-up duration (median 3.6 years)
made our results more convincing. Despite the retrospective study design, the consecutive
enrollment of qualified OPSCC participants made the internal validity of patient selection
solid and reliable. Finally, and most importantly, this was the first study providing the
new concept, with convincing evidence, that alcohol is a treatment-effect modifier for
HPV positivity.

The limitation of this study was the lack of quantification of alcohol consumption.
Detailed quantification of alcohol consumption can include information on drinking status,
frequency, the level of drinking, and drink-years [27]. Due to the retrospective nature of
this study, our information on alcohol use relied on medical record reviews. There might be
some inaccurate reporting due to recall bias when taking histories, or potential falsification
of alcohol history due to guilt or shame. Further studies would benefit from including
more objective measures of alcohol quantification such as questionnaires or prospective
study designs.

5. Conclusions

Alcohol acted as a significant treatment-effect modifier for DFS in HPV-positive OP-
SCC patients, diluting the favorable prognostic effect of HPV positivity. A heavy smoking
age of >30 pack-years was an independent adverse prognostic factor for OS and DFS in
OPSCC patients. The 3-year absolute risk of disease relapse reached up to 50% in HPV-
positive OPSCC patients when alcohol use and a heavy smoking age of >30 pack-years
were combined. The presence of alcohol use and a history of heavy smoking should be
considered critical factors when making treatment decisions between standard and de-
intensification protocols among HPV-positive OPSCC patients. Further large-scale studies
are warranted to confirm these findings.
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W N e

Abstract: Background: Pineal parenchymal cell tumors constitute a rare group of primary central
nervous system neoplasms (less than 1%). Their classification, especially the intermediate subtype
(PPTIDs), remains challenging. Methods: A literature review was conducted, navigating through
anatomo-pathological, radiotherapy, and neurosurgical dimensions, aiming for a holistic understand-
ing of these tumors. Results: PPTIDs, occupying an intermediate spectrum of malignancy, reveal
diverse histological patterns, mitotic activity, and distinct methylation profiles. Surgical treatment
is the gold standard, but when limited to partial removal, radiotherapy becomes crucial. While
surgical approaches are standardized, due to the low prevalence of the pathology and absence of
randomized prospective studies, there are no shared guidelines about radiation treatment modalities.
Conclusion: Surgical removal remains pivotal, demanding a personalized approach based on the
tumor extension. This review underscores the considerable variability in treatment approaches and
reported survival rates within the existing literature, emphasizing the need for ongoing research to
better define optimal therapeutic strategies and prognostic factors for PPTIDs, aiming for further and
more detailed stratification among them.

Keywords: pineal region; pineal parenchymal tumor; pineal gland; biopsy; intensity modulation
radiation therapy; stereotactic radiosurgery; craniospinal irradiation

1. Introduction

Pineal parenchymal cell tumors (PPT) are a rare group of tumors representing less than
1% of all primary central nervous system neoplasms. Originating from pineocytes or their
precursor cells, these tumors pose unique challenges both during the diagnostic assessment
and clinical management. The World Health Organization (WHO) classification stratifies
PPTs into distinct entities, ranging from the well-differentiated pineocytomas to the highly
malignant pineoblastomas [1]. Among them, the intermediate category of pineal parenchy-
mal cell tumors of intermediate differentiation (PPTID) remains a critically debated subset,
presenting a spectrum of histologic features that defy easy categorization [2].

Tackling the management of these tumors remains a complex endeavor, primarily due
to their rarity and the resulting limited pool of comprehensive studies. The inherent clinical
heterogeneity exhibited by PPTs adds an additional layer of complexity. In this review, we
delve into the intricacies of PPTs, emphasizing the histologic and immunohistochemical
nuances that underpin their classification, and consequently their treatment. From the
initial characterization by Schild et al. in 1993 to their formal inclusion in the WHO
classification in 2000, PPTIDs have emerged as a distinct subgroup, encompassing both
low and high-grade variants [3,4].
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This review places a particular emphasis on the importance of a multidisciplinary
approach, exploring anatomo-pathological, radiotherapeutic, and neurosurgical aspects.
Through this lens, we aim to provide a comprehensive understanding of the clinical
landscape, shedding light on the challenges in diagnosis and management while paving
the way for future research endeavors.

2. Pathological Features of Pineal Parenchymal Tumors

According to the latest 2021 WHO classification of central nervous systems, two entities
are defined at the opposite ends of the spectrum of pineal parenchyma tumors: pineocytoma
(PC), a well-differentiated neoplasm, and pineoblastoma (PB), a poorly differentiated,
aggressive neoplasm [1]. The pineal tumor of intermediate differentiation (PPTID) is
located in the middle, representing a less defined group of neoplasms [5,6].

2.1. Pineocytomas

Pineocytoma was defined by the WHO in 2021 as a Grade 1 entity—a well-differentiated
pineal parenchymal neoplasm exhibiting expansile growth that can result in compression
of adjacent structures, leading to variable signs and symptoms [7]. The cut surface shows a
well-circumscribed homogeneous or granular mass with a greyish-tan appearance. Histo-
logically, it presents as a moderately cellular neoplasm composed of small, round, blue, and
mature cells organized in sheets or showing large pineocytomatous rosettes, a hallmark
feature, not present in the normal pineal gland. Gangliocytic differentiation can be variably
present and a pleomorphic variant has also been described [8].

Mitotic figures are rarely present in pineocytomas [9-11]. The mean Ki67, in most
cases, is <1% [11-13]. Pineocytomas exhibit strong positivity for synaptophysin, neuron-
specific enolase, and NFP [2,9,13-16]. Other markers have shown variable positivity,
including class III beta-tubulin, microtubule-associated protein tau, and chromogranin-
A [2,9,14,15]. On average, the interval between the onset of symptoms and surgery was
four years for pineocytomas [5]. To date, there have been no reported cases of metastasis
in patients affected by pineocytoma [8,17]. The five-year survival in this group ranges
from 86% to 91% [8,17]. A review highlighted that the extent of surgical resection is
the main independent prognostic factor [18]. Immunoexpression of CRX, a transcription
factor, and ASMT, a fundamental enzyme in the synthesis of melatonin, serves as a sign
of a biological link to pinealocytes [19-21]. There are no recurrent genetic mutations in
pineocytomas [22,23], but they exhibit a distinct methylation profile [24].

2.2. Pineal Parenchymal Tumors of Intermediate Differentiation

Pineal tumors of intermediate differentiation are characterized by intermediate malig-
nancy between pineocytoma and pineoblastoma [4,7]. Histologically, they are composed of
diffuse sheets or large lobules of monomorphic round cells that appear more differentiated
than those observed in pineoblastomas. They can show two main microscopic patterns:
they can be densely lobulated with an endocrine-arranged vascularity or diffuse, mimick-
ing oligodendroglioma or neurocytoma. The nuclei are round with moderate atypia and
“salt and pepper” chromatin [3,8]. According to the WHO in 2021, Grade 2 or 3 can be
assigned based on histopathological features, highlighting the intrinsic heterogeneity of
this neoplasm [1].

PPTIDs are positive for synaptophysin [9,13,25], while showing variable positivity
for NFP and chromogranin-A [2,9,16,26]. As in pineocytoma, CRX is expressed as well as
ASMT /HIOMT, which acts as both a diagnostic and prognostic marker [19-21]. Mitotic
activity ranges from low to moderate [7]. The mean proliferation index Ki67 is signifi-
cantly different from pineocytomas and pineoblastomas, with values ranging from 3.5%
to 16.1% [22,25,27,28]. PPTIDs are less aggressive neoplasms compared to pineoblastoma,
with a higher probability of localized disease at diagnosis. A more favorable prognostic
difference between these entities can be observed by comparing the median overall survival
of PPTID against PB (165 months vs. 77 months) and progression-free survival (93 months
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vs. 46 months) [29]. Jouvet et al. and Fauchon et al. have proposed a prognosis-oriented
classification of PPTIDs with mitotic count and neuronal differentiation assessed by anti-
NFP immunohistochemistry [9,17]. Low-grade PPTID, corresponding to WHO grade 2,
was defined as having <6 mitosis per 10 HPF and expression of NFP in many cells [9].
Five-year survival in this group was 74%, and relapse occurred in 26%, mostly in the first
site of the neoplasm after some delay [17]. High-grade PPTID, corresponding to WHO
grade 3, was defined as having <6 mitosis without NFP expression by immunohistochem-
istry or >6 mitosis with NFP expression. Five-year survival in this group was 39%, and
relapse occurred in 53%, mostly outside the pineal region [9,17]. Low-grade and high-grade
prognostic groups showed a difference in the Ki67 proliferation index (5.2% vs. 11.2%) [10].
Nevertheless, the latest WHO classification of CNS tumors acknowledges that definite
histological grading criteria are still missing.

It has been demonstrated that PPTIDs can harbor KBTBD4 small in-frame inser-
tions [30]. The copy-number profile of PPTIDs is relatively flat, with some cases of broad
gains or losses, particularly chromosome imbalances resembling those observed in pi-
neoblastomas, though minor [22,24]. PPTIDs have a distinct methylation profile that can be
further distinguished into two subtypes whose prognosis is still to be established: PPTID-A
and PPTID-B [24].

2.3. Pinealoblastomas

Pineoblastoma is a malignant Grade 4 neoplasm—a poorly differentiated, highly
cellular, malignant embryonal neoplasm arising in the pineal gland. Upon gross exami-
nation, they appear as partially defined invasive masses—soft and friable, pinkish-grey.
Pineoblastomas appear as small round blue tumors composed of highly cellular sheets of
small cells without a defined pattern. They show irregular, hyperchromatic nuclei with an
occasional small nucleolus, high nuclear-to-cytoplasmic ratio, scant cytoplasm, and faint
cell borders [3,7].

Pinealoblastomas exhibit positivity for synaptophysin and NSE [9]. Staining positivity for
NFP and chromogranin A is significantly less frequent compared to pineocytomas [9,16,31].
There is no loss of SMARCB1/INI1 staining in pineoblastomas, a useful feature to distinguish
them from atypical teratoid rhabdoid tumors [32]. Pineoblastoma is a neoplasm characterized
by a high mean proliferation index, ranging from 16.9% to 50.1% [10,13,21,22]. It stands out as
the most aggressive neoplasm of the pineal region, with frequent craniospinal dissemination
and extracranial metastasis [3,17,33,34]. In older series, overall survival in pineoblastoma was
reported to be as low as 1.3 years; however, recent studies indicate a better median overall
survival time, reaching 4.1-8.7 years [35,36]. Negative prognostic predictors for pineoblastoma
include disseminated disease at diagnosis, young age, and partial surgical resection [37]. The
prognosis of pineoblastoma is extremely unfavorable, with patients often succumbing within
two years from diagnosis [5].

From a cytogenetic perspective, structural alterations of chromosome 1 have been
observed, and there may be losses of chromosomes [2,6,7,14,17] with some rare focal
gains [22,38,39]. Reports also mention copy number variations and/or mutually exclu-
sive mutations of DICER1, DROSHA, and DGCRS [24,40-43]. DNA methylation profil-
ing has identified four subgroups of pineoblastomas: miRNA processing altered type
1, miRNA processing altered type 2, RB1 altered, and MYC/FOXR activated [24,41,43].
These subgroups carry prognostic implications, with the miRNA processing altered type 2
subtype showing an overall good prognosis, while the outcomes of RB1-altered and the
MYC/FOXR2-activated subgroups are notably poor.

3. Clinical Insights and Radiological Aspects

PPTID clinical presentation is not different from other PPTs and the main symptoms are
linked to the increase in the intracranial pressure caused by obstructive hydrocephalus [44].
Developing hydrocephalus is a direct consequence of the extension of the tumor in the
posterior part of the third ventricle and the obstruction of the cerebrospinal fluid flow
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through the acqueduct of Sylvius. Less common are symptoms from compression of the
superior colliculus, with eye movement disorders such as Parinaud syndrome [3].

Also regarding radiological aspects, PPTIDs serve as a bridge entity between pineo-
cytomas and pineoblastomas, exhibiting intermediate characteristics between the two.
Pineocytomas commonly appear as well-defined, homogeneous masses measuring less
than 3 cm on CT, exhibiting hypo- to isointense signal intensity on T1-weighted MRI
sequences, and matching the intensity of brain parenchyma on T2-weighted sequences,
occasionally with cystic or calcified areas [45,46]. In contrast, pineoblastomas are often
larger and irregular, invading adjacent brain tissue, leading to hydrocephalus. On CT, they
appear slightly hyperdense with post-contrast enhancement and possible calcifications.
MRI findings for pineoblastomas include isointensity to hypointensity on T1-weighted
images, isointensity on T2-weighted images with areas of cyst formation or necrosis, vivid
heterogeneous enhancement on post-contrast T1 images, and restricted diffusion on DWI
(diffusion weighted imaging)/ ADC (Apparent Diffusion Coefficient) with ADC values
around 400-800 mm?2 /s [47]. In MR spectroscopy, an increase in choline and a decrease in
N-acetylaspartate can be observed, with the possibility of detecting myoinositol. However,
limited data exist regarding cerebral blood flow and cerebral blood volume, which may be
increased in pineoblastomas [48].

The PPTIDs, being able to exhibit characteristic features of both the aforementioned
tumors, typically present as well-defined, isodense to hyperdense masses on CT scans,
often with observable calcifications, which, like all pineal parenchymal tumors, tend to be
present and dispersed peripherally. On T1-weighted MRI, they appear isointense to slightly
hyperintense, while T2-weighted images may show hyperintensity. Contrast-enhanced
MRI may reveal heterogeneous enhancement [7]. PPTIDs may demonstrate local invasion
and can obstruct cerebrospinal fluid flow, leading to obstructive hydrocephalus [49,50].
Heterogeneous signal intensity, reflecting variations in cellularity and tissue composition,
and different patterns, such as lobulated or diffuse, may be observed [51].

4. Role of Neurosurgery
4.1. Management of Hydrocephalus

In the case of these tumors, obstructive hydrocephalus, a common issue with pineal re-
gion tumors, remains a primary concern at diagnosis. Addressing hydrocephalus promptly
is essential. Treatment options include the use of a ventricular internal shunt or, preferably,
an endoscopic third ventriculostomy (ETV) [52,53]. ETV is preferred because, in addition
to relieving hydrocephalus, it offers the opportunity to perform a biopsy if the tumor
protrudes into the posterior part of the third ventricle [54]. ETV is a safe procedure with
a very low risk of complications, mostly related to the challenging control of potential
bleeding in highly vascularized lesions [55].

4.2. Biopsy

Before engaging in multidisciplinary therapeutic discussions, obtaining tissue sam-
ples is of paramount importance. In many patients with hydrocephalus, a biopsy can be
performed during the third ventriculostomy itself, particularly in cases of large tumors ex-
tending forward within the third ventricle cavity [53,56,57]. For other patients, a stereotactic
biopsy is typically conducted under neuronavigation guidance [58]. However, perform-
ing biopsies in PRTs carries the risk of obtaining non-representative samples, especially
in cases of mixed tumors containing different tumoral components [55,59]. Despite the
complex venous anatomy in the vicinity (including the Galen vein and tributaries), the
morbidity and mortality associated with PRT biopsies are comparable to those of other
brain locations [60].

4.3. Surgical Excision

The primary approach for PPTIDs continues to be extensive microsurgical removal,
considered the benchmark. This approach should always be discussed in a multidisci-
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plinary setting, involving a neuro-oncologist, a radiation specialist, and a neurosurgeon.
The choice of a specific surgical approach depends on the tumor’s extensions in relation to
the Galen venous complex and the surgeon’s experience [61].

The most frequently utilized approaches during the past two decades have been the
occipital transtentorial (OTT) and infratentorial supracerebellar (ITSC) approaches [62].
The suboccipital transtentorial approach is preferable for tumors extending upward and
pushing the venous complex downward. Patients are typically positioned either sitting or
in a three-quarter prone position (Park Bench). This approach provides direct access to the
pineal region below the Galen venous complex. However, it requires delicate handling of
bridging veins and carries a risk of visual field dysfunction and other complications [63].

The infratentorial supracerebellar approach offers a direct route for tumors extending
posteriorly. It is often performed with the patient in a sitting position. This approach in-
volves sacrificing one or two bridging veins between the superior surface of the cerebellum
and the tentorium; this usually does not entail risks as these are expendable veins that do
not drain the brainstem, although there is a minimal risk of cerebellar hemorrhage [64].

Various other surgical approaches are possible depending on the tumor’s lateral
or anterior extension within the third ventricle, each with its associated risks and bene-
fits. However, these approaches should be carefully considered based on each patient’s
unique case.

5. Radiotherapy

Radiotherapy represents a cornerstone treatment in the multidisciplinary management
of pineal parenchymal tumors. However, the rarity of the disease makes it difficult to define
a standard treatment. Most of the evidence, especially in the adult population, derives
from retrospective studies or small case series (Table 1).

Table 1. Studies involving PPTIDs and radiotherapy treatment. Type of radiotherapy treatment, the
administered dose, and radiation-related toxicity are reported. Abbreviations: BT: brachitherapy; CSI:
craniospinal irradiation; IMRT: intensity-modulated radiation therapy; SRS: stereotactic radiosurgery;
WBI: whole brain irradiation; WVI: whole ventricular irradiation.

Article RT Technique Dose Radiotherapy Toxicity
Balossier et al. [65] curative SRS SRS: 15.5 Gy (isodose 50%) no
Kumar et al. [66] adjuvant 1CsI, 3 WBI IMRT: 54 Gy, CSI: 36 Gy no
SRS: 13.3 Gy (isodose 50%),
Park et al. [67] curative 2 SRS, 3 IMRT IMRT 30 Gy/5 fr (isodose not reported for PPTID
80%)
mean marginal dose 14 Gy.
Hasegawa et al. [68] salvage 1SRS maximum marginal doses 28  not reported for PPTID

Gy

Kunigelis et al. [44]

adjuvant, salvage

IMRT, SRS, CSI

not reported

not reported

IMRT: 50 Gy /25 fr, CSI:

1 decline in activities of

Ito et al. [25] adjuvant, salvage 4 IMRT, 1 CSI. 54.4/28 fr daily living }ay
radionecrosis
. IMRT: 54 Gy;CSI 36 Gy +18 2 neurocognitive disorder,
Watanabe et al. [69] adjuvant, salvage IMRT, CSI Gy WVI 2 hypopituitarism
Luetal. [70] adjuvant IMRT IMRT: 54 Gy not reported
median marginal dose 17 Gy  focal neurological deficit
Torio-Morin et al. [71] curative, salvage SRS (isodose 50%), median 9%, parinaud syndrome

maximum dose 34 Gy

7%, hydrocephalus 3%

Raleigh et al. [72]

adjuvant, salvage

2 IMRT, 12 CSI

CSI: 36 Gy + 55.8 Gy boost
on pineal gland or local RT
on pineal region

Growth defects, endocrine
dysfunction, infertility,
cognitive deficits

Stoiber et al. [73]

adjuvant

IMRT

IMRT: 54 Gy

no

Lutterbach et al. [29]

adjuvant, curative

IMRT, SRS, 1125BT

IMRT: 54 Gy.

not reported
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Table 1. Cont.

Article

RT Technique Dose Radiotherapy Toxicity

Choque-Velasquez et al.
[74]

mild neuropsychologic
IMRT: 54 Gy; SRS: 14 Gy deficits, depression,
double vision

1 I125BTafter biopsy, 1

adjuvant, salvage SRS, 6 IMRT, 2 unknown

12 CSI (5 proton, 7 IMRT),

Nam et al. [75] adjuvant 3 local RT (1proton, 2 SRS). not reported not reported
Chatterjee et al. [76] adjuvant, salvage IMRT IMRT: 50-54 Gy, CSI: 36 Gy not reported
IMRT: 55.8-59.4 Gy /1.8 Gy: .
5 fatigue, 1 nausea,
. WVI 25.2 Gy + bed SRS s ’
Low, J.T. etal. [77] adjuvant IMRT boost 25.2 Gy + residual SRS 1 ]ilop;?ai;iemia
boost 5.4-9 Gy yP
CSI: 31 Gy + boost, WBI32.4 1 radionecrosis in the
Fauchon et al. [17] adjuvant, curative g{gsL 8 WBI, 18 IMRT, 6 Gy + boost, IMRT: 78.8 Gy talamus after SRS,

Gr. 2and 53 Gy Gr. 3 1 encephalitis after WBI

The spectrum of radiation therapy recommendations is quite broad, ranging from focal
treatment to craniospinal irradiation, based on histology. Modern radiation techniques
(radiosurgery or stereotactic radiotherapy, VMAT) offer the opportunity to tailor radiation
dose to the tumor volume, sparing normal brain tissue with a deeper gradient dose between
the target and surrounding organs at risk. Similarly, the wider spread of proton therapy
might reduce radiation-induced toxicity, especially in craniospinal irradiation.

Historically, in well-differentiated pineocytomas, radiation therapy was used as focal
treatment in recurrent disease. Recent studies using SRS as part of multimodal treatment
or as salvage therapy with the administration of marginal doses ranging from 14 to 16 Gy
show high local tumor control ranging from 80% to 100%, with PFS of 80-100% at 5 years
(Table 2).

Table 2. Disease progression, recurrence, and survival outcomes in PPT patients. Abbreviations:
CR: complete response; LC: local control; LR: local recurrence; OS: overall survival; PD: progression
disease; PR: partial response; SD: stable disease.

Median Follow Local Control and Progression Free
Article Patient Number Up Time 8re Overall Survival
Recurrence Surivival
(Months)
Balossier et al. [65] 12 (6 PPTID Gr. 2) 24 100% SD not reported not reported for PPTID
o o not reported for 100% OS rate at reported
Kumar et al. [66] 14 (4 PPTID) 21.5 50% CR, 50% PR PPTID follow up
Park et al. [67] 9 (5 PPTID) 786 40% CR, 60% PR not reported 100% OS rate at reported
follow up
33.3% CR, 16.67% PR, 100% OS rate at reported
Hasegawa et al. [68] 16 (2 PPTID) 61 16.67% SD not reported follow up
_ 22.2%LC (60% Gr. o
Kunigelisetal. [44] 2 P TD:5Gr2,4Gr g5 5 2-100% Gr. 3 50.5 months 100% OS rate at 5 years
3 follow up
recurrence)
Tto et al. [25] 6 PPTID 41 66.7% CR, 167% pD 07 aftermean3 83.33% OS rate at
years reported follow up
Watanabe et al. [69] 5 PPTID not reported 16,?3/0 CR, 40% IR, 40% 72.9 months median OS 94.1 months
103 PPTID: 63 Gr. 2, OS rate at 1-2-5 year:
Lu etal. [70] 40Gr 3 49-75 not reported not reported 70%-58%—54%,
Torio-Morin etal. [71] 70 (7 PPTID) 47 50% L.C 34 months OS rate at 5 years follow

up: 56%
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Table 2. Cont.

Median Follow Local Control and Progression Free
Article Patient Number Up Time 8¢ Overall Survival
Recurrence Surivival
(Months)
. 75 (18 PPTID: 10 Gr. 16.67% recurrence: 82% and 65% after 5 OS rate at 5-10 years:
Raleigh et al. [72] 2,8Gr. 3) 4 10% Gr. 2,25% Gr. 3 and 10 years 76% and 61%
Stoiber et al. [73] 14 (IPPTID) 84 100% LC PPTID free from 100% OS rate at reported
relapse after 84mo follow up
3-5-10 years LC
86%—79%-53%.
Lutterbach et al. [29] 101 (37 PPTID) 38 3-5-10 years Spinal 93 months median OS 165 months
control
93%-92%-81%
Choque-Velasquez o o 33.3% at last follow OS rate at 5-10 years:
etal. [74] 15 PPTID 39-248 66.7% CR, 20% PR up 929% and 71%
Nam et al. [75] 17 PPTID 62.6 43.75% recurrence 20.9 months OSrate 3t 5 years follow
up: 64.7%
. Gr. 3: 20% LR, 10% 81.25% OS at reported
Chatterjee et al. [76] é6rP3P TID: 6 Gr. 2,10 12-127 Spinal recurrence. Gr.  3-127 months follow up (100% Gr. 2,
' 2 LC 100% 70% Gr. 3)
Low,JT.etal [77]  5PPTIDGr.3 min 36 60% PD not reported 60% O rate at reported
follow up
Fauchon et al. [17] 76 (28 PPTID, 27 Gr. 85 Gr. 2-Gr. 3: 26%-56% 51 months OS rate at 5 years follow

2,20 Gr. 3)

recurrence

up: 74% Gr. 2,39% Gr. 3

Mori et al. [78] reported in six pineocytoma patients treated with SRS a PFS of 80% at
5 years; Lekovic et al. [79] achieved 100% local tumor control in eight patients with a mean
follow up ranging from 2 to 56 months. In the series by Wilson et al. [80], five patients with
subtotally resected pineocytoma underwent SRS as adjuvant therapy in three cases and as
curative treatment in two cases with local tumor control at 65 months, without any toxicity.
A multicentric retrospective large series on pineal tumors reported a local control rate of
80% at 20 years for 26 pineocytomas [71].

On the other hand, in aggressive pineoblastomas, due to the high risk of cerebrospinal
dissemination, craniospinal irradiation represents the standard adjuvant treatment in
combination with chemotherapy, with a total dose of 24-36 Gy to the entire craniospinal
axis and a tumor boost to 54-55.8 Gy in 1.8-2 Gy fractions.

Recently, a cohort analysis on 201 adult patients with pineoblastoma from the SEER
database (1975-2016) was published [81], showing that radiation treatment improves 5-year
OS regardless of surgical treatment (5-year OS of 77.3% in the radiotherapy group versus
63.2% in the no-radiotherapy group). In this context, adjuvant radiotherapy improves local
tumor control and overall survival.

The role of radiation therapy remains unclear in the management of the subgroup
of pineal tumors of intermediate differentiation (PPTID), due to the lack of evidence and
heterogeneous biological behavior in grade 2-3 tumors. Table 1 summarizes the most
relevant clinical series on PPTID patients.

Some reports tried to collect individual patient data from the literature to show clinical
characteristics, patterns of care, survival outcomes connected to treatment strategy, and
finally to find out prognostic factors to guide clinicians in clinical practice.

Mallick et al. in 2016 [51] published an individual patient data analysis, based on
29 retrospective studies involving 127 patients. Information regarding radiation treatment
was available for 65 cases; adjuvant radiation therapy was employed in 46 cases. Most of
the patients received local irradiation (32.6% of cases), 14 patients received craniospinal
irradiation, 2 patients received whole ventricular irradiation, and 1 patient received whole
brain irradiation. Radiosurgery was employed in four patients. Twenty-four patients had
recurrence, including nine local and fifteen leptomeningeal. The 3-year PFS was 63.4%,
and the 5-year PFS was 52.2%. Median overall survival was 14 years, with 3- and 5-year
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OS values of 91% and 84.1%, respectively. In univariate analysis, female sex and adjuvant
radiation were associated with better overall survival (p = 0.009), with a median OS of
252 months in irradiated patients versus 168 months in the untreated group.

In summary, the management of PPTID varies widely in the literature, including
heterogeneous radiation treatment modalities concerning volume and doses, depending on
local practices and physician preferences. Radiotherapy is commonly recommended for
subtotally removed PPTID or as adjuvant therapy in grade 3 tumors.

Concerning the optimal treatment volume, a prevalent approach involves focal irra-
diation covering the surgical bed, residual disease, and all areas of suspected infiltration,
utilizing modern high-gradient techniques. The total dose typically ranges from 54 to
59.4 Gy in conventional fractionation. Whole ventricle irradiation has been explored to
reduce the risk of spinal metastases while mitigating the adverse effects associated with
craniospinal irradiation (CSI), considering PPTID’s malignancy level between pineocytoma
and pineoblastoma.

Justin T. Low et al. [77] treated five adult patients with grade 3 PPTID using adjuvant
radiotherapy after resection, incorporating whole ventricle irradiation up to 25.2 Gy in
1.8 Gy daily fractions delivered with IMRT. This was followed by a stereotactic boost to the
resection bed of 25.2 Gy and a second boost to the residual tumor of 5.5-9 Gy, reaching a
total dose of 55.8 Gy—59.4 Gy. Three of the five patients experienced favorable outcomes,
while three had progressive disease, resulting in two deaths. These findings suggest the
feasibility of reduced-dose ventricular irradiation for treating PPTIDs.

According to Tsubasa Watanabe et al. [69], whole ventricle irradiation (WVI) might
also have a role in association with CSI in PPTIDs with spinal dissemination. Two of five
patients in their retrospective review had cerebrospinal dissemination at diagnosis and
underwent biopsy-only surgery followed by 36 Gy of CSI + 18 Gy of WVI. Although the
median relapse-free and overall survival were 72.9 and 94.1 months, respectively (three
complete responses, two partial responses and two recurrences after treatment), some
patients experienced cerebral white matter abnormalities and cognitive disturbance due to
the association with CSI.

6. Conclusions

Surgical removal, when feasible, remains the primary treatment for PPTIDs, providing
the potential for a curative outcome. However, due to the complexity of these tumors and
their anatomical location, these procedures necessitate skilled surgeons and meticulous
preoperative planning to optimize outcomes. In cases where complete excision is not
achievable, a biopsy approach, whether stereotactic or otherwise, becomes essential to
consider a radiation treatment plan. Radiation therapy assumes a pivotal role, especially in
higher-grade lesions. The evolution of modern techniques, such as stereotactic radiosurgery
and proton therapy, offers tailored approaches to optimize efficacy while minimizing
collateral damage.
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Abstract: Gliosarcomas (GS) are sporadic malignant tumors classified as a Glioblastoma (GBM)
variant with IDH-wild type phenotype. It appears as a well-circumscribed lesion with a biphasic,
glial, and metaplastic mesenchymal component. The current knowledge about GS comes from
the limited literature. Furthermore, recent studies describe peculiar characteristics of GS, such as
hypothesizing that it could be a clinical-pathological entity different from GBM. Here, we review
radiological, biomolecular, and clinical data to describe the peculiar characteristics of PGS, treatment
options, and outcomes in light of the most recent literature. A comprehensive literature review of
PubMed and Web of Science databases was conducted for articles written in English focused on
gliosarcoma until 2023. We include relevant data from a few case series and only a single meta-
analysis. Recent evidence describes peculiar characteristics of PGS, suggesting that it might be a
specific clinical-pathological entity different from GBM. This review facilitates our understanding of
this rare malignant brain tumor. However, in the future we recommend multi-center studies and large-
scale metanalyses to clarify the biomolecular pathways of PGS to develop new specific therapeutic
protocols, different from conventional GBM therapy in light of the new therapeutic opportunities.

Keywords: primary gliosarcoma; overall survival; glioblastoma; IDH; MGMT, hTERT

1. Introduction

Gliosarcoma (GS) was first described by Stroebe in 1895, but its acceptance and
complete understanding developed later thanks to the detailed description provided by
Feigen and Gross in 1955. They were the first to recognize three malignant brain tumors
composed of two different tissues: one of glial origin, similar to Glioblastoma, and the other
of mesenchymal origin, with characteristics reminiscent of spindle cell sarcomas [1-3]. In
the 2000 World Health Organization (WHO) Classification, GS was first recognized as a
variant of GBM [4]. In 2016 and 2021, WHO successfully classified GS as a variant of GBM
with IDH-wild type phenotype [5,6]. Effectively, the radiological, biomolecular, and clinical
features reported in the literature about GS are similar to those of GBM. GS is described
as a rare form of neoplasm with an inferior prognosis [7]. Its incidence varies between 1%
and 8% of all malignant gliomas, representing only 0.48% of all brain tumors and from
1.8% to 2.8% of cases of GBM [2,7-9]. GS are most common in adults, with a median age
of diagnosis of 60 years, with a male predilection (M:F 1.8:1). In pediatric individuals,
it is scarce. With regard to ethnicity, it is more frequent in the white and non-Hispanic
races [1,2,8,10,11]. This type of cancer can occur in both primary and secondary forms, with
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the latter thought of arising from previously treated GBM. From a therapeutic point of view,
the commonly used strategy is the same adopted for GBM, or the Stupp protocol, which
involves the administration of TMZ concomitantly with RT [2,12,13]. Nevertheless, without
any treatment, the prognosis of GS is inferior, with a median survival of approximately
four months [9]. While with standard treatments, survival for GS remains still poor, with
a median survival of 9 months, compared to other forms of GBM associated with an
average of 15 months survival [9,14,15]. Moreover, the most recent literature suggests that
GS may have neuroradiological, histological, and biomolecular characteristics that differ
from GBM [8,11,16]. Given ongoing debate and uncertainty, we conducted an updated
systematic review of the relevant literature to evaluate the possibility that GS may be a
distinct entity from GBM, with its own peculiar radiological, biomolecular, and clinical
patterns, to push research to develop more specific and effective treatments able to improve
overall survival (OS).

2. Materials and Methods
2.1. Protocol, Search Strategy, and Study Selection

The systematic review was performed per the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) guidelines. At first, a comprehensive literature
review of the databases PubMed and Web of Science was conducted over the past 20 years
(2013-2023) using search terms relevant to the different topics: “(high-grade glioma [MeSH
Terms])”, “(gliosarcoma [MeSH Terms]) or (genetic alterations [MeSH Terms])” combined
with “globlastoma [MeSH Terms])”, including articles focused on gliosarcoma until 2023.
Subsequently, given the small number of articles published in GS and the relatively few
cases reported per study, all manuscripts published between 1988 and 2023 were considered.
Therefore, we identified 1023 manuscripts. Among these, after reading the title and abstract,
we assessed the eligibility of 41 studies. One of these documents was later excluded because
it was written in Chinese. Ultimately, we included 40 relevant studies, all written in English.
(Figure 1) Summary of all the studies included in the systematic literature review are shown
in Table 1.

Identifi Cation - Records identified: 1023

(high-grade glioma and gliosarcoma)

S Records assessed for eligibility: 41

Incl uded ———————————  Studied included in the review: 40

(only in  English language,
(from 1988 to 2023) excluding a paper written in

Chinese)

Figure 1. PRISMA flow diagram of included studies.

Table 1. Summary of studies included in the systematic literature review.

Author,

Study Sample

No. Journal, Year Title Type of Study Period Size Area of Interest
Ohetal. 2016 ~ Genetic Alterations in Gliosarcoma and . .
1 [17] Giant Cell Glioblastoma. Case series N/A 55 Biomolecular
Saadeh et al. I?rognosw and 'managemept of ' Up to Charact(.erlstlc,
2 gliosarcoma patients: A review of Review N/A prognosis and
2019 [9] : 2019
literature. management
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Table 1. Cont.

Author, . Study Sample
No. Journal, Year Title Type of Study Period Size Area of Interest
Cerebellar high-grade gliomas do not
Tauziede- present the same molecular Retrospective
3 Espariatetal.  alterations as supratentorial high-grade s tuF::l 1982-2016 19 Biomolecular
2018 [18] gliomas and may show histone H3 gene y
mutations.
Li et al. 2021 Genetic alteration and clonal evolution
4 re [19'] of primary glioblastoma into secondary Case Report 2016 1 Biomolecular
gliosarcoma.
Esteban- . .
5 Rodriguez et al. Cytolo;grlcallnfeartit;r(;s Olfi difuse and Review N/A N/A Biomolecular
2023 [20] circumscribed gliomas.
Sahu et al. 2022 Rat and Mouse Brain Tumor Characteristics
6 21] ' Models for Experimental Review N/A N/A and
Neuro-Oncology Research. biomolecular
. Genomic landscape of gliosarcoma: .
7 Zald et al. 2021 distinguishing features and Scientific N/A 30 Biomolecular
[2] . Reports
targetable alterations.
Kleihues et al. Phenotype vs. genotype in the . Genetics and
8 2000 [22] evolution of astrocytic brain tumors. Case series N/A N/A biomolecular
Wane o al Gliosarcomas with the BRAFV600E
9 & ’ mutation: a report of two cases and Case report N/A 2 Biomolecular
2017 [23] : .
review of the literature.
EGFRvIIT
deletion mutations in pediatric .
10 Baxetal. 2009 high-grade glioma and response to Retrospective N/A 90 Biomolecular
[24] study
targeted.
therapy in pediatric glioma cell lines.
1 Reis et al. 2000 Genetic Short N/A 19 Genetics and
[25] profile of gliosarcomas. communication biomolecular
Gliosarcoma: The Distinct Genomic
12 Cheng et al. Alterations Identified by Retrospective 2016-2019 36 Genetics and
2022 [26] Comprehensive Analysis of Copy study biomolecular
Number Variations.
Gliosarcoma: distinct
molecular pathways and genomic .
13 Lowder et al. alterations identified by DNA copy Metanalysis 2014-2015 18 Qenetlcs and
2019 [27] biomolecular
number/SNP
microarray analysis.
Codispoti et al. Genetic and pathologic evolution of Genetics and
14 2014 [28] early secondary gliosarcoma. Case report N/A 1 biomolecular
Anderson et al. Molecular and clonal evolution in Characteristics
15 L Case report N/A 1 and
2020 [29] recurrent metastatic gliosarcoma. .
biomolecular
Immune checkpoint blockade as a
Garber et al. potential therapeutic target: surveying Retrospective Biomolecular
16 2016 [30] CNS analysis 2009-2016 347 and prognosis
malignancies.
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Table 1. Cont.

Author, . Study Sample
No. Journal, Year Title Type of Study Period Size Area of Interest
Demographic, radiographic, molecular Clinical,
17 Pierscianek and clinical characteristics of primary Retrospective 2001-2018 56 prognosis and
etal. 2021 [31] gliosarcoma and differences to cohort study neuroradiological
glioblastoma. features
Characterisation of molecular . .
18 Walker et al. alterations in microdissected archival Retrospec.tlve N/A 47 Qenetlcs and
2001 [32] . analysis biomolecular
gliomas.
Hiniker et al Gliosarcoma Biomolecular,
19 2013 [33] arising from an oligodendroglioma Case report N/A 1 inical
(oligosarcoma).
. Chasing a rarity: a retrospective . Clinical features,
20 Dejonckheere single-center evaluation of prognostic Retrospective 1995-2021 26 treatment and
et al. 2022 [34] . . . study .
factors in primary gliosarcoma. prognosis
Gliosarcoma with osteosarcomatous Biomolecular,
21 Chen et al. 2022 component: A case report and short Case r?port+ 1950-2022 13 neuroradiology,
[35] review Review treatment and
illustration. prognosis
Amplification of the STOML3, FREM2,
Nagaishi et al. and LHFP genes is associated with . .
22 2012 [36] mesenchymal differentiation in Case series N/A 74 Biomolecular
gliosarcoma.
Boerman et al. The ghal' and mesenchymal' . . Genetics and
23 elements of gliosarcomas share similar Case series N/A 5 .
1996 [37] . . biomolecular
genetic alterations.
Schwetve et al Gliosarcomas lack BRAFV600E
24 Y ’ mutation, but a subset Case series N/A 48 Biomolecular
2016 [38] o . o
exhibit B-catenin nuclear localization.
High prevalence of TP53 mutations is .
25 Cho et al. 2017 associated with poor survival and an Comparative N/A 103 Biomolecular
[39] . L X analyses
EMT signature in gliosarcoma patients.
Comprehensive analysis of genomic . .
26 Actor et al. 2002 alterations in gliosarcoma and its two Comprehepswe N/A 38 Genetlcs and
[40] . analysis biomolecular
tissue components.
Estimated Prevalence, Tumor Spectrum,
Sargen et al. and Neurofibromatosis Type 1-Like Retrospective Genetics and
2z 2023 [41] Phenotype of CDKN2A-Related cohort study 1976-2020 640292 biomolecular
Melanoma-Astrocytoma Syndrome.
. Determining IDH-Mutational Status in
Gondim et al. . ; . . .
28 Gliomas Using IDH1-R132H Antibody Case series N/A 62 Biomolecular
2019 [42] . .
and Polymerase Chain Reaction.
Molecular characterization of
29 Reis e[t4 ;1] 2005  PDGEFR-alpha/ PDC;:-A and c-KIT/SCF Case series N/A 160 Biomolecular
gliosarcomas.
Identification of t(1;19) (q12;p13) and
Tabbarah et al. ploidy changes in an Genetics and
30 2012 [44] ependymosarcoma: a Case report N/A ! biomolecular

cytogenetic evaluation.
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Table 1. Cont.

Author, Study Sample

No. Journal, Year Title Type of Study Period Size Area of Interest
Genetic alterations and aberrant
expression of genes related to the . .
31 Krz‘ggse[ :;]al' phosphatidyl-inositol-3'- Comparative Ny/A 103 Cenetisand
kinase/protein kinase B (Akt) signal ¥
transduction pathway in glioblastomas.
Bigner et al. Specific chromosomal abnormalities in . Genetics and
32 1988 [46] malignant human gliomas. Case series 1981-1986 54 biomolecular
Sarcoma
Jimenez et al arising as a distinct nodule within
33 2011 [47] ' glioblastoma: a morphological and Case report N/A 1 Biomolecular
molecular
perspective on gliosarcoma.
Albrecht ot al. Distribution of p53 protein expression

34 1993 [48] in gliosarcomas: an Case series N/A 8 Biomolecular
immunohistochemical study.

Glioblastomas with giant cell and
Lusis etal. 2010  sarcomatous features in patients with

35 [49] Turcot syndrome type 1: a Case report 1996-2010 3 Biomolecular
clinicopathological study of 3 cases.
Non-canonical IDH1 and IDH2
. mutations: a clonal and relevant event . .
36 V;ZT;[L;B?L in an Italian cohort of gliomas Muslttlllcc;enter N/A 288 ﬁiﬁ;ﬁiiﬁi
classified according to the 2016 World y
Health Organization (WHO) criteria.
Intra-arterial delivery of endostatin .
Barnett et al gene to brain tumors prolongs survival Prospective Genetics,
37 ' N/A 344 treatment and
2004 [51] and study oenosis
alters tumor vessel ultrastructure. Prog
Gene amplification in malignant human Genetics,
38 Bigner et al. gliomas: clinical Retrospective N/A o4 biomolecular
1988 [52] and histopathologic aspects. | study and clinical

Neuropathol Exp Neurol. features

Distribution of TERT promoter

39 Koelsche et al. mutations in pediatric and adult tumors Systema'tlc N/A 1515 Qenetlcs and
2013 [53] analysis biomolecular
of the nervous system.
40 Venkatraj et al. lgeersugstfcct}elcair{)gez:r;glei(r):tlias; OTr?ocnililc Comparative N/A 5 Biomolecular
1998 [54] Yy comparative g Study

hybridization.

2.2. Data Collection and Analysis

After screening and reviewing the studies, we searched and extracted the following
information: author, country, journal, title, and year of publication; design and period
in which the population was collected; sample size, mean, and age range; genetic and
biomolecular data; clinical features, including mild symptoms to more severe conditions;
number and percentages of metastases, radiological features, treatment options including
surgery, adjuvant radiation therapy (RT), chemotherapy, and other adjuvant therapies;
follow-up period; and prognosis and outcome.
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3. Radiological Features: GS vs. GBM

GS may have some radiological characteristics that can help to distinguish it from
GBM. These features include well-demarcated margins, solid-cystic components, the salt
and pepper (5-P) sign (a crescent-shaped area of enhancement at the junction of the solid
and cystic components), an uneven rim- and a ring-like or paliform enhancement (P-E)
patterns enhancement, intra-tumoral strip enhancement, involvement of deep structures
such as the thalamus, brainstem, and spinal cord. In addition, GS may also present with
other radiological findings, such as midline shift, mass effect, and calcifications [3,11].
However, although they are typical radiological features of GS, similar radiological features
can also be observed in several brain tumors, including GBM and high-grade gliomas
(HGG) [3,11,55,56].

Yi et al. [55], in their radiological analysis, found that the degree of tumor wall thick-
ening tends to be more significant in GS compared to GBM. Moreover, GS, unlike GBM,
seems to have a higher rate of bleeding, S-P signs, an eccentric cystic portion (ECP), and
a P-E pattern. In their 48 patients, they found that GS tumors are typically larger than
GBM tumors, with more areas of enhancement. Unlike GBM, GS tumors are more likely
to involve the brain’s cortex and are less likely to have necrosis, invade the ependyma,
and cause edema that crosses the brain’s midline [55]. Moreover, a higher percentage of
eccentric tumor cysts in GS was found (19/48, 39.6%) [12].

Zhang et al. [11], in their retrospective single-center study focused on 103 GS, found
that 67 tumors were single lesions, and 31 were cystic, solid lesions. All GS showed marked
enhancement, and most tumors showed it in functional areas. Notably, 35, 4, 15, 13, and
22 patients showed a pattern of enhancement in the thalamus, brainstem, motor available
cortex, sensory functional cortex, and the ependyma of the lateral ventricle, respectively.
On T2WI MRI sequences, the average edema diameter was calculated at 7.90 cm (range,
3.55-12.88 cm), and the median tumor diameter evaluated by contrast-enhanced TIWI
was 4.84 cm (range, 1.58-8.73 cm) [11]. Tumors involved the frontal, parietal, temporal,
or multiple lobes in 18, 6, 29, and 40 patients. While only in 5 patients, the tumors were
located in different areas (thalamus, ventricle, brainstem, and spinal cord). Similar results
have been reported by Xi et al. [55]. In their series of 48 patients, GS was mainly located in
the temporal lobe (27%), frontal lobe (17%), and ventricles (10%), while more rarely in the
parieto-occipital lobes (2%), brainstem, and cerebellum (2%). Regarding the laterality, the
right hemisphere is mainly affected [55].

Aya Fukuda et al. [57], in their report of three patients, described that at the CT scan,
GS typically appears as an expansive lesion with well-delimited and irregular contours,
associated with perilesional edema with a frequent hyperattenuating sign of the solid part.
Regarding MRI on the T1- and T2-weighted sequences of MRI, GS were characterized as
uneven, heterogeneous tumors correlated with bleeding at distinct stages with a hypo-
isointense on T1 and as hypo/iso/hyperintense on T2 of the solid part. Similarly, the
necrotic part was described as hypointense on T1 and hyperintense on T2. Inhomogeneous
enhancement of the solid components occurred after the injection of gadolinium. The SWI
or T2* sequence supplied other information; the variable magnetic susceptibility (high
heterogeneity) areas showed hypointensity within the tumor due to bleeding or newly
formed vessels/flow voids. On DWI/ADC mapping sequences, GSM has previously been
associated with hyperintensity on DWI and hypointensity in the solid component on the
ADC map (compatible with restricted diffusion) [57].

Han et al. [58]. classified two different subgroups of patients: one with tumors
that resembled the characteristics of meningioma (meningioma-like) and the other that
mimicked the appearance of GBM (GBM-like). The meningioma-like tumors displayed
significant rim enhancement on MRI, and more of them demonstrated homogeneous
enhancement compared to the GBM-like sub-group [58]. However, these findings were not
found to be statistically significant [58]. Results are summarized in Table 2.
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Table 2. Common radiological features in Gliosarcoma (GS) vs. Glioblastoma (GBM).

Radiological Features Study Result

Larger wall thickening GS > GBM. Yi et al. (2018) [55] Confirmed

Higher rate of bleeding, and S-P sign, presence of eccentric cystic portion (ECP) and a . .
P-E pattern. GS > GBM. Yi et al. (2018) [55] Confirmed
Larger tumors with more areas of enhancement. GS > GBM Yi et al. (2018) [55] Confirmed

More likely to involve the brain’s cortex.
Less likely to have necrosis, to invade the ependyma and to cause edema that crosses Yi et al. (2018) [55] Confirmed
the brain’s midline. GS > GBM

Higher percentage of eccentric tumor cysts. GS > GBM Yi et al. (2018) [55] Confirmed

Marked enhancement, and most of tumors showing it in functional areas. GS>GBM  Zhang et al. (2021) [11] Confirmed

GS: mainly located in temporal lobe (27%), frontal lobe (17%) and ventricles (10%);
while more rarely in the parieto-occipital lobes (2%), brainstem and cerebellum (2%).

Zhang et al. (2021) [11] Confirmed

Appearance as an expansive lesion with well-delimited and irregular contours,

Aya Fukuda et al.

associated with perilesional edema with a frequent hyperattenuating sign of the solid (2020) [57] Confirmed
part. GS > GBM
Association with hyperintensity on DWI and hypointensity in the solid component on Aya Fukuda et al. Confirmed
the ADC map (compatible with restricted diffusion). GS > GBM (2020) [57]

4. Genetics and Biomolecular Patters: GS vs. GBM

It has been observed that the monoclonal origin of GS would be associated with the
P53 mutation, found in 23% of GS compared to 11% of primary GBM, and the deletion of
pl6. Epidermal Growth Factor Receptor (EGFR) amplification was only seen in 4% of GS
compared to 35% of GBM [2,3,59,60].

There were slight differences between GBM and GS in Phosphatase and Tensin ho-
molog (PTEN) mutations and Cyclin-dependent kinase (CDK) amplification found in both
glial and sarcomatous components [61]. In addition, less than 12% of GS have methyla-
tion of the O6-methylguanine-DNA methyltransferase gene promoter (pMGMT), which is
associated with a good prognosis [11].

From a biomolecular point of view, GS has mutations in common with soft tissue
sarcoma due to involvement in the promoter of the Telomerase reverse transcriptase
gene (pTERT), Tumor Protein 53 (TP53), Neurofibromin 1 (NF1), Cyclin-dependent kinase
inhibitor 2A (CDKN2A), Cyclin-dependent kinase inhibitor 2B (CDKN2B) and Retinoblas-
toma associated Protein Type 1 (RB1) [60,62]. Similarly, to GBM, GS shows mutations in
PTEN, EGEFR, Stromal Antigen 2 (STAG2), and Protein Tyrosine Phosphatase Non-Receptor
Type 11 (PTPN11) [7,9,11].

Sarcomatous-predominant GS has several features similar to meningioma. It is charac-
terized by positivity to reticulin and the absence of GFAP expression, while predominant
gliomatous GS has characteristics reminiscent of GBM, such as necrosis, lack of reticulin
production, and GFAP positivity [8].

Zaki et al., in their study, compared common gene alteration, greater than 5%, in
GS, GBM, and soft tissue sarcoma. Among these, GS shared only four genes with GBM,
none with sarcomas, while nine common genes were found unique for GS amongst the 5%
threshold for each respective tumor type [2]. They concluded that most of these mutations
overlap with GBM and other cancers; nevertheless, GS has its own genetic mutations, such
as MutS Homolog 6 (MSH6), B-Raf proto-oncogene serine/threonine kinase (BRAF), Sup-
pressor of Zeste 12 (SUZ12), Sex Determining Region Y Box Transcription Factor 2 (SOX2),
and Box and WD Repeat Domain Containing 7 (FBXW?) [2,7,11,16,60].

Nevertheless, it has been previously reported that, BRAF V600E mutation, SOX2
amplifications, and MSH6 mutation are present approximately in 3%, 10% and 20% of
GBMs, respectively [16,63]. Results are summarized in Table 3.

119



J. Clin. Med. 2024, 13, 83

Table 3. Common biomolecular markers in Gliosarcoma (GS) vs. Glioblastoma (GBM).

Biomolecular Markers GS GBM Study
. o o Saadeh et al. (2019) [9]
P53 mutation 23% 11% Woijtas et al. (2019) [60]
. o Saadeh et al. (2019) [9]
p16 deletion 37% No Zaki et al. (2021) [2]
EGFR amplification 4% 35% Romero et al. (2013) [3]
EGFR mutation No Yes Zaki et al. (2021) [2]
PTEN mutation (37%) Yes Saadeh et al. (2019) [9]
CDK amplification Yes Yes Dardis et al. (2021) [16]
PMGMT methylation <12% Yes Smith et al. (2018) [10]
pTERT mutation Yes Yes Zaki et al. (2021) [2]
NF1 mutation Yes Yes Zaki et al. (2021) [2]
CDKN2A /B mutation Yes Yes Wojtas et al. (2019) [60]
RB1 mutation Yes Less common (~20%) Woijtas et al. (2019) [60]
STAG2 mutation Yes Yes Wojtas et al. (2019) [60]
PTPN11 mutation Yes Yes Saadeh et al. (2019) [9]
Reticulin positivity Sarcomatous-predominant GS No Han et al. (2010) [58]
GFAP expression Gliomatosus-predominant GS Yes Han et al. (2010) [58]
L%iii;‘??;‘;’; Yes No Zaki et al. (2021) [2]
BRAF mutation 10% 3% Zaki et al. (2021) [2]
BRAF mutations (all alteration types) 10% 0% Zaki et al. (2021) [2]
SUZ12 mutation Yes No Zaki et al. (2021) [2]
SOX2 mutation Yes No Zaki et al. (2021) [2]
FBXW?7 mutation Yes No Zaki et al. (2021) [2]

5. Clinical Features and Behavior
5.1. Clinical Characteristics

Han et al. [58] observed that clinical manifestations of GS are not specific. Still, it can
manifest with intracranial hypertension syndrome characterized by symptoms ranging
from headache, projectile vomiting, and hemiparesis up to more severe conditions such as
the state of drowsiness and, finally, coma [58]. This symptomatology is due to the mass
effect given by the tumor and the extensive peri-lesional edema or acute, intra-lesional, or
more rarely peri-lesional symptomatic intracranial bleeding [11,58]. Other symptoms are
asthenia, personality disorders, and mental confusion [10,58]. Moreover, depending on
the site in which the tumor occurs, it can lead to different neurological deficits: language
disorder (dysphasia, aphasia), sensory alterations, paresis of a part of the body, decreased
visual acuity, and campimetric deficit [1,10].

5.2. Metastases

Saadeh et al. [9] observed that extracranial metastases from GS tend to be more
frequent than from GBM and other malignant brain tumors, in which they are sporadic.
Indeed, extracranial metastases were reported in 11% (range 0-16%) of GS, mainly including
the lungs, liver, and lymph nodes, 72%, 41%, and 18%, respectively. While, more rarely,
metastases occur in the spleen, adrenal glands, kidneys, oral mucosa, skin, bone marrow,
skull, ribs, and spine [1,9,58,64].

Other organs affected may be the thyroid, pericardium, myocardium, diaphragm,
pancreas, and stomach [1,9,58].

Moreover, it has been reported that metastatic foci of GS may have both gliomatous
and sarcomatous components [9]. However, recent studies reported that the sarcomatous
component was mainly represented. These findings may suggest that the sarcomatous
component of GS is more likely to metastasize and disseminate by the hematogenous route
than its gliomatous counterpart [9,10,58].

The development of metastasis from GS is established through numerous case reports,
and the rate of metastasis found in the literature is about 11%. Despite the rarity of
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PGS, these reports support the clinical experience that GS may have a more significant
potential for metastasis than GBM [9,65]. Indeed, it has been suggested that due to the
higher resistance of GS to current treatment compared to GBM, malignant cells that are not
destroyed might become more aggressive, metaplastic, and, thus, angio-invasive [9,66].

6. Treatment and Prognosis
6.1. Surgical Strategy

The prognosis of GS is inferior, with a median survival of approximately four months
without any treatment [9,14].

To date, no specific treatment for GS has been developed. Currently, standard
GBM treatment is adopted for GS patients with good Karnofsky Performance Status
(KPS) [16,67,68]. However, the most recent literature shows that GS presents different
response patterns to therapies than GBM, thus hypothesizing that GS might be a different
clinical-pathological entity [8,16,66].

Indeed, a Maximal Safe Resection (MSR) associated with a concomitant Radio- and
Adjuvant Chemotherapy (CCRT) reduces the mortality rate in both cancers. Still, the
response to treatments seems to be different in GS [12,13]. The peculiar biphasic, glial, and
metaplastic mesenchymal components of GS might explain it.

Gross Total Resection (GTR) or Subtotal Resection (STR) when resection involves
>90% but <100% of tumor tissue or biopsy are standard surgical treatments for GS [12,13].
GTR should be the option of choice. Nevertheless, GTR is almost always possible only
in meningioma-like forms, while STR is often performed for GBM-like forms due to its
invasive and infiltrative nature. In some cases, due to the location and extent of the lesion,
the only viable strategy is stereotactic biopsy [9,12].

Therefore, the higher survival rate of meningioma-like tumors can be attributed to the
higher GTR rate in this subtype, which correlates with OS. Due to its characteristics that
mimic meningiomas, Sarcomatous GS appears well-delimited to the brain parenchyma;
therefore, radical surgical resection is often possible. On the contrary, gliomatous GS, which
usually infiltrates, even extensively, the surrounding parenchyma, makes radical excision
much more challenging, so it is mainly treated with a STR surgery or biopsy [9].

Unlike GBM, 5-ALA (5-aminolevulinic acid) staining during fluorescence-guided
surgery (FGS) in GS tends to assume a heterogenic fluorescence pattern, probably due to
its biphasic component [12,16]. However, its role is still being studied [13].

Postoperative complications in GS surgery are similar to those of GBM, including
transient or permanent neurological deficits, CSF fistula, surgical focus bleeding, seizure,
stroke, and meningitis [12,58,66,69].

6.2. Radiotherapy

Only a few studies have evaluated radiotherapy’s (RT) effectiveness in treating patients
with GS [12,66]. A significant increase in OS has been observed with surgery followed
by RT, which offers a higher outcome (8-15 weeks longer) than surgery alone [12]. Perry
et al. confirmed this finding because, in their analysis, 25/32 patients treated with adjuvant
radiotherapy had a higher survival rate (46 vs. 13 weeks; p = 0.025) [70]. Similar results
were found in a study conducted by Castelli et al. [14]. Radiation therapy includes adjuvant
external beam radiation therapy (EBRT) and Gamma Knife adjuvant radiosurgery [71].
The standard dose administered is 60 Gray (Gy) in 30 fractions, or another option may
be hypofractionated radiation at 40 Gray (Gy) in 15 fractions [13,14,67]. Kozak et al. [7].
investigated the efficacy of radiotherapy in a large cohort of GS patients. In their study,
the authors demonstrated that age, extent of resection, and adjuvant radiotherapy (RT)
were the most significant predictors of OS. However, the metastatic potential of heavily
irradiated tumors needs still to be further investigated. Finally, although the addition
of chemotherapeutic agents does not appear to increase OS, it has been theorized that a
higher dosage of chemotherapy could still increase survival in patients with GS compared
to radiotherapy and surgery alone [14].
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6.3. Bevacizumab

Bevacizumab, a recombinant monoclonal antibody targeting VEGF receptors on en-
dothelial cells, has demonstrated significant anti-tumor activity in various colon, breast,
pancreas, and prostate cancers [72]. Its potential in GBM, a highly vascularized tumor
known to produce pro-angiogenic factors, was recognized [73]. Bevacizumab is thought to
work by inhibiting the growth of new blood vessels that supply the tumor with oxygen and
nutrients. This can lead to tumor shrinkage and a slowing of tumor growth. Bevacizumab
can also reduce tumor-related edema, which can improve neurological symptoms [72].
Given the rationale that bevacizumab could hinder GBM and the progression of GS, it
was administered to patients with primary gliosarcoma (PGS) and secondary gliosarcoma
(SGS). PSG patients who received bevacizumab had improved progression-free survival
(PES) and OS of 4.2 and 8.4 months, respectively, at diagnosis [1]. SGS patient had a PFS
of 3.8 months and an OS of 7.3 months [1]. Although the improved outcomes observed in
these patients could be attributed to bevacizumab, particularly in recurrent GS, it is also
possible that the study population, coming from a referral hospital and already enrolled in
clinical trials, may have influenced the results.

6.4. Chemotherapy

Various chemotherapeutic agents have been used, and numerous researchers have
studied the role and effectiveness of chemotherapy in treating patients with GS [12,13,59,64,74].
Although some studies have presented negative results, others could shed light on the
benefits of specific chemotherapeutic agents. Over the years, various agents have been
used, such as mitramycin (inhibitor of RNA synthesis), carmustine, administrated alone or
together with other systemic agents such as diaziquone, mitomycin C, 6-mercaptopurine
and cisplatin), and nitrosureas. These agents, whether used individually or in combination
with each other or with radiotherapy, did not appear to have efficacy, either for GBM or GS.

6.5. Temozolamide (TZM)

TMZ is an effective treatment in malignant gliomas and still represents the most
used chemotherapy drug to manage these tumors. However, although some studies have
demonstrated the efficacy of TMZ in treating GS, its role as an effective treatment for GS is
still debatable [7,9,12,13].

Indeed, while several studies have reported that TMZ may increase overall survival
in patients with GS, others have documented no benefit in prognosis [9,12,14,66]. In their
research, Castelli et al. recorded that TMZ, in addition to radiotherapy, effectively increases
OS in GBM treatment but not in GS [14]. These findings may be due to the different MGMT
methylation of GS compared to GBM. Indeed, GS has a lower rate of MGMT methylation
compared to GBM, and this might explain the poor therapeutic response of GS to TMZ [14].
This hypothesis is also confirmed by Kang et al., who demonstrated that GS patients with
MGMT methylation had more prolonged overall survival when treated with TMZ [75].

6.6. Immunotherapy

Immunotherapy for recurrent GBM, including patients with GS, has been addressed
in a few trials. A phase II clinical trial (NCT02798496: CAPTIVE/KEYNOTE-192) evalu-
ated the combination of DNX-2401, an oncolytic adenovirus, with the anti-PD-1 antibody
pembrolizumab in patients with recurrent GBM or GS. In this trial, DNX-2401 is deliv-
ered directly inside the tumors by intravenous administration of pembrolizumab every
three weeks for up to 2 years or until disease progression. Interim data from 42 patients
showed a median OS of 12.3 months. This is favorable compared with the OS observed
for standard-of-care agents lomustine and temozolomide, which had a median OS of
7.2 months. Four patients survived more than 23 months, and 11.9% (5/42) had durable
responses. No dose-limiting toxicities were observed, and adverse events were mild to mod-
erate and unrelated to DNX-2401 [76,77]. However, in the CAPTIVE study, 48 patients with
histopathological diagnosis of GBM and only one gliosarcoma (2%) were enrolled; therefore,
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it is not possible to conclusively argue that there is a different therapeutic response between
GBM and GS.

6.7. Combined Therapy

Summarizing the findings reported in the reviewed literature, treatment based on
Gross Total Resection (GTR), followed by radio- and chemotherapy (TMZ), leads to an
increased outcome compared to the single treatment (on average 8-10 months), while no
improvements were seen between the dual therapy (TMZ + RT) and monotherapy (TMZ or
RT) [9,10].

Castelli et al., in a large series of patients who were treated with a combination of
surgery, TMZ, and radiotherapy, reported an average OS of 13 months, and 12% of patients
achieved a 2-year OS [14].

Furthermore, Kozak et al. said similar results, showing a significant benefit in the
prognosis of GS patients when treated with the multimodal approach. In their study, the
authors demonstrated that tumor resection (not just biopsy) and adjuvant RT correlated
with increased OS [7].

6.8. Prognosis and Outcome

GS owns various prognostic factors that differ from its parent tumor. Older patient age,
poorer preoperative clinical status, larger tumor diameter, and tumor location in midline
or infratentorial structures were independently associated with shorter OS in the GS
cohort [78]. Age and clinical performance are known survival factors in both GS and GBM.
The extent of resection (EOR) was not a prognostic factor in the GS cohort [79]. This finding
contradicts the convincing data from GBM studies demonstrating the significant role of EOR
on patient outcomes. This difference may be due to the small sample size of GS patients [11].
Furthermore, no independent association was found between combined RTX/CTX and
GS prognosis. This finding may also be related to the lower MGMT promoter methylation
rate in GS. Some studies have also reported lower MGMT promoter methylation rates in
GS [11,64]. This difference between GS and GBM may contribute to the limited response of
GS to combined treatment with CTX/RTX and TMZ. Other known outcome factors, such
as age, preoperative clinical status, and RTX/CTX coadministration, were confirmed to be
an independent predictor of survival [31,67].

7. Discussion

GS has long been considered a variant of GBM [4,6]. Still, according to our findings,
some clinical, radiological, and biomolecular characteristics appear more frequent in GS
than in GBM, thus hypothesizing the possibility of underlying differences between these
two pathologies [13,16,31] (see Table 4). Analysis of the literature revealed that there were
no differences between the two cancers regarding clinical characteristics, age, gender, and
preoperative clinical status [31,58]. GS can be characterized by specific radiological features
including well-demarcated margins, solid-cystic components, the salt and pepper sign (a
crescent-shaped area of enhancement at the junction of the solid and cystic components),
an uneven rim- and a ring-like or paliform enhancement (P-E) patterns enhancement,
intra-tumoral strip enhancement, and involvement of deep structures such as the thalamus,
brainstem, and spinal cord, but all these features may also be found in other malignant
brain tumors, including GBM and high-grade gliomas [3,11,55]. Moreover, an eccentric
cyst seems to be independently associated with the diagnosis of GS [12]. These typical
radiological characteristics of GS may help to distinguish it from GBM.

Interestingly, recent data concerning biomolecular characteristics of GS documented
that, although GS has a genetic profile that overlaps with GBM and other neoplasms, it
is also true that GS has its genetic mutations, such as MSH6, BRAF, SUZ12, SOX2, and
FBXW?7 [2,3,10,11,16,80].
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Table 4. Summary of common features in Gliosarcoma (GS) vs. Glioblastoma (GBM).

Feature GS GBM
Clinical Non-specific; can manifest with intracranial Non-specific; can manifest with
presentation hypertension syndrome intracranial hypertension syndrome
. . Well-demarcated margins, solid-cystic . .
Radiological . . Irregular margins, necrosis and
components, salt and pepper sign, uneven rim- .
features peritumoral edema

and ring-like enhancement patterns

Genetic profile

p53 mutations, p16 deletions, PTEN

mutations, CDK amplification, EGFR

amplification, STAG2 mutations and
PTPN11 mutations

More likely to have p53 mutations and p16
deletions, less likely to have EGFR amplification
and pMGMT methylation

Extracranial metastatic potential More frequent (11%) Extremely rare

Sites of metastases

Lungs (72%), liver (41%), lymph nodes (18%),
spleen, adrenal glands, kidneys, oral mucosa, skin, N/A
bone marrow, skull, ribs and spine

Treatment Maximum safe surgical resection followed Maximum safe surgical resection
by CCRT followed by CCRT
Prognosis Worse than GBM Poor

CCRT: chemo-radiotherapy.

Nevertheless, as reported in the literature, BRAF V600E mutation is present in 10% of
GSs, compared to 3% of GBMs, while amplifications of the SOX2 gene and MSH6 mutation
are present approximately in 10% and 20% of GBMs, respectively [16,63]. However, Zaki
et al., in their recent study, reported that BRAF mutations (G32_A33duo, G466E, V600E
protein alteration), MSH6 mutations (L1244dup, T1133A protein alteration), and SOX2
amplification (11% alteration frequency), are unique to GS [2].

This apparent contradiction could be due to the fact that in their study, Zaki et al.
considered as common genetic alterations only those genes that were altered in more than
5% of the samples analyzed for each tumor type, with a minimum of genetic alteration in
>2 samples. Therefore, although with some concerns, these specific biomolecular mutations
could partially explain the different biological behavior, response to therapy, and prognosis
of GS compared to GBM [9,14].

Previous studies have vaguely reported survival rates in patients with GBM and GS.
While some studies did not find a significant difference in survival between the two tumors,
others found a worse prognosis in patients with GS [14,15]. To some extent, heterogeneous
landscapes with different distributions of genetic alterations in GBM and GS could explain
these discrepant previous findings. In a multivariate analysis, histological diagnosis of GS
was associated with a worse prognosis, independent of age, preoperative KPS, EOR, and
postoperative treatment. This association is due to lower MGMT promoter methylation
rates and lower frequency of IDH1 mutations in the GS cohort [7,13,81]. Indeed, after
including only IDH1 wild-type patients in the analysis and MGMT promoter methylation,
it was found that the histological diagnosis of GS was no longer associated with worse
outcomes [9]. Furthermore, lower levels of GFAP and higher levels of TP53 staining
predicted GS diagnosis [3,7,10].

Unlike GBM, GS appears to have a greater propensity to metastasize outside the central
nervous system. Based on older studies, until 2007, it has been estimated that the frequency
of metastases varies between 0.4% and 2.0%. However, the only two systematic reviews
summarizing results published up to 2008 are partly conflicting; therefore, many relevant
questions remained unanswered, including the rate of extracranial metastases. On the
other hand, the available literature on this issue mainly reported that GSs are more prone to
extracranial metastasis than GBM [1,9,58,64]. Furthermore, a recent meta-analysis including
ten studies published between 2008 and 2018 said that extracranial metastases in GS were
up to 11% and significantly higher than in GBM (11% versus 0.2-4.0%, respectively) [12].
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Nevertheless, considering data reported in the available literature, the percentages of
extracranial metastasis ranged from 0 to 16%.

From a therapeutic point of view, the literature data are speculative and inconclusive.
Currently, the Stupp protocol is widely recommended for GS patients in clinical settings,
involving radiotherapy and chemotherapy following surgery GBM. However, in GS, the
response to the therapy is variable and different if compared to those of GBM. Radiother-
apy has been proposed to enhance patient outcomes, as it can extend overall survival
by 2—4 months [9,15,78,79]. TMZ still represents the most effective drug for malignant
gliomas [67]. Despite this, there is an ongoing debate about the therapeutic benefits of
RT and TMZ in GS, as there is no prospective or large scale analysis. It should stimulate
further research into GS-targeted therapies.

8. Conclusions and Future Directions

Overall, the present review supports the hypothesis that GS is a rare yet devastating
tumor with specific imaging, immunohistochemical, and clinical features that are more
likely to occur when compared to GBM. This raises the possibility of distinguishing this
disease from other malignant brain neoplasms. To date, the standard treatment for GS is
similar to that most used to treat GBM, which involves surgery associated with adjuvant
therapy, including RT, chemotherapy alone or in combination. It has been shown that
maximum safe resection followed by radio and chemotherapy (TMZ) leads to a better
outcome than a single treatment.

GTR (when possible) should be the option of choice among other surgical procedures,
including subtotal resection (STR) or biopsy. On the other hand, different published studies
documented that EOR was not a prognostic factor in GS patients. On the contrary, credible
data from GBM studies demonstrate the significant role of EOR on patient outcomes. We
believe that, similarly to other malignant brain tumors, GTR reduces the mortality rate in
GS. But, due to the small sample size of patients, the peculiar biphasic, glial, and metaplastic
mesenchymal, which sometimes makes it challenging to achieve a GTR, and the different
response to treatments of GS compared to GBM may explain this apparent contradiction.
Nevertheless, GS’s prognosis is poorer than GBM's, and the optimal treatment for this rare
neoplasm remains speculative. Moreover, we need more extensive prospective studies
to evaluate new specific treatment regimens. It should stimulate further research into
GS-targeted therapies. The results of the CAPTIVE/KEYNOTE-192 trial are promising
but not definitive. However, it could open up possible future scenarios for developing
effective and safe treatments for GS [76,77]. With some limitations, mainly due to the
scarcity of data and the rarity of this tumor, which limits the relevant literature on the
topic, this review could represent a valid background for designing future studies better to
describe the characteristics of this rare and dismal malignancy. Therefore, we recommend
multi-center studies and large-scale metanalyses to better elucidate typical features of GS,
thus hypothesizing specific treatment regimens.
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Abstract: Background: Primary anaplastic-lymphoma-kinase (ALK)-positive large-cell lymphoma
of the central nervous system (PCNS ALK-positive ALCL) is a rare entity, with a limited consensus
reached regarding its management. While this pathology often presents as solitary lesions, the
occurrence of multiple tumors within the brain is not uncommon. The lack of distinctive radiological
features poses a diagnostic challenge, leading to delays in initiating targeted therapy. Methods:
We conducted a comprehensive literature search, identifying seventeen publications for qualitative
analysis. Results: The management options and reported patient outcomes in the literature varied
significantly, emphasizing the need for a patient-specific approach. The emergence of ALK-specific
inhibitors represents a new frontier in this field, demonstrating promising results. Conclusion:
PCNS ALK-positive ALCL necessitates a comprehensive understanding and optimized management
strategies. A tailored therapeutic approach, integrating surgical intervention with radiotherapy and
chemotherapy, appears pivotal in addressing this pathology. The implementation of a therapeutic
protocol is anticipated for further advancement in this field.

Keywords: primary central nervous system lymphoma; anaplastic large-cell lymphoma; ALK; Ki-1; CD-30
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1. Introduction

Primary central nervous system lymphomas (PCNSLs) are a rare entity, constitut-
ing less than 1.5% of all intracranial malignancies [1], with an estimated incidence of 1 in
100.000 individuals [2]. Notably, while PNCSLs predominantly affect immunocompromised
subjects [3], there has been a recent increase in the incidence among immunocompetent
patients [4,5]. B-cell lymphomas are more frequent than their T-cell counterparts, with
T-cell lymphomas, including anaplastic large-cell lymphoma (ALCL), accounting for ap-
proximately 8.5% of all PCNSLs [1,6]. A subvariant of the T-form is referred to as anaplastic
large-cell lymphoma (ALCL), characterized by large pleomorphic immunohistochemical
positivity for the CD30 marker [6]. ALCL is an exceptional manifestation in the central ner-
vous system (CNS), typically presenting as a nodal and extranodal disease [1,7] constituting
5% of all human non-Hodgkin lymphomas [4].

The 5th Edition of the World Health Organization’s classification of hematolymphoid
tumors delineates two subvariants of ALCL: ALK-positive and ALK-negative forms [8].
Up to 85% of systemic ALCLs exhibit the t(2;5) translocation, where the ALK1 gene on
chromosome 2 fuses with the nucleoplasmin (NPM) gene on chromosome 5, resulting in
the encoding of the p80 protein, which is strongly implicated in neoplastic degeneration [9].
ALK1 positivity is associated with a younger age at diagnosis and is considered a significant
positive prognostic factor [10]. However, despite a generally favorable prognosis, ALK-
positive ALCLs can exhibit a rapidly deteriorating clinical course [11].

PCNS ALK-positive ALCLs often manifest as solitary lesions, although multiple brain
manifestations are not uncommon. Despite a higher tendency to affect the leptomeninges
compared to more common B-cell PCNSLs [12], the absence of pathognomonic radiological
features complicates diagnosis, leading to delays in targeted therapy initiation [11].

To date, there is no consensus on treatment protocols for PCNS ALK-positive ALCLs,
and management is predominantly empirical, relying on individual institution standards of
care [7]. Various therapeutic strategies, including surgical techniques, single or combined
chemotherapeutic agents (such as CHOP [7] or the DeAngelis Protocol [13]), and focal or
whole-brain radiotherapy, have been reported, with varying efficacies and toxicities [11].
However, diagnostic challenges, the rapid and unpredictable evolution of this malignancy,
and the absence of a unified therapeutic protocol [7] contribute to often-unsatisfactory
outcomes [4,10,14].

For this article, we conducted a comprehensive review of the literature to compile and
critically summarize essential evidence on the clinical manifestations, treatment options,
and efficacy rates for PCNS ALK-positive ALCLs.

2. Materials and Methods
2.1. Search Strategy and Selection Criteria

A comprehensive search of the literature was performed in compliance with the up-
dated Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
2020 guidelines, as shown in Figure 1 [15]. Article inquiry was operated via the electronic
databases MEDLINE/PubMed for manuscripts reporting PCNS ALK-positive ALCLs.
Human studies in English published between 1997 and April 2023 were considered for
inclusion. Primary search terms included “Central Nervous System Neoplasms”, “Lym-
phoma, T-Cell”, “CD30+ Anaplastic Large Cell Lymphoma”, and “Ki-1 Lymphoma” in the
article titles and abstracts in various MeSH combinations. Inclusion criteria were: (1) PCNS
ALCL T-cell lymphomas demonstrating immunohistochemical positivity for the AKL1
marker and (2) availability of sufficient patient-specific clinical, histological, and surgical
information. Publications describing meningeal and spinal cord forms were excluded.
A total of 1083 records were identified. The extracted citations were then checked for
duplicates, and citations of the examined manuscripts were also screened for the purpose
of this review. A total of 859 were assessed for eligibility, and 842 were excluded for not
complying with the abovementioned criteria through an automated system (Covidence,
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Veritas Health Innovation, Melbourne, Australia) [16]. One publication was not retrieved
with its full text. Finally, seventeen publications were included in the qualitative analysis.

Records identified through PubMed searching
“Central Nervous System Neoplasms” (n=213,966)
OR

“Lymphoma, T-Cell” (n=47,107)

OR

“CD30+ Anaplastic Large Cell Lymphoma”
(n=5487)
OR

*Ki-1 Lymphoma” (n=5461)

! ! I

Records After Operator AND Records After Operator AND Records After Operator AND
“Gentral Nervous System “Central Nervous System “Central Nervous System
Neoplasms” Neoplasms Neoplasms”
“Lymphoma, T-Cel" “CD30+ Anaplastic Large Cell ki1 Lymphoma*
Lymphoma”
n=828 n=127,
( ) (n=128) @ )
Records screened Records excluded duplicate
(n=1083) (n=224)
Reports assessed for eligibility Records excluded no relevant
(n = 859) | (n-842)

Studies included in review
(=17

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses protocol used for the
systematic review, adapted from [15].

2.2. Data Extraction

Two authors (A.Y.D. and F.C.) independently reviewed all abstracts to recognize
articles that required full-text review. They investigated abstracts against predefined
eligible criteria, and all included studies were discussed with a third author (N.P.E). The
following information was obtained: the author’s name, patient’s age and gender, site
of the tumor, clinical presentation, radiological aspects on MRI, liquor characteristics,
pathological findings, immunohistochemistry-positive markers, immunohistochemistry-
negative markers, ALK gene mutation, treatment, and status at follow-up. Gathered
data were stored in a centralized database (Microsoft Excel, Version 16.79.2, Redmond,
WA, USA).

2.3. Data Analysis

A descriptive analysis of data was performed using mean, median, percentages, and
maximum and minimum values. Continuous variables were represented by mean and
range values, except in cases otherwise specified. Data were analyzed and processed with
SPSS version 24.0.1.1 (14) (IBM, Armonk, NY, USA) and Microsoft Excel (Version 16.79.2,
Redmond, WA, USA). Statistical significance was considered for p-value < 0.05. Two inde-
pendent reviewers (A.L. and A.Y.D.) performed the statistical analysis.

3. Literature Review
3.1. Demographics and Tumor Characteristics

Seventeen cases of ALK-1 positive T-cell brain lymphomas have hitherto been reported
(Tables 1 and 2). The data show a predominantly male prevalence (82.3%, n = 14/17). The
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median age at diagnosis was 15.9 years, range 2-38. A total of 12 (70.5%) patients presented
single lesions, and 5 (29.4%) had multiple foci. Only one tumor affected primarily the
cerebellum, one case involved the brainstem (together with the occipital lobe), and one
further lesion (5.8%) was located adjacent to the planum sphenoidale; the remaining 14 cases
(82.3%) affected exclusively the cerebral hemispheres. Even in the absence of a specific
radiological pattern, these lesions tend to show some typically recurring characteristics.
For instance, ten cases demonstrated an important contrast uptake—sometimes resulting
in a non-homogeneous pattern in T1-weighted images. Among these cases, six lesions
demonstrated enhancement in the leptomeninges. In nine cases, a significant perilesional
edema was disclosed. Lastly, two lesions showed a peculiar cystic degeneration, and
one further caused the erosion of the immediately adjacent bone component.

Table 1. Demographic, topographical, clinical, and radiological characteristics of PCNS ALK-1
positive ALCLs. George et al. [9] reviewed data from 12 previously published cases and inves-
tigated tissue samples of five of these which have been made available to the author for further
immunopathologic study. Clinical histories and presentations, radiologic imaging, details of treat-
ment, and outcomes were obtained via contact with clinicians and/or the submitting pathologists.

M: male. F: female. GE: gadolinium enhancement. CT: computed tomography.

Case

Number Reference Age/Gender Site Symptoms Radiological Aspect of MRI
Single Fever, cephaleia Lesional, pial, and subarachnoid GE.
1 Ponzoni, M. et al. [17] 29/M Cortical-subcortical e ;lle ! ticz cti\;git ! T2 hypo-isointense. Perilesional
fronto-temporal lobe left priep y edema (on admission)
Single Epileptic activity Lesional GE. High-intensity signal
2 Nomura, M. et al. [6] 20/M Left frontal lobe (generalized seizures) on T2. Edema and midline shift
Single Cephalgia, emesis, Well-defined lesion. T1 hypointense.
3 Geetha, N. et al. [10] 19/M Right cerebellar obstructive T2 iso-hyperintense. Perilesional
hemisphere hydrocephalus edema
4 Kuntegowdenahalli, L. 18/M Single :ezllzr, tcl Silgglgilta/ Hyperintense on T2-Flair.
etal. [3] Left parieto-occipital lobe priept ity Midline shift
(seizures)
Single GE. Partial cystic degeneration.
. Partial intraventricular, . Perifocal edema. Subependimal
5 Splavski, B. etal. [2] 26/M frontal horn of the left Incidentaloma intra-axial spread. Iso-iperintense
lateral ventricle on T2-images
Single . . .
. . . . . GE. Partial cystic degeneration.
6 Liu, Q. etal. [14] 12/M Right occipital lobe and Cephalgia, emesis Perilesional edema. Midline shift
falx cerebrum
Abdulkader, . et al. [4] Multiple T1 hypointense, T2 hyperintense
7 Reviewed by 13/M Right parietal lobe and Cephalgia, emesis signal. Perilesional and
George, D. H. et al. [9] right frontal lobe leptomeningeal GE
Single
8 George, D. H. et al. [9] 18/F Left temporal lobe and NA NA
surrounding dura
Epileptic activity
Multiple (tonic—clonic
9 Karikari, I. O. et al. [12] 4/M Bilateral frontal lobe and seizures), . Leptorpemngeal and 1951on§1 GE.T1
. . Fever, cephalgia, hypointense and T2 hyperintense
pineal region .
emesis, nuchal
rigidity
Multiple Fever, epileptic Meningeal GE. MR spectroscopy:
10 Ozkaynak, M. E. 9/M Bilateral frontal lesions activity (focal elevated choline, decrease

etal. [18]

extended into the
superior frontal gyri

seizures)

N-acetilaspartate, inverted
lactate peak
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Table 1. Cont.

Case . . .
Number Reference Age/Gender Site Symptoms Radiological Aspect of MRI
Single
Right cerebral Lethargy, - -
11 Shah, A. C. etal. [5] 2/M hemisphere and hemiparesis, epileptic Edema. Uncal };ﬁzfilatlon' Midline
surrounding activity
leptomeninges
Multiple . Focal meningeal GE, edema.
12 Furuya, K. et al. [11] 11/M Left parietal lobe Cephalgia, nausea Midline shift
Single Cephalgia, epileptic Well-circumscribed lesion
13 Rupani A. et al. [19] 17/M . gie activity, left arm presenting GE. Skull bone erosion.
Right fronto-parietal lobe . .
paresis Scalp swelling
Vivekanandan, S. Single S . . .
14 etal. [7] 20/M Right silvian fissure Epileptic activity Peripheric GE
Havlioglu, N. et al. [1] Multiple Cephalgia, nausea, Multlp%e densities scatter.ed over the
. . ¢ brain surface and brain stem.
15 Reviewed by 45/F Left occipital lobe and left emesis, nuchal et .
George, D. H. et al. [9] brain stem rigidity, fever CT: lesions in the cervical and
T ) ! lumbar segments of the spinal cord
Buxton, N. et al. [20] Single LEftsldEd sensory
. . ¢ disturbance, Irregular, heterogeneous mass.
16 Reviewed by 10/F Right parietal lobe hemi R ! A
; . emiparesis, Minor falcine GE
George, D.H. etal. [9] abutting against the falx .
cephalgia
Carmichael, M. G Single ssﬁélsgscleafcttls\ilgga
17 o 38/M Intraparenchymal . Surrounding edema. Midline shift
etal. [13] arieto-occipital right hemiparesis, visual
parieto-occip & field deficit, ataxia
Table 2. The main CSF and histo-pathological features of the lesions examined are summarized here.
With regard to the CSF, the parameters that were most frequently altered were the leucocyte count,
glicorrachia, and protidorrachia. Histological analysis showed recurrent alterations in most of the
cases. Lastly, the immunohistochemical study showed great heterogeneity in the expression of mark-
ers. GCSF: granulocyte colony-stimulating factor. LCA: leucocyte common antigen. EMA: epithelial
membrane antigen. GFAP: glial fibrillary acidic protein.
Case Microscopic Analysis Immunohistochem Immunohistochem
P y Pathological Findings istry-Positive istry-Negative ALK Gene Mutation
Number of CSF
Markers Markers
Medium-to-large
lymphoid-looking cells.
Clear, colorless Kidney-shaped nuclei, g
5lymp/ mm? prominent nucleoli, abundant ALK-1, LCA, CD30, CDZP(;t(e:i27g?ASPl 00
1 Protein 53 mg/dL cytoplasm. Few “hallmark EMA, monoclonal ml;elopelrroxi das,e NA
No ma}lgnant cells cells”. Ap(_)ptoh; figures, no CD3 and CD45RO CD34, CD68 (KP-1)
Negative cultures necrosis. Infiltrate of
macrophages, granulocytes,
and small lymphocytes
Large, atypical lymphocytes
2 NA containing scattered ALK-1, CD3 CD20 NA
horseshoe-shaped nuclei
Sheets of pleomorphic tumor
3 NA cells with classical ALK, LCA, CD30 CD5, CD20 NA
doughnut cells
4 No malignant cells Suggestive of ALCL ALK, LCC]13A4, CD30, CD3, CD7 NA
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Table 2. Cont.

Case Microscopic Analysis Immunohistochem Immunohistochem
P y Pathological Findings istry-Positive istry-Negative ALK Gene Mutation
Number of CSF
Markers Markers
Cytokeratin
ALK, Vimentin, . tokI:r];:lii{lAI\];iiFlm
Polymorphous cells with CD45LCA, EMA, T¥F—1 PLAP, HMB 45’
5 NA hyperchromatic nuclei. CD3, CD4, CD30, g . ! NA
L GFAPD, keratin 7,
Sporadic mitosis CD99, MUM-1, Keratin 20, CD20
Ki67 75% eratin 20, CD20,
CD10, CD8, bcl2,
bcl6, NSE, Tdt
Lymphoid cells with a diffuse
monofonous growth pattern ALK, CD30, CD2,CD3,CD5,CD7, (o
Wbl b om0 AL, CRABPLACDS,  Moredoal Ty
6 NA sy SN&  CD56, MUM-1,EMA,  CD45,CD20,CD79a, & sem
Irregular-shaped nuclei with Gene translocation
multiple basophilic nucleoli Ch4 TdT, CD99, BCL-2, involving ALK
P P ol Ki67 95% BCL-6, CD10 8
Abundant pale or basophilic
cytoplasm. Prominent mitosis
1450 WBC/pL
Glucose 34 mg/dL
Protein 135 mg/dL Large cells with amphophilic
A?Il]fical lytrr}phﬁcytej cytﬁplasrrl;, larie nu;l)ei ('ct)}iten ALK1, CD30, LCA,
with eceentrie-shape orseshoe-shaped) wi UCHL1,P80,EMA  Cytokeratins, KP-1,
7 nuclei, prominent prominent nucleoli. Focal NA
! . . CD3, CD45RO (by B-cell markers
nucleoli, scant dense necrosis, lymphoplasmacytic George, D. H. et al. [9])
cytoplasm, multiple infiltrate. High mitotic rate. ge, L. H. .
cytoplasmatic vacuoles. Atypical mitotic figures
Binucleation.
Mitotic figures
8 NA Necrosis absent ALK1, CD45RO B-cell markers NA
Large, atypical cells with PLC/;&.}:;I.I?H Balanced reciprocal
irregular nuclei with a rome, translocation
Elevated WBC gonadotropin,
moderate amount of . . between crom. 2 and
9 Glucose: low . . . ALK-1, CD30, CD7 a-fetoprotein, keratin, R
. . eosinophilic and basophilic crom. 15 with
Protein levels: increased NFP, NEU-N, .
cytoplasm. No synaptophysin, 5100 breakpoints at bands
Reed-Sternberg-type cells protein, CD1A 2p23 and 5q35
In total, 27 WBC
(63% lymphocytes, CD5, CD20, CD79a,
31% monocyt'es, ] ) ALK-1, LCA, CD3, TDT, SYN, NF, GFAP
6% neutrophils) Large angiocentric cells - Flow cytometry CSF:
. . . N CD8, CD30, Ki-67
10 Negative Gram stain and invading the parenchyma. . loss of pan T-cell NA
. o Flow cytometry CSF:
culture High mitotic rate D2, CD7 markers CD3 and
Flow cytometry: . CD5, CD56,
abnormal CD8-positive CD57, TdT
T-cell population
Mlinodd pomorti EAA 510 proin,
infiltration. Large CD1la, CD3, CD20,
mononuclear and binuclear CD15 (Leu-M1),
. ALK-1, CD30 (Ki-1), GFAP, placental
11 NA atypical cells. ) NA
. CD43 alkaline-
Vascular/endothelial
. . . . phosphatase,
proliferation with congestion, muscle-specific actin
focal hemorrhage, and broad 4 pect ’
. . esmin
necrosis. Scattered mitoses
Glt}cose 70 mg/dL, Large, polymorphic tumor
protein 130 mg/dL, cell cells, diffusely infiltrate
count 237 cells/mm?® thr(;ughout t};e cortex GFAP, CD3, UCHL-1
12 with a differential count Pleomorphic nuclei, ALK-1, EMA, LCA, (CD45R0), CD20), NA

of 68%
polymorphonuclear cells
No malignant tumor cells

(on CSF cytology)

prominent nucleoli, abundant
clear or eosinophilic
cytoplasm. No bacteria

CD30 (Ki-1)

CD79, KP-1 (CD68)
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Table 2. Cont.

Case Microscopic Analysis . s Im{nunohisfo.chem Im.munohisto.chem .
Number of CSF Pathological Findings istry-Positive istry-Negative ALK Gene Mutation
Markers Markers
Large pleomorphic cells with
abundant .
13 NA eosinophilic—to—ampho.philic ALK]} 'CCA,DS%IEDAB’ chlfizs}azsfartzxéiﬁjse NA
cytoplasm and prominent
nucleoli. Necrosis absent
Sheets of large cytologically
atypical lymphoid blast cells
interspersed with frequent
14 Unremarkable neutrophil polymorphs. ALK, CD3, CD30 NA NA
Vesicular nuclei and
prominent nucleoli, relatively
abundant amphophilic
cytoplasm
CD30, EMA
ALK-1 (by George, D. LCA, cytokeratin,
. . H. etal. [9]) neuron-specific
Large cells with ampho-ph-lhc CSF cytology: large, enolase,P;(P—l, No monoclonal
Total of 90 RBC/ L, cytoPlasm, larlge nuclelgv ith atypical lymphocytes B-markers, rearrangement of T
10 WBC/ uL with large, ?:imﬁsgtizzca:; H;zﬁi:;;lf with eccentric T-markers, mono- beta receptor, K or
15 atypical lymphocytes nu;gleoli Foc/al neg‘osis and oval-shaped nuclei, cyte/macrophage lambda light-chain
Glucose 51 mg/dL lympho .lasmac tic infiltrate prominent nucleoli, markers. genes, or
Protein 210 mg/dL YH'Ph i toti }1 ical scant dense Cytometric analysis immunoglobulin
1gh mitotic rfa ¢ atypica cytoplasm containing CSF: no aberrant heavy-chain locus
mitotic figures multiple cytoplasm pan-T surface marker
vacoles. Binucleation, expression
mitotic figures
High mitotic rate. High level Ki-1
of apoptosis and an unusual AKLL CD43 B-markers (by
16 NA pattern of spread CD45RO (,b Ge(;rge George, D. H. NA
Necrosis (by George, D. H. D.H. et Zl oD ! etal. [9])
etal. [9]) o ’
Malignant cells consistent
17 NA with ALCL AKL-1, CD30, CD45, NA NA

3.2. Management Algorithms

Treatment options were markedly heterogeneous: for instance, 5.9% (n = 1) were

treated with a chemotherapy regimen alone, 23.5% (n = 4) with a combination of chemother-
apy and surgical resection, 29.4% (n = 5) with the combination of systemic therapy and
radiation therapy, 41.2% (n = 7) with a combination of surgical resection, chemotherapy, and
radiation and, in the remaining case, the patient died before the initiation of the treatment
(Table 3). Not surprisingly, equally heterogeneous were the outcomes: 55.6% of the cases
showed no recurrence of the lesion following the first line of treatment (median follow-up:
54.2 months, range: 13-96); in 29.4% (n = 5) early death (within 6 months of diagnosis) was
registered, and in one case (5.9%), the patient was alive at the time of discharge; however,
for this last case and two other cases (n = 2; 11.8%) no data were available on survival or
the post-treatment course of the disease.

With regard to available chemotherapic options, MTX proved to be the most widely
used immunosuppressant agent to be administered, alone or in combination with other
drugs or locoregional therapy. It was used as the sole systemic agent in three cases, achiev-
ing no evidence of disease > 9 months (max 96 months), while the association with other
chemotherapic agents was followed in 10 cases. Other frequently used chemotherapy com-
binations include the DeAngelis protocol (HD-MTX—with leucovorin rescue, intrathecal
MTYX, vincristine, procarbazine, and dexamethasone), MATRix (MTX, idarubicin, cytara-
bine, and thiotepa), BEM90 (prednisone, vincristine, asparaginase, cyclophosphamide, cy-
tarabine, daunorubicin, doxorubicin, methotrexate, and 6-mercaptopurine), CHOP/CHOD
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(cyclophosphamide, doxorubicin, vincristine, prednisone/dexamethasone), and the VAM
Protocol (vincristine, methotrexate—with folinic acid rescue—and cytarabine).

Table 3. Here, the treatment protocols and patients” outcomes are summarized. Surgical therapy,
in combination with chemotherapy and/or radiotherapy regimens, was employed in ten cases: a
gross-total resection (GTR) was achieved in five of these. Radiotherapy was administered in eleven
patients and, in five cases, was associated with a combination of one or more chemotherapy regimens,
while, in the remaining six, radiotherapy was used in conjunction with chemotherapy and surgical
intervention. Equally variable are the individual application regimens: in seven out of twelve cases,
radiotherapy was applied to the whole brain (in two cases, with extension to the spinal cord, as well),
and in two, it had focal administration, consistent with the site of the lesion, while in the remaining
two cases, the type of administration was not specified. CHT: chemotherapy. RT: radiotherapy.
GTR: gross total resection. STR: subtotal resection. HD-MTX: high-dose methotrexate. NED: no

evidence of disease.

Case
Number Treatment Status at Follow Up
Biopsy .
1 CHT: MATILde regimen (MTX, idarubicin, cytarabine, thiotepa) NED at13 mont?s (ftrom :)O mpletion of the
RT: Whole-brain RT reatmen
GTR
2 CHT: HD-MTX NED at 5 years
3 STR Recurrence 9 months after surgery
CHT: BEM90 ALCL Protocol Exitus a month later
GTR
4 CHT: DeAngelis protocol (HD-MTX, leucovorin, Intrathecal—MTX via lumbar ~ On prophylactic antiepileptic medication (no further
puncture, vincristine, procarbazine, Dexamethasone). Cytarabine (after RT) info regarding OS or PFS available)
RT: Whole brain
GTR
5 CHT: HD-MTX, HD-Cytarabine. GCSF, folinic acid (leucovorin) NED at 2 years
RT: Whole brain
6 Biopsy Exitus in one month
Biopsy
7 CHT: vincristine, Etoposide, MTX, cyclophosphamide, dexamethasone, Exitus shortly after CHT treatment
cytarabine
CHT
8 RT (local or whole brain not specified) NED at 5.2 years
Biopsy . . .
9 CHT: doxorubicin, prednisone, vincristine. Alive at discharged (fm.r cgmplehon of chemotherapy
L and radiation therapy)
RT: Craniospinal
STR
10 CHT: Dexamethasone, HD-MTX, etl;')p051de, BCNU. Intraventricular MTX, NED at 26 months
hydrocortisone, Ara-C
RT: Focal
11 SIR NED at 8 years (from therapy completion)
CHT: HD-MTX y Py comp
Methylprednisolone for ICP before diagnosis
STR via biopsy .
12 CHT: HD-MTX NED at 8 years after completion of treatment
RT: Whole brain
Biopsy
13 CHT: Steroids, cyclophosphamide, adriamycin, vincristine Exitus after 1 month
RT (not specified)
GTR
CHT: CHOD (cyclophosphamide, doxorubicin, vincristine, dexamethasone,
14 allopurinol), BCNU (carmustine), VAM (vincristine, MTX, folinic acid, NED at 8 years from initial presentation

cytarabine)
RT: focal
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Table 3. Cont.

Case

Number Treatment Status at Follow Up

15 STR via Biopsy Gradually improved with supportive therapy (no
CHT: CHOP Protocol (cyclophosphamide, doxorubicin, oncovin, prednisone) further info regarding OS or PFS available)

Dexamethasone (before diagnosis)
GTR
CHT: United Kingdom Children’s Cancer Study Group 9003 protocol
(HD-MTYX, cyclophosphamide, daunorubicin, cytosine, vincristine,
prednisolone)
RT: craniospinal

16 Exitus after 6 months

Biopsy
HD-dexamethasone, phenytoin (before diagnosis)

CHT: HD-MTX/leucovorin, vincristine, procarbazine, dexamethasone.
Intrathecal MTX (Ommaya reservoir). HD-systematic cytarabine (according to
the DeAngelis protocol)

RT: Whole brain (before and after diagnosis)

17 NED at 15 months following therapy

4. Discussion

A comprehensive understanding of the physiopathological features inherent to ALK-
positive PCNSL remains elusive, primarily owing to the limited number of reported
cases and the consequent absence of a standardized management protocol. While diverse
treatments have yielded durable complete remissions, the occurrence of intracerebral
recurrence is not uncommon [21].

The current diagnostic imaging modalities exhibit insufficiencies in distinguishing
PCNSL from other malignant or inflammatory processes, necessitating histology for defini-
tive diagnosis. Despite the rarity of this pathology, it is crucial to consider it among the
diagnostic possibilities. The reported data indicate a significant rate of remission, even
in the absence of a standardized treatment protocol, underscoring the necessity for early
diagnosis and treatment.

The prompt and accurate diagnosis of primary ALCL of the CNS is infrequent. Ac-
cording to a previous study [22], an average of around 40 days is required for diagnosis,
hindering early identification and resulting in treatment delays that could prove fatal.

Initially, small lesions discovered along the dura are often misdiagnosed as inflamma-
tory conditions such as meningitis or sarcoidosis. Tuberculosis is commonly considered
as the probable infection, because it frequently presents with leptomeningeal enhance-
ment [23].

Before undergoing surgical intervention, a biopsy is advised, to histologically confirm
the suspect of PCNSL [24]. However, despite long-standing reports indicating that the
extent of surgical removal does not impact the prognosis of this pathology [25], there might
be value in attempting maximal tumor resection when symptoms of increased intracranial
pressure manifest due to the mass effect of the tumor [23].

Despite sharing histologic, immunophenotypic, and clinical features with extra-CNS
ALCL, PCNS ALK-positive ALCL demonstrates a more aggressive clinical behavior [14].
Favorable prognostic factors in ALCL include youth, unifocal tumor presentation, and the
absence of necrosis. Conversely, older age, multifocal tumor presentation, and extensive
necrosis correlate with an elevated risk of mortality [9]. Notably, the expression of CD56, a
neural cell-adhesion molecule, in ALCL is associated with a poorer overall prognosis, in-
creased recurrence, CNS involvement, and a higher likelihood of bone involvement [14,26].
Despite its rarity, CD56 positivity has been observed in only two cases in the literature.

PCNS ALK-positive ALCL is a rare entity, accounting for less than 4% of all PCNSL
cases in Western countries [27,28]. Due to the scarcity of this tumor, no consensus exists on
its management, and treatment approaches are typically empirical, although methotrexate
(MTX) monotherapy is often associated with improved survival rates [2]. While chemother-
apy has demonstrated optimal outcomes, most patients necessitate combined protocols,
involving locoregional therapy [2,29]. For instance, favorable outcomes have been achieved
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through the combination of corticosteroid therapy and radiation [30]. Considering the
uncertainty surrounding the efficacy of additional combined-modality protocols in improv-
ing survival and reducing delayed neurotoxic effects, radiation may be a rational choice
in younger patients, those with residual or recurrent tumors, and those with inadequate
responses to chemotherapy [21,31].

Given the infrequency of PCNS ALK-positive ALCL, the reported treatment protocols
exhibit substantial prognostic variability. However, with the evolution of personalized
medicine, particularly the development of ALK-specific inhibitors, the molecular mech-
anisms governing tumorigenesis have become targets for more effective therapeutic ap-
proaches [32]. Recent research underscores the efficacy of ALK inhibitors in relapsed or
refractory ALK-positive ALCL, demonstrating reduced toxicity. While first-generation ALK
inhibitors like crizotinib have limitations in CNS penetration, next-generation inhibitors
such as alectinib, brigatinib, ceritinib, and lorlatinib show promise in crossing the blood-
brain barrier [33]. Several studies highlight the clinical significance of these next-generation
ALK inhibitors in relapsed or refractory cases [34-36]. However, further research is war-
ranted to establish their efficacy in primary settings, considering the common adverse
events of gastrointestinal toxicities, elevated liver enzymes, and fatigue [33].

5. Conclusions

The lack of consensus regarding the management of PCNS ALK-positive ALCL im-
pedes standardized therapy for this rare tumor, potentially leading to unfavorable outcomes.
The emergence of targeted monoclonal therapies is anticipated to mitigate inter-institutional
differences in adopted management algorithms. Nevertheless, given the extreme paucity
of similar cases, this report of experiences may facilitate a more standardized and evidence-
based therapeutic approach. Further comprehensive studies are envisaged to optimize our
therapeutic armamentarium in cases of PCNS ALK-positive ALCL.
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Simple Summary: In a case study, real-time neuropsychological testing (RTNT) and music listening
were applied for resections in the left temporal-parietal lobe during awake surgery (AS). The preoper-
ative, intraoperative, and postoperative neuropsychological evaluation of patients with brain tumors
and those treated neurosurgically has become part of clinical protocols. It allows for the evaluation
of the presence of any neuropsychological deficits and their severity, provides reliable indications
regarding the patients’ tolerability of an intervention in AS, and examines the cognitive and emo-
tional motivational status of patients in the postoperative phase, thereby providing indications of the
rehabilitation treatment and quality-of-life level. Moreover, we demonstrated that before/during AS
and after music listening, the patient reported a decrease in depression and anxiety, in addition to an
improvement in all the collected cognitive parameters. In conclusion, RTNT (also integrated with
music listening) maximizes the surgical resection of lesions and minimizes the risks of post-operative
neuropsychological and neurological sequelae through improving the quality of life of patients.

Abstract: In this case report, real-time neuropsychological testing (RTNT) and music listening were
applied for resections in the left temporal—parietal lobe during awake surgery (AS). The case is
based on a 66-year-old with glioblastoma and alterations in expressive language and memory deficit.
Neuropsychological assessment was run at baseline (2-3 days before surgery), discharge from hospital
(2-3 days after surgery), and follow-up (1 month and 3 months). RTNT was started before beginning
the anesthetic approach (T0) and during tumor excision (T1 and T2). At TO, T1, and T2 (before
performing neuropsychological tests), music listening was applied. Before AS and after music
listening, the patient reported a decrease in depression and anxiety. During AS, an improvement was
shown in all cognitive parameters collected at T0, T1, and T2. After the excision and music listening,
the patient reported a further decrease in depression and anxiety. Three days post surgery, and at
follow-ups of one month and three months, the patient reported a further improvement in cognitive
aspects, the absence of depression, and a reduction in anxiety symptoms. In conclusion, RTNT has
been useful in detecting cognitive function levels during tumor excision. Music listening during AS
decreased the patient’s anxiety and depression symptoms.

J. Clin. Med. 2023, 12, 6086. https:/ /doi.org/10.3390/jcm12186086
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1. Introduction

Glioblastomas (GBMs) [1] are highly malignant tumors categorized as adult-type
diffuse gliomas by the WHO in 2021. The new WHO classification system for brain
tumors, published in 2021, has modified the nomenclature, creating a new family called
“Adult-type diffuse gliomas”, which includes the following: astrocytoma, IDH-mutant;
oligodendroglioma, IDH-mutant, and 1p/19qg-codeleted; glioblastoma, IDH-wildtype. For
simplicity, the authors refer to this family as “GBM”. GBMs are the most common adult
brain tumors, with an annual incidence of approximately over 4/100,000 [1-3]. They occur
predominantly between the ages of 45 and 64 years [4]. The tumor often has a rapidly
progressive course (around 2-3 months). The median overall survival time is around
14.6 months, with a 5-year survival rate of only 7.2% [5,6]. The neurological signs are
nonspecific as they are secondary to intracranial hypertension and/or behavioral changes
and/or focal neurologic deficits [7].

The most frequent deficits detected in patients with GBM, through a pre- and post-
operative cognitive assessment, were identified in executive functions, working memory,
and attention [8-12]. The drastic worsening of quality of life experienced by patients who
present a worsening in daily performance due to cognitive deficits is described in the
literature, and it showed that cognitive rehabilitation could significantly improve perfor-
mance [11-13]. Brain tumor patients often present with symptoms related to profound
fatigue that prevents them from being active and reduces their social participation [12].
Therefore, the maintenance of language and cognition is essential in GBM surgery because
they are fundamental features of daily life performance [13]. In a study, it was confirmed
via a pre- and post-operative neuropsychological evaluation that awake surgery (AS) is
associated with good cognitive and linguistic clinical outcomes in malignant tumors [14].

Moreover, detailed information provided about the cognitive status of patients during
AS using a neuropsychological monitoring technique called real-time neuropsychological
testing (RTNT) is considered necessary [14]. RTNT includes testing protocols based on
the area where the surgery is performed and provides the surgeon with essential useful
feedback on the cognitive status of patients [14].

Nevertheless, many patients report experiencing anxiety during awake craniotomy.
Previous studies have evaluated the effects of music on patient anxiety during any awake
medical procedures, such as nasal bone fracture reduction [15], parturition [16], transrectal
prostate [17] and breast [18] biopsy, extracorporeal shock wave lithotripsy [19], colono-
scopies [20], dental extractions [21], carotid endarterectomy [22], and dialysis catheter
implantation [23], as well as pain and blood pressure improvement [1,6,24]. Regarding
awake craniotomy, a study reported that providing music listening when patients were in
the waiting room and during surgery reduced anxiety and reached the goal of improved
human and perioperative care [25]. This study is supported by a previous qualitative
study which reported that the effects of listening to major- and minor-key musical pieces
on patients undergoing awake craniotomy could help in the design of interventions to
alleviate anxiety, stress, and tension [26].

In this case report, an RTNT (preceded and followed by music listening) for resections
in the left temporal-parietal lobe was performed with the following specific aims:

(1)  To show a complete view of the cognitive functions of the patients and to verify how
the neuropsychological status evolves during resection;

(2) To test the hypothesis that listening to music during AS decreases the patient’s anxiety
and agitation.
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2. Materials and Methods

The present case report was conducted according to the Declaration of Helsinki, the
Guidelines for Good Clinical Practice, and the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) guidelines [27], and it was approved by the local ethics
committee for human experimentation (Prot. N. 1668/01DG).

2.1. Pre and Post-Operative Neuropsychological Evaluation

Neuropsychological assessment has been run at baseline (2-3 days before surgery),
discharge from the hospital (2-3 days after surgery), and follow-up (1 month and 3 months).
Cognitive status has been assessed using the Mini Mental State Examination (MMSE) [28],
Clock Drawing Test (CDT) [29], Frontal Assessment Battery (FAB) [30], Babcock Story
Recall Test (BSRT) [31], Digit Span Forward and Backward (DS-F, DS-B) [32], Attentional
Matrices (AM) [33], Verbal Fluency for letters (VF-L) and for categories (VF-C) [34], Boston
Naming Test (BNT) [35], Trail Making Test (TMT) parts A and B [36], Screening Test for
Ideo-Motor Apraxia (STIMA) [37], Oral Apraxia (OA) [38], and Copying of Geometric
Figures (CGF) [39].

The presence/absence of neuropsychiatric symptoms was evaluated with the Neu-
ropsychiatric Inventory (NPI) [40].

2.2. Operative Setting and Procedures

The patient underwent surgery lying in the supine position with his left shoulder
uplifted by a pillow. The right arm was placed laterally horizontally on a special armrest.
The left arm was free and, to make the position more comfortable, resting on a pillow
that the patient held to his chest. The head was only tilted to the right, and not raised or
hyperextended, and held in place with a Mayfield—Kees head holder. This last procedure
was adjusted with the patient awake to increase patient comfort; we slowly agreed with
the patient and the head was angled to the left by about 60 degrees. Sterile drapes were
positioned to allow access to the patient’s face for anesthetists and the psychologist, in
order to receive and respond to commands during cognitive testing.

Regarding the anesthetic management strategy for AS, the following steps were
carried out:

(1) In the preoperative phase, intramuscular clonidine is administered in the evening
before surgery and in the morning half an hour before, at a dosage of 2 ug/kg in order
to obtain the right anxiolysis;

(2)  On the day of the surgery, in the first phase, blocks of the nerves of the scalp are
performed with local anesthesia to avoid not only pain during the surgical cut but
above all the distress during the placement and removal of the cranial blocker, which
certainly involves strong bone tension [41];

(3) The chosen strategic option for awake craniotomy has been MAC (monitored anes-
thesia care), which involves analgo-sedation via administering Dexmetomidine and
Remifentanil in continuous intravenous infusion, allowing the patient to be sedated
and in comfort, but contactable and spontaneously breathing [42].

After a wide N-shaped incision in the left temporo-parieto-occipital region, a 6.5 x 6.5 cm
craniotomy was performed. The craniotomy shape was conducted under neuronavigation
guidance in order to perform mapping in areas adjacent to the lesion as well [43,44].
The neuro-navigator defined the cortical edges of lesions and established the site of the
corticectomy and the trajectory in the approach to subcortical lesions; the corticectomy in
our case was performed in an area between the left angularis gyrus and left supramargina,
to gain access to the deep temporo-parieto-occipital junction (Figure 1). Before removing
tumor or tumor-infiltrated brain tissue, it was remembered that neurological functions can
also be found in the same areas [45-48].
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Figure 1. 3D reconstruction showing (white area) the localization of the tumor.

2.3. RINT

The criteria we used to perform RTNT were the same as those used for AS [49]. RTNT
was started at the beginning of the resection and ended at the beginning of hemostasis.

The battery of tasks included in RTNT was selected from published neuropsycho-
logical batteries available in Italian normative data. Tasks encompassing a wide range of
cognitive functions have been included to have an exhaustive intraoperative neuropsy-
chological battery. From the extensive list of tasks, a neuropsychologist selected a series
of tasks according to lesion localization, magnetic resonance imaging (MRI) results, and
the preoperative neuropsychological profile. The task sequence follows a fixed order with
regard to an area. The sequence of tasks was repeated (presenting a different stimuli list
for each sequence) until the end of the resection. In each test for a patient, the items were
presented for about 30 s for each task, in a rotating manner. In this way task, assessment and
task switching served as quick and dynamic methods for immediate dysfunction detection.
As soon as the patient exhibited a decrement, the neurosurgeon was immediately informed
and carried on with the surgical technique already described.

When this sequence was completed and if patient performance was within the normal
range, we restarted testing using the first task and followed the same sequence but with
different items. On the contrary, if a patient showed a decrement, we performed in-
depth testing.

The following tests were performed when the patient arrived in the operating room
and before starting the anesthetic approach (T0) and during tumor excision (T1 and T2):
DS-F, DS-B, VF, BNT, and sensory-motor profile awake (SMP-A) [50].

2.4. Music Listening

At TO, T1, and T2 (before performing the neuropsychological tests), music listening
was applied: a series of songs were chosen by the patient and followed a sensitivity linked
to a music therapy approach.
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The chronology of the songs was therefore studied, trying to create a sort of emotional
path led by the musical melodies and songs that were part of the patient’s youthful experience.

The rhythms, melodic characteristics, and the concepts expressed through the melodies
and the lyrics of the songs have been taken into account.

3. Case Report
3.1. Patient Information

The present report describes the case of the second patient FS, a 66-year-old right-
handed man with 8 years of education. He is a shopkeeper. His personal and medical
history did not report comorbidities before the diagnosis of the tumor. No family history of
epilepsy or other neurological diseases was reported.

For some months, he has been reporting alterations in expressive language and mem-
ory deficit, with more evident worsening in the last two weeks.

The patient was examined with MRI, which evidenced a lesion in the left temporo-
occipital-parietal cortex of likely heteroplastic nature; the lesion (46 mm measured on
the MRI image) was characterized by abundant central necrosis and a solid component
with intense marginal contrast enhancement (CE), which corresponded to a significant
increase in choline and the presence of lipids (Figure 2). The hypothesis of an awake surgery
was considered. His neurological assessment was unremarkable regarding the sensorium,
cranial nerves, motor, sensory, cerebellar, gait, reflexes, meningeal irritation, and long tract
signs; only cognitive aspect results are worthy of further study using psychometric scales.

Pre contrast-enhanced

(a) (b) (c) (d)

Post contrast-enhanced

(¢) (N

Figure 2. T1-weighted, Flair MRI images and spectroscopy acquired pre-surgery. (a) Pre-contrast-
enhanced Flair MRI axial slice; (b) pre-contrast-enhanced diffusion-weighted imaging at b1000 axial
slice; (c) pre-contrast-enhanced T1-weighted MRI axial slices; (d) pre-contrast-enhanced Flair MRI
coronal slice; (e) post-contrast-enhanced T1-weighted MRI axial slices; (f) post-contrast-enhanced
T1-weighted MRI coronal slices.

Blood samples, including routine blood count, kidney and liver function test, serum
lipids, glucose level, serum lactate, lactic acid dehydrogenase, serum immunoglobulin,
thyroid hormones and autoantibodies (anti-TPO), and routine autoimmunity testing (ANA,
ENA, ANCA, and anti-phospholipids antibodies), were all normal.
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3.2. Clinical Findings

At baseline (Table 1), the patient showed (1) a severe impairment of working memory
(DS-B = 0.25), long-term memory, shifting ability (TMT-B = 482.00), and verbal fluency
(VE-L = 5.00; VE-C = 15.00); (2) a mild—-moderate deficit of selective attention (AM = 44.25);
executive and visuospatial functions (FAB = 10.00; CDT = 3.00); lexical naming performance
(BNT = 41.00); bucco-facial, ideomotor and constructive praxia (OA = 8.00; STIMA = 8.00;
CGF =9.75); (3) anxious—depressive symptoms (NPI = 17.00).

Table 1. Patient’s psycho-behavioral aspects and neuropsychological performance at baseline.

Score Remark
Mini Mental State Examination (MMSE) 19.53 Mild cognitive impairment
Neuropsychiatric Inventory (NPI) 17 Depression, Anxiety, Insomnia
Clock Drawing Test (CDT) 3 Mild to g;;)(;dr;r;:fz\;?s;)—spatial
Frontal AssessmentBattery (FAB) 10 Impaired executive functions
Trail Making Test (TMT)-A 47 Mild impairment
Trail Making Test (TMT)-B 283 Severe impairment
Matrici Attentive (MA) 4425 Mildimpairment
DigitSpan-Forward (DS-F) 6.25 No compromised
DigitSpan-Backward (DS-B) 0.25 Severe impairment
Babcock Story Recall Test (BSRT) 3.3 Severe impairment
Verbal Fluency for letter (VF-L) 5 Severe impairment
Verbal Fluency for category (VF-C) 15 Severe impairment
Boston Naming Test (BNT) 41 Mild to moderate impairment
Copying of Geometric Figures (CGF) 9.75 Moderate impairment
Screening Test for Ideo-Motor Apraxia (STIMA) 8/10 Mild impairment
OralApraxia (OA) 8/10 Mild impairment

3.3. Timeline and Intra-Operative Evaluations

As shown in Table 2, at TO, before AS and after music listening, the patient reported a
decrease in depression and anxiety (NPI = 10.00).

Table 2. Patient’s psycho-behavioral aspects and neuropsychological performance at different testing
times: before starting the anesthetic approach (T0) and during tumor excision (T1 and T2).

Test TO T1 T2
Time 08:45 11:00 12:23
Neuropsychiatric Inventory (NPI) 10 10 7
DigitSpan-Forward (DS-F) 5.25 6.25 6.25
DigitSpan-Backward (DS-B) 0.25 1.25 3.25
Verbal Fluency for letter (VF-L) 5 10 14
Verbal Fluency for category (VF-C) 15 24 32
Boston Naming Test (BNT) 44 50 55
Sensory-motorprofileawake (SMP-A) 100 100 100
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During AS, improvement was shown in all parameters collected, respectively, at TO, T1,
and T2: DS-F (5.25 vs. 6.25 vs. 6.25), DS-B (0.25 vs. 1.25 vs. 3.25), VE-L (5.00 vs. 10.00 vs. 14.00),
VEF-C (15.00 vs. 24.00 vs. 32.00), and BNT (44.00 vs. 50.00 vs. 55.00). No changes turned up
on the SMP-A (100.00 vs. 100.00 vs. 100.00) scale.

After excision and music listening (T2), the patient reported a further decrease in
depression and anxiety (NPI = 7.00).

After the resection, histological exams confirmed the neuro-radiological suspicion
of GBM.

3.4. Follow-Up and Outcomes

As shown in Table 3, at three days post surgery and at follow-up appointments after
one month and three months, the patient reported only an isolated working memory
(DS-B =3.25 vs. 4.25 vs. 3.25) and praxic—constructive capacity (CGF = 10.75 vs. 10.75 vs. 11.75)
impairment, the absence of depression, and a reduction in anxiety symptoms (NPI = 6.00
vs. 4.00 vs. 4.00).

Table 3. Patient’s psycho-behavioral aspects and neuropsychological performance at three days post
surgery and follow-up of one month and three months.

3 Day Post-Surgery 1 Month-Follow Up 3 Month-Follow Up

Test Score Score Score
Mini Mental State Examination (MMSE) 25.53 28.53 28.53
Neuropsychiatric Inventory (NPI) 0 4 4
Clock Drawing Test (CDT) 2 1 1
Frontal AssessmentBattery (FAB) 11 15 16
Trail Making Test (TMT)-A 46 32 30
Trail Making Test (TMT)-B 107 31 105
Matrici Attentive (MA) 44.25 52.25 49.25
DigitSpan-Forward (DS-F) 5.25 6.25 5.25
DigitSpan—Backward (DS-B) 3.25 4.25 3.25
Babcock Story Recall Test (BSRT) 43 15.7 12.6
Verbal Fluency for letter (VEF-L) 14 17 18
Verbal Fluency for category (VE-C) 40 42 39
Boston Naming Test (BNT) 56 59 53
Copying of Geometric Figures (CGF) 10.75 10.75 11.75
Screening Test for Ideo-Motor Apraxia (STIMA) 10/10 10/10 10/10
OralApraxia (OA) 10/10 10/10 10/10

After a month of follow up, the MRI images (Figure 3) reported the results of left
temporo-parietal craniotomy surgery for the removal of GBM with an inhomogeneous,
partly hematic surgical cavity, delimited by an irregular enhancement border after the
administration of CE in some points with nodular characteristics.
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Pre contrast-enhanced

Post contrast-enhanced

Figure 3. T1, T2-weighted, Flair MRI images acquired after a month of follow up. (a) Pre-contrast-
enhanced Flair MRI axial slice; (b) pre-contrast-enhanced diffusion-weighted imaging at b1000 axial
slice; (c) pre-contrast-enhanced T1-weighted MRI axial slices; (d) pre-contrast-enhanced T2-weighted
coronal slice; (e) post-contrast-enhanced T1-weighted MRI axial slices; (f) post-contrast-enhanced
T1-weighted MRI coronal slices.

4. Discussion

The study of cortical and cortico-axonal connectivity represents the new frontier of
cognitive neuroscience for understanding the evolution of thought and mind. Furthermore,
preserving cortical and axonal connectivity is the goal of brain tumor surgery in order to
avoid the onset of permanent post-operative neuropsychological deficits. The surgeon can
be trained to sew the surgical trajectory on the particular patient through interrupting or
dislocating the fibers, minimizing injury to the neighboring fibers. White fibers can exhibit
a variety of modifications, as also mentioned by Duffau [51], including morphological
distortion brought on by a mass effect, tumor cell infiltration, the presence of edema,
complete interruption, and occasionally functional reorganization. High-grade gliomas,
on the other hand, can invade white matter tracts, leading to the displacement, rupture,
and subsequent modification of the white matter signal [52]. White matter, in contrast to
the cerebral cortex, shows relatively limited functional remodeling; hence, sparing fiber
bundles is crucial [53].

Consequently, the preoperative, intraoperative, and postoperative neuropsychological
evaluation of patients with brain tumors and those who have been treated neurosurgi-
cally has become part of clinical protocols. It allows us to evaluate the presence of any
neuropsychological deficits and their severity, provides reliable indications regarding the
patient’s tolerability of an intervention in AS, and examines the cognitive and emotional
motivational status of the patient in the postoperative phase, providing indications of the
rehabilitation treatment and the quality-of-life level. It arises according to an individualized
clinical-relational process aimed at exploring the interests, tastes, habits, and tempera-
mental and personological characteristics of each patient for an adequate understanding
of inter-individual differences. A complete and objective neuropsychological assessment
also evaluates the functioning of a wide range of cognitive functions: language, memory,
learning, working memory, visuospatial skills, attentional and executive skills, praxic skills,
motivation, and emotional and behavioral regulation. Unfortunately, in the neurosurgical
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field, to date, much attention has been paid to language skills alone, modulating surgical
resection techniques and preoperative and intraoperative mapping during awake surgery,
to avoid the onset of language and aphasic deficits after surgery. However, very little
has been done with respect to other cognitive functions which are equally important for
an adequate level of quality of life and are seriously disabling if deficient. Many studies
conducted thanks to systematic protocols of neuropsychological assessment highlight, in
fact, the constant presence of cognitive problems related to functions other than language
in patients suffering from brain tumors or epilepsy who are treated surgically [54,55].

In this case report, it has been shown how fundamental a complete neuropsycho-
logical profile of the patient is. The patient not only presented a language deficit but
also impairment of working memory; long-term memory; shifting ability; verbal fluency;
selective attention; executive and visuospatial functions; and bucco-facial, ideomotor, and
constructive praxia; in addition to anxious-depressive symptoms.

Moreover, we demonstrated that before/during AS and after music listening, the
patient reported a decrease in depression and anxiety in addition to the improvement
of all collected cognitive parameters. These outcomes are in line with other studies that
demonstrated the positive effects of music listening on patient satisfaction, anxiety, and
depression [56,57]. A study showed that listening to music with headphones obtains
relaxing effects comparable to those of midazolam: muscles relax, anxiety vanishes, and
stress levels are lowered [58].

Through a neuropsychological evaluation performed at three days post surgery and
at follow-up appointments after one month and three months, it has been possible to
report the further cognitive and affective improvements of the patient. Another important
factor to be taken into consideration during the neuropsychological assessment and the
preoperative and intraoperative mapping of the cognitive and neurological functioning of
patients with GBM is the possibility—almost systematic, as clinical practice suggests—that
the brain has undergone of the reorganization of functional networks through processes of
brain plasticity. This, among other things, would explain the heterogeneity of cognitive
and neurological symptoms among GBM patients affecting the same brain areas.

Brain plasticity could be defined as a continuous process of remodeling and reor-
ganizing neuronal synapses in the short, medium, and long term; during phylogenetic
and ontogenetic development; and in the presence of brain lesions. It strengthens even
more the modern neuroscientific conception of the brain as a complex and dynamic organ,
not fixed, and emphasizes the appropriateness of the functional and neuropsychological
neuro-oncological approach towards patients with GBM. The cognitive and behavioral con-
sequences of the phenomenon of neuronal plasticity in these patients have been extensively
studied [56] and justify the inhomogeneity of the preoperative and intraoperative data
obtained from neurocognitive evaluations and from mapping methods. In other words, it
should not be a surprise if, for example, the preoperative mapping of the linguistic functions
of a patient affected by GBM who does not present linguistic deficits upon neurocognitive
evaluation yields results that affect areas of the cortex not properly held responsible for
linguistic and distant functions, or even contralateral to the injury. The phenomenon of
neuronal plasticity is also almost systematic in patients suffering from gliomas, compared,
for example, to patients affected by stroke, due to the very nature of the disease, which
develops over time; over time, the glioma grows at the same time as the brain grows [59].
Cortico-subcortical reorganization can also be observed and confirmed during mapping
via intraoperative stimulation induced by the presence of a brain tumor.

Plastic reorganization mechanisms are also observable in the postoperative phase [60].
Therefore, the observation of the phenomenon of the reorganization of cortical circuits
through the various mapping methods and the standardized neuropsychological evaluation
in neurosurgery involves different fundamental therapeutic implications for achieving the
objectives that the functional neuro-oncological approach aims to achieve. It allows the
surgical treatment to be extended to eloquent or near-eloquent areas, maximizes the surgical
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resection of the lesion, and minimizes the risks of post-operative neuropsychological and
neurological sequelae through improving the quality of life of patients [61].

As usually happens, the limitations of the case report lie in the impossibility of
drawing generalizations, establishing cause—effect relationships, and the danger of over-
interpretation. In particular, in this case report, a control is not described; for this reason,
the ability to draw conclusions is severely limited.

Cooperation with other clinicians and the use of other research methodologies are
needed. An investigation of current neuropsychological approaches and working towards
agreed and standardized protocols could be prospects for future research.

5. Conclusions

In conclusion, in light of what has been argued up to now, the brain of every human
being is organized differently from all the others in normal conditions. This is supported
by the most recent scientific research in neuroscience that suggests the existence of inter-
individual differences in the organization of neuronal networks at the cortical and subcor-
tical levels between one brain and another, significantly beyond the classic conceptions
of the localization of human cognition and emotion, opening the doors to dynamic and
complex approaches and models. The brains of GBM patients also undergo functional
neuroplasticity phenomena that make them even more different and complex than the
norm. The surgical treatment of such patients, therefore, is plausible if one uses, for the
modulation of resection techniques, the data coming from the neuropsychological evalua-
tion and from the mapping methods that do not disregard the singularity of the brain and
of the patient’s personality.
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Abstract: Background: Spheno-orbital meningiomas (SOMs) are rare tumors arising from the
meninges surrounding the sphenoid bone and orbital structures. Surgical resection is the primary
treatment approach for SOMs. Several surgical approaches have been described during the decades,
including microsurgical transcranial (MTAs), endoscopic endonasal (EEAs), endoscopic transorbital
(ETOAs), and combined approaches, and the choice of surgical approach remains a topic of debate.
Purpose: This systematic review and meta-analysis aim to compare the clinical and surgical outcomes
of different surgical approaches used for the treatment of SOMs, discussing surgical techniques,
outcomes, and factors influencing surgical decision making. Methods: A comprehensive literature
review of the databases PubMed, Ovid MEDLINE, and Ovid EMBASE was conducted for articles
published on the role of surgery for the treatment of SOMs until 2023. The systematic review was
performed according to the Preferred Reporting Items for Systematic Reviews and Meta-Analysis
guidelines. Meta-analysis was performed to estimate pooled event rates and assess heterogeneity.
Fixed- and random-effects were used to assess 95% confidential intervals (Cls) of presenting symp-
toms, outcomes, and complications. Results: A total of 59 studies comprising 1903 patients were
included in the systematic review and meta-analysis. Gross total resection (GTR) rates ranged from
23.5% for ETOASs to 59.8% for MTAs. Overall recurrence rate after surgery was 20.7%. Progression-
free survival (PFS) rates at 5 and 10 years were 75.5% and 49.1%, respectively. Visual acuity and
proptosis improvement rates were 57.5% and 79.3%, respectively. Postoperative cranial nerve (CN)
focal deficits were observed in 20.6% of cases. The overall cerebro-spinal fluid (CSF) leak rate was
3.9%, and other complications occurred in 13.9% of cases. MTAs showed the highest GTR rates
(59.8%, 95%CI = 49.5-70.2%; p = 0.001) but were associated with increased CN deficits (21.0%, 95%CI
= 14.5-27.6%). ETOAs had the lowest GTR rates (23.5%, 95%CI = 0.0-52.5%; p = 0.001), while
combined ETOA and EEA had the highest CSF leak rates (20.3%, 95%CI = 0.0-46.7%; p = 0.551).
ETOAs were associated with better proptosis improvement (79.4%, 95%CI = 57.3-100%; p = 0.002),
while anatomical class I lesions were associated with better visual acuity (71.5%, 95%CI = 63.7-79.4;
p =0.003) and proptosis (60.1%, 95%CI = 38.0-82.2; p = 0.001) recovery. No significant differences
were found in PFS rates between surgical approaches. Conclusion: Surgical treatment of SOMs aims
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to preserve visual function and improve proptosis. Different surgical approaches offer varying rates
of GTR, complications, and functional outcomes. A multidisciplinary approach involving a skull
base team is crucial for optimizing patient outcomes.

Keywords: spheno-orbital meningiomas; systematic review; meta-analysis; surgical approaches;
clinical outcomes; surgical outcomes

1. Introduction

Spheno-orbital meningiomas (SOMs) are rare tumors, accounting for 0.2% and 9% of
all meningiomas, arising from the meninges surrounding the sphenoid bone and orbital
structures [1,2]. These tumors pose significant challenges due to their anatomical location
and proximity to critical structures, necessitating a multidisciplinary approach to manage-
ment [3]. Over the years, various surgical approaches have been developed and utilized,
including microsurgical transcranial (MTAs), endoscopic endonasal (EEAs), endoscopic
transorbital (ETOAs), and combined approaches (Figure 1). Each approach has its unique
advantages and limitations, and there is a need to comprehensively compare their clinical
and surgical outcomes to guide treatment decisions [4,5].

B

Figure 1. Graphical illustration of the surgical corridors of MTAs, EEAs, and ETOAs and anatomical
classes of SOMs. (A) Anterolateral view of a skull: MTAs (green arrow), EEAs (blue arrow), and
ETOAs (red arrow). (B) Supero-posterolateral view of the skull base. MTAs can provide several
surgical corridors to different portion of the spheno-orbital region, including cavernous sinus, SOF
and orbital apex, and anterior cranial fossa. SOMs anatomical classes are also here represented:
anatomical class I (lateral or superolateral SOMs), II (medial or inferomedial SOMs), III (orbital apex
SOMs), and IV (diffuse SOMs).

Surgical resection is the primary goal in the treatment of SOMs, aiming for gross total
resection (GTR) to achieve optimal oncological control. However, the choice of surgical
approach can have a significant impact on the extent of resection and postoperative
outcomes. Additionally, postoperative complications and progression-free survival
(PFS) are important outcome measures to assess the overall success of the surgical
intervention [3,6].

The objective of this systematic literature review and meta-analysis is to compare
the clinical and surgical outcomes among patients undergoing MTAs, EEAs, ETOAs, and
combined approaches for the surgical treatment of SOMs. By examining the existing
evidence, this study aims to provide clinicians with valuable insights into the advantages
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and limitations of each approach, and facilitate evidence-based decision making in the
management of these challenging tumors.

2. Materials and Methods
2.1. Literature Search

The systematic review was performed according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) guidelines [7]. A comprehensive litera-
ture search of the databases PubMed, Ovid MEDLINE, and Ovid EMBASE was designed
and conducted by an experienced librarian with input from the authors. The keywords
“spheno-orbital”, “meningioma”, and “approach”, were used in “AND” and “OR” combi-
nations. The following research string was used: “((spheno-orbital or sphenoorbital) AND
(meningioma) AND (approach OR surgery OR microsurgical OR endoscopic OR endonasal
OR transorbital OR combined) AND (outcome OR resection OR survival OR complication
OR deficit))”. The last search for articles pertinent to the topic was conducted on 1 July 2023.
Other pertinent articles were retrieved through reference analysis. Two authors (E.A. and
L.D.M.) independently conducted the abstract screening for eligibility. Any discordance
was solved by consensus with two senior authors (M.Z. and P.P.P.). No restrictions on the
date of publication were made. Exclusion criteria were as follows: studies published in
languages other than English, preclinical anatomical and laboratory studies, studies which
include patients with SOMs not surgically treated, meta-analysis, and literature review.
Inclusion criteria: studies reporting at least a case of SOM surgically treated. The study
was not registered, thus, there is no registration number.

2.2. Data Extraction

For each study, we abstracted the following baseline information: author, country,
journal, title, and year of publication; design and period in which the population was col-
lected; sample size, mean and range of age, percentage of female; histology and grade of the
lesion (according to WHO classification 2021); clinical presentations, including visual acuity
decrease, proptosis, cranial nerves (CNs) deficits, and other signs and symptoms; number
and percentages of patient who received gross total resections, adjuvant radiotherapy (RT),
other adjuvant therapies; follow-up period.

2.3. Outcomes

Outcomes were meta-analyzed based on the type of surgical approach (MTA, EEA,
ETOA, or combined). The outcomes were also tested to evaluate any statistically significant
differences according to the anatomical site and extension of the SOM and according to
the WHO grade (grade I, II, and III, according to WHO classification 2021). Based on site,
SOMs were divided into four categories, specifically, superior or superolateral, inferior or
inferomedial, apex, and diffuse.

Our primary outcomes were GTR, progression-free survival at 5 years (PFS 5-y) and at
10 years (PFS 10-y), and recurrences rate. Secondary outcomes were improvement of visual
acuity, improvement of proptosis, postoperative CNs deficits, postoperative cerebrospinal
fluid (CSF) leak, and other complications.

2.4. Study Risk of Bias Assessment

We modified the Newcastle-Ottawa scale (NOS) to assess the methodologic quality of
the studies included in our meta-analysis. This tool is designed for use in comparative stud-
ies. However, as there was no control group in our studies, we assessed their methodologic
quality based on selected items from the scale, focusing on the following questions: (1) Did
the study include all patients or consecutive patients vs. a selected sample? (2) Was the
study retrospective or prospective? (3) Was clinical follow-up satisfactory, thus allowing
ascertainment of all outcomes? (4) Were outcomes reported? (5) Were there clearly defined
inclusion and exclusion criteria? (Figure 2).
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MODIFIED NEWCASTLE - OTTAWA QUALITY ASSESSMENT SCALE

SELECTION

1) Representativeness of the exposed cohort
a) Consecutive eligible participants were selected, participants were randomly selected, or all

participants were invited to participate from the source population,
b) Not satisfying requirements in part (a), or not stated.

2) Selection of the non-exposed cohort
a) Selected from the same source population,
b) Selected from a different source population,
c) No description.

3) Ascertainment of exposure
a) Medical record,
b) Structured interview,
c) No description.

4) Demonstration that outcome of interest was not present at the start of the study
a) Yes,
b) No or not explicitly stated.

COMPARABILITY

1) Were there clearly defined inclusion and exclusion criteria?
a) Yes,
b) No or not explicitly stated.

OUTCOME

1) Assessment of outcome
a) Independent or blind t stated, or confirmation of the outcome by reference to secure
records,
b) Record linkage (e.g. identified through ICD codes on database records),

c¢) Self-report with no reference to original structured injury data or imaging,
d) No description.

2) Was follow-up long enough for outcomes to occur?
a) Yes (=12 months),
b) No (<3 months).

3) Adequacy of follow up
a) Complete follow up — all participants accounted for,
b) Subjects lost to follow up unlikely to introduce bias (<20% lost to follow up or description provided
of those lost),
c) Follow up rate <85% and no description of those lost provided,
d) No statement,

Figure 2. Modified Newcastle-Ottawa scale used to assess the methodologic quality of the studies
included in our meta-analysis.

2.5. Statistical Analysis

Descriptive statistics were reported, including ranges and percentages. For the purpose
of the meta-analysis, we estimated from each cohort the cumulative prevalence and 95%
confidence interval for each outcome. Event rates were pooled across studies with a
random-effects meta-analysis. Heterogeneity across studies was evaluated using the 12
statistic. An I2 value of >50% suggests substantial heterogeneity. For formal statistical
comparisons and subgroup analysis, we also extracted a chi-square contingency table to
calculate p values. The level of statistical significance was set to p < 0.05. Meta-regression
was not used in this study. Statistical analyses were performed using OpenMeta Analyst
http:/ /www.cebm.brown.edu/openmeta accessed on 20 June 2023) and the R statistical
package v3.4.1 http:/ /www.r-project.org (accessed on 20 June 2023).
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3. Results
3.1. Literature Review

A total of 157 papers were identified after duplicate removal. After title and abstract
analysis, 94 articles were identified for full-text analysis. Eligibility was ascertained for
82 articles. The remaining 23 articles were excluded for the following reasons: (1) not
relevant to the research topic (16 articles), (2) not in English (1 article), lack of method
details (3 articles), systematic literature review or meta-analysis (3 articles). All studies
included in the analysis had at least one or more outcome measures available for one
or more of the patient groups analyzed. Figure 3 shows the flow chart according to the
PRISMA statement.

{ Identification of studies via datab and registi
)
Records removed before
H screening:
= Records identified from: Duplicate records removed (n
S Pubmed (n = 183) =31)
% OVID Medline (n = 34) Records marked as ineligible
5 Scopus (n = 26) by automation tools (n = 0)
Records removed for other

reasons (n = 0)

:
Records screened » | Records excluded
(n=157) (n=63)

!

Reports sought for retrieval

Reports not retrieved

2 (n=094) (n=12)
c
o
: :
I3
»
Reports assessed for eligibility Reports excluded:
(n=82) —® Not relevant to the research
topic (n = 16)
Not in English (n = 1)
Missing methods details (n =
3)
Literature review and meta-
— analysis (n = 3)
A\
° Studies included in review
2 (n = 59)
S Reports of included studies
£ (n = 59)

Figure 3. PRISMA flow diagram depicting the literature search process.

3.2. Baseline Data

A summary of the included studies is provided in Table 1. All studies included in our
systematic review were retrospective. The study periods ranged from 1958 to 2021. A total
of 1903 patients were included. The mean age at surgery ranged from 34 to 62 years. The
WHO grade was reported in 31 studies (52%). At presentation, 1385/1730 patients had
proptosis (80%), 920/1773 patients (52%) had a visual acuity decrease, and 191/1156 had
CN deficits (13%). Regarding treatment, 875/1542 underwent GTR (57%) and 291/1420
received post-op RT (41%). The mean follow-up time ranged from 2 to 135 months.
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3.3. Efficacy Outcomes

Overall GTR rates were reported in 1542 patients. The overall rate of GTR following
SOMs resection through any surgical approach was 57.3% (95%CI = 47.5-67.1%). Lesions
treated through the MTA and anatomical class I lesions had the highest GTR rate at 59.8%
(95%CI = 49.5-70.2%; p = 0.001) and 78.6% (95%CI = 60.1-97.1%; p = 0.001), while lesions
treated through ETOA combined with EEA and WHO grade I lesions had the lowest GTR
rate at 23.5% (95%CI = 0-52.5%; p = 0.001) and 43.1% (95%CI = 20.4-65.9%; p = 0.001).
Overall recurrence rates were reported in 1409 patients. The overall rate of recurrence
following SOMs resection through any surgical approach was 20.7% (95%CI = 16.6-24.8%).
Figure 4 shows the forest plot of overall recurrence rates. Recurrence rates ranged from
4.4% (95%CI = 0-11.2%) for lesions treated through ETOA to 24.4% (95%CI = 19.4-29.4%)
for lesions treated through MTA (p = 0.014). The overall rates of PFS 5-y and PFS 10-y
were reported in 230 and 159 patients, and were 75.5% (95%CI = 70-81.1%) and 49.1%
(95%CI = 41.3-56.8%), respectively. The overall rates of visual acuity and proptosis im-
provement were reported in 910 and 1132 patients and were 57.5% (95%CI = 51.7-63.3%)
and 79.3% (95%CI = 73.7-84.8%), respectively. Figure 5 shows the forest plot of overall
visual acuity improvement rates. Anatomical class I lesions had the highest visual acuity
improvement rate at 71.5% (95%CI = 63.7-79.4%; p = 0.003). Lesions treated through the
ETOA and anatomical class I lesions had the highest proptosis improvement rates at (60.1%,
95%CI = 38.0-82.2; p = 0.001) and 79.4% (95%CI = 57.3-100.0%; p = 0.002), respectively.

Studies Estimate (95% C.I.) Ev/Trt

Luetjens, Clin Neurol Neurosurg, 2011
Bowers, J Neurosurg, 2016

Gonen, Neurosurg Rev, 2018

Dalle Ore, J Neurosurg, 2021

500 (0.000, 1.000)  1/2 L
065 (0.000, 0.151)  2/31 —@— |
071 (0.000, 0.206)  1/14 —@—
167 (0.0 339) 318 —————

Menon, J Neurosci Rural Pract, 2020 500 (0.01 .000)  1/2 -

Gomes dos Santos, Surg Neurol Int, 2022 385 (0.1 .572)  10/26 —_—
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Forster, Neurol Res, 2014
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Figure 4. Forest plot of overall recurrence rates. (Cls = confidential intervals).
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Studies Estimate (95% C.I.) Ev/Trt '
i
Luetjens, Clin Neurol Neurosurg, 2011 0.667 (0.133, 1.000) 2/3 '
Dalle Ore, J Neurosurg, 2021 0.685 (0.561, 0.809) 37/54 ——
Menon, J Neurosci Rural Pract, 2020 0.647 (0.420, 0.874) 11/17 —_——
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Scarone, J Neurosurg, 2009 0.833 (0.535, 1.000)  5/6 —_—
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Yong, Chin Med J, 2009 0.692 (0.515, 0.870) 18/26 _f_.—
De Rosa, Acta Neurochir (Wien), 2019 0.500 (0.000, 1.000)  0/0 -
Almeida, J Neurosurg, 2018 0.500 (0.000, 1.000) 1/2
Attia, World Neurosurg, 2013 0.500 (0.000, 1.000)  1/2 -
Mariniello, Clin Neurol Neurosurg, 2017 0.500 (0.337, 0.663) 18/36 —_—a
Maroon, J Neurosurg, 1994 0.333 (0.000, 0.711) 2/6 :
Marcus, Acta Neurochir (Wien), 2013 0.455 (0.160, 0.749)  5/11 :
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Figure 5. Forest plot of overall visual acuity improvement rates. (CIs = confidential intervals).

3.4. Safety Outcomes

Overall CN focal deficits and CSF leak rates were reported in 763 and 517 patients,
respectively. The overall rate of CN focal deficits was 20.6% (95%CI = 14.9-26.3%). The low-
est rate was reported for lesions treated through the ETOA (7.3%; 95%CI = 0-18.1%) and the
highest rate was reported for lesions treated through the MTA (21.0%, 95%CI = 14.5-27.6%).
The overall rate of CSF leak was 3.9% (95%CI = 2.3-5.5%). The CSF leak rate was high-
est for lesions treated through the combined ETOA and EEA (20.3%; 95%CI = 0-46.7%;
p = 0.551) and was the lowest for lesions treated through the MTA (4.9%, 95%CI = 2.8-6.9%).
Other complication rates were reported in 1181 patients. The overall rate was 13.9%
(95%CI = 10.1-17.7%). The rate of other complications was the lowest for WHO grade I
and II lesions (11.7%; 95%CI = 6.5-16.8%; p = 0.001). The efficacy and safety outcomes are
summarized in Tables 2 and 3.

Table 2. Overall efficacy and safety outcomes.

Overall % (95%CI)

GTR 57.3% (47.5-67.1)
Recurrence 20.7% (16.6-24.8)
PFS 5-y 75.5% (70.0-81.1)
PFS 10-y 49.1% (41.3-56.8)
Vision acuity improvement 57.5% (51.7-63.3)
Proptosis improvement 79.3% (73.7-84.8)
CN focal deficits 20.6% (14.9-26.3)

CSF leak 3.9% (2.3-5.5)
Other 13.9% (10.1-17.7)
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Table 3. Subgroups efficacy and safety outcomes.

MTA ETOA ETOA + EEA
p Value
% (95%CI) % (95%CI) % (95%CI)
GTR 59.8 (49.5-70.2) 413 (11.6-70.9) 235 (0-52.5) 0.001
Recurrence 24.4 (19.4-29.4) 4.4 (0-11.2) NA 0.014
Vision acuity 57.3 (51-63.5) 69.2 (41.5-96.9) 51.3 (16.7-85.9) 0.902
improvement
Proptosis improvement 60 (47.4-72.6) 79.4 (57.3-100) 69.8 (37.0-100) 0.002
CN focal deficits 21 (14.5-27.6) 7.3 (0-18.1) 20.3 (0-46.7) 0411
CSF leak 49 (2.8-6.9) 5(0-11.6) 20.3 (0-46.7) 0.551
Other 13.6 (9.5-17.7) 15.4 (1.6-29.2) NA 0.866
WHO Grade WHO Grades WHO Grades
I 1+11 I+11+ 10 p Value
% (95%CI) % (95%CI) % (95%CI)
GTR 43.1 (20.4-65.9) 46.5 (26.8-66.1) 57.3 (47.5-67.1) 0.001
Recurrence 17.7 (1.6-33.9) 24.8 (14.9-34.7) 20.7 (16.6-24.8) 0.185
Vision acuity 69.0 (47.6-90.4) 54.7 (41.1-68.3) 57.5 (51.7-63.3) 0.779
improvement
Proptosis improvement 77.3 (60.9-93.7) 74.0 (61.3-86.6) 79.3 (73.7-84.8) 0.013
CN focal deficits 12.4 (6.9-17.9) 15.4 (6.7-24.2) 20.6 (14.9-26.3) 0.224
CSF leak 5(0-11.8) 5.2 (1.2-9.2) 3.9 (2.3-5.5) 0.983
Other 22.1 (5.1-39.2) 11.7 (6.5-16.8) 13.9 (10.1-17.7) 0.001
Anatomical Class I Anatomical Class I + II + III + IV
p Value
% (95%CI) % (95%CI)
GTR 78.6 (60.1-97.1) 57.3 (47.5-67.1) 0.001
Recurrence 15.1 (6.5-23.7) 20.7 (16.6-24.8) 0.001
Vision acuity 71.5 (63.7-79.4) 575 (51.7-63.3) 0.003
improvement
Proptosis improvement 60.1 (38-82.2) 79.3 (73.7-84.8) 0.001

3.5. Study Heterogeneity

The 12 values were >50%, indicating substantial heterogeneity for the following out-
comes: GTR, recurrence, visual acuity improvement, proptosis improvement, CN focal
deficits, and other complications. The 12 values were <50%, indicating a lack of substantial
heterogeneity for the following outcomes: PFS 5-y, PFS 10-y, and CSF leak.

4. Discussion

As far as we know, this is the largest systematic literature review and meta-analysis
available in the literature. Clinical and surgical outcomes of SOMs surgically treated have
been analyzed. According to our findings, SOMs treated through the MTAs and anatomical
class I lesions had the highest GTR rate, while ETOAs either as single or combined approach
with EEAs offered the lowest GTR rate. On the other hand, MTAs presented the higher
recurrence rates, and no statistically significant differences were detected between the
different approaches regarding the PFS 5-y and PFS 10-y. Anatomical class I SOMs and
SOMs treated with ETOA showed better rates of postoperative vision acuity and proptosis
improvement. MTAs are more prone to postoperative CNs deficits, while combined ETOA
and EEA have the highest rate of postoperative CSF leaks.
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MTAs are commonly utilized for the surgical treatment of SOMs, with the pterional
approach being the most frequently employed [60]. MTAs offer advantages such as wide
exposure and the ability to achieve radical resection of hyperostotic bone. Recently, various
EEAs and ETOAs, either as stand-alone options or in combination, have been described
for SOMs removal [37,44,46,52,59]. EEAs are particularly effective for decompressing the
medial part of the optic canal, while ETOAs enable further decompression of the hyperos-
totic bone and tumor removal, especially in lesions located more laterally [37]. Endoscopic
approaches offer less invasive corridors and aesthetically pleasing results. However, due to
the limitations in achieving GTR, these approaches should be reserved for selected patients
with suspected benign SOMs exhibiting minimal intradural growth [14,60,61]. In such
cases, the primary goal is symptom relief through decompression of the optic canal, with
subsequent consideration of adjuvant radiotherapy (RT) for any residual tumor.

SOMs manifest as the expansion of the sphenoid bone, extending into the orbit and
causing hyperostosis [42]. These tumors often spread to various adjacent areas, such as
the sphenoid, orbital roof, middle fossa, superior orbital fissure (SOF), optic canal (OC),
anterior clinoid, or cavernous sinus (CS). They can also invade the temporalis or lateral
pterygoid muscles [62]. Due to their invasive nature, SOMs exhibit radiologic characteristics
resembling malignancies [23]. However, in practical terms, most SOMs are classified as
WHO-I tumors. The complete removal of SOMs through surgery is frequently limited by
their infiltration into the SOF, CS, extraocular muscles, or cranial nerves [39]. The feasibility
of performing aggressive resection has been a subject of debate. Reported rates of GTR
in our series was 57.3% (95%CI = 47.5-67.1%). Simpson grade I resection with minimal
morbidity is the main treatment goal. However, this often results in significant morbidity
to the patient [4,56,63]. For this reason, over time the treatment paradigm has shifted from
GTR to aggressive STR as respectful as possible of the healthy neurovascular structures
surrounding the lesion [4]. Nowadays, the goal of surgery is, in fact, a symptomatic
improvement compared to a GTR, for example, in the case of involvement of the optic canal
with the aim of decompressing the optic nerve in order to maximize visual acuity outcomes.
Accordingly, limited attempt at resection of meningioma within the cavernous sinus or
with SOF involvement is performed given the risk of postoperative CN deficits [4]. This
agrees with the data emerging from our study, which showed that anatomical class I lesions
had the highest GTR rate, as the cavernous sinus, the orbital apex, and the intraorbital
structures were not directly invaded [52,58]. Other examples of surgery aimed at improving
the clinical outcome and respectful of the surrounding anatomical structures are reported
in the literature. For example, Scarone et al. [20] published a series of 39 patients in which
they excluded Simpson I resection in case of SOMs with SOF invasion. Ringel et al. [17]
and Boari et al. [28], in a series of 63 and 40 patients, respectively, underline how the
intraorbital and SOF extension prevents a GTR, as in the postoperative period there would
be a considerable degree of morbidity such as not to justify the complete macroscopic
removal of the lesion. Finally, Saeed et al. [29] have sanctified the concept of “symptom-
oriented” resection rather than attempted GTR in a personal series of 66 patients [4,17].

According to the literature, proptosis is the most frequently observed preoperative finding
and indication for surgery, with a reported occurrence rate of 45-100%. Postoperatively, proptosis
improvement has been documented in 52-100% of patients [4,6,14,17,21,24,25,28,29,34,43,64].
Our study aligns with these findings, as we observed an overall clinical presentation of
proptosis in 80% of cases. Additionally, the second most commonly reported preoperative
finding in the literature is deteriorating visual function, which has been documented in
30-78% of cases [4,6,14,17,21,24,25,28,29,34,43,64]. Our study yielded similar results, with
deteriorating visual function observed in 52% of cases. Postoperatively, visual function
improvement has been reported in 21-87% of patients [4,6,14,17,21,24,25,28,29,33,34,43,64],
consistent with our study’s finding of 57.5% (95%CI = 51.7-63.3%). Furthermore, our
study found that 79.3% (95%CI = 73.7-84.8%) of cases exhibited the specified characteristic.
Ocular paresis is often the third most common presenting symptom associated with SOMs,
in agreement with the data emerging from this review (13%) [3].
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The patient’s prognosis and quality of life heavily depend on visual acuity, rendering
it a crucial clinical outcome for SOM patients [4]. To improve visual acuity, it is vital
to optimize surgical interventions and postoperative follow-up [39]. According to this
study, operating on patients, even those with minimal visual impairment or hyperostosis,
appears to be beneficial in preventing the development of visual deficits [14,22,32,33,42,65].
The follow-up findings suggest that early surgery is predictive of favorable visual out-
comes. Since SOMs tend to invade the bones near the cranial nerve foramina, early surgical
intervention may help prevent extensive hyperostosis, narrowing of the foramina, and
subsequent cranial nerve deficits [42]. Notably, involvement of the optic canal and intraor-
bital region has been identified as predictors of postoperative visual deficits. However, it
should be noted that surgery itself carries the risk of new visual and cranial nerve deficits.
In cases of very elderly patients, individuals with severe comorbidities, or those with
extensive disease leading to complete blindness, the potential benefits of surgery may not
always outweigh the risks of complications [14]. Nevertheless, in general, the risk of new
complications is believed to be lower when patients undergo surgery early in their disease
progression, as cranial nerves are less vulnerable when the degree of compression is less
severe [54].

Complications following surgery for SOMs commonly include deficits in extraocu-
lar movements and trigeminal hypoesthesia [42]. Previous studies have indicated that
postoperative deficits in extraocular movements involving CNs III, IV, and VI occur in
approximately 7% to 68% of cases [17,25,42]. These findings are generally consistent with
the results of this study, which reported a rate of 20.6% (95%CI = 14.9-26.3%). However,
the latter figure is closer to the lower end of the range reported in existing literature. While
cranial nerve palsies are often temporary, there are cases where they can be permanent.
Diplopia, or double vision, tends to be more prevalent among patients who undergo re-
section of the periorbita [14]. Additionally, trigeminal hypoesthesia is a common comp i
ca tion following surgery. Nevertheless, over the years, there has been a decrease in post-
operative deficits affecting cranial nerves, likely attributable to a less aggressive surgical
approach [34].

Over the past three decades, the surgical management of SOMs has undergone signif
icant evolution, resulting in improved outcomes and reduced morbidity for patients. In
the early 1990s, surgical approaches often involved extensive craniotomies and aggressive
tumor resections, aiming to achieve complete tumor removal [66]. While this approach
occasionally yielded favorable results, it was associated with considerable risks, such as
visual impairment and injury to critical structures. As technological advancements and
surgical expertise progressed, the trend shifted towards more conservative strategies in
the late 1990s and early 2000s [17]. These techniques, including image-guided surgery
and the use of endoscopes, prioritized functional preservation, especially vision, and
resulted in reduced complications. By the 2010s, minimally invasive procedures, such as
endoscopic endonasal surgery, gained prominence, offering excellent tumor control with
minimal morbidity [56]. In 2023, a trend persists in favor of these less invasive techniques,
showcasing their efficacy in achieving tumor control while preserving patient quality of
life, particularly in terms of visual outcomes [59]. This gradual shift in surgical paradigms
highlights the importance of not only eradicating the tumor but also ensuring the best
possible functional outcomes for patients with spheno-orbital meningiomas.

Both recent studies and those conducted over 20 years ago provide evidence support-
ing the utilization of RT for subtotally resected meningiomas, demonstrating improved
overall survival and PFS compared to surgery alone [9,17,20,28,64,67-70]. In cases of disease
recurrence and residual tumor progression after primary microsurgery, secondary stereotac-
tic radiosurgery (SRS) is frequently recommended [71]. SRS alone or in combination with
hypo-fractionated radiotherapy offers particular advantages for treating SOMs located near
the cavernous sinus and orbital apex, where surgical resection is limited, and preserving
the neurovascular anatomy around the tumor is of utmost importance [9,17,20,28,64,67-70].
However, in situations where residual or recurrent lesions are in close proximity to CNs,
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a single dose of SRS may not be feasible [69]. Consequently, the systematic review high-
lights that fractionated SRS can serve as an effective approach, ensuring both appropriate
aggressiveness towards the residual lesion and protection of the sur rounding neurovas-
cular anatomy. This fractionated SRS approach achieves secondary tumor control while
maintaining an acceptable adverse effect profile [71]. Nonetheless, advancements in dose
reduction and treatment conformity strategies hold the potential to enhance the feasibility
of this option in the future. Furthermore, other radiation modalities, such as external
beam radiotherapy (EBRT), intensity-modulated radiotherapy (IMRT), and proton beam
radiation therapy (PBRT), are being explored for their early applications in treating SOMs.
These alternative radiation techniques offer additional options and potential benefits in
the management of SOMs [50,72-74]. The role of RT in the treatment of SOMs remains a
subject of ongoing debate. This systematic review highlights the lack of a standardized
protocol among the authors regarding the use of RT for managing SOMs. According to the
findings of this review, it is evident that residual WHO-I tumors do not typically receive
secondary RT, regardless of the Simpson grade. However, in cases of recurrent WHO-I
tumors, a combination of repeat surgery and postoperative radiotherapy appears to be
the most commonly utilized and effective approach for disease control. Adjuvant RT is
considered mandatory for WHO-II or WHO-III tumors.”® Preliminary evidence suggests
that RT may contribute to prolonged PFS, but the decision to administer RT should be
carefully evaluated, considering factors such as age, tumor size, and pathology of the
residual tumor [14,20].

Limitations

There are several limitations to the study. This meta-analysis was based primarily on
single-center case series and, thus, has limitations inherent to single-center retrospective
studies. While we were able to perform subgroup, analyses based on the surgical approach
used, we were unable to perform more granular analyses stratifying outcomes by each
WHO grade and anatomical class. Nonetheless, our study provides helpful information for
providers who are considering surgery for the treatment of SOMs and provides guidance
for future areas of investigation.

The limitations of this review stem from a dearth of high-quality studies and significant
heterogeneity among those included, which may have constrained our ability to derive
definitive conclusions. Moreover, we cannot disregard the possibility of publication bias, as
studies reporting positive outcomes or statistically significant results tend to be more readily
published. Such bias may have influenced the overall summary effect estimate, potentially
leading to an overestimation of the treatment effect. Furthermore, our search strategy may
have introduced limitations despite our comprehensive efforts; it is conceivable that some
pertinent studies were inadvertently overlooked. Language restrictions and the exclusion
of unpublished research may have also contributed to potential bias. Lastly, it is essential to
consider the generalizability of our findings. The included studies may pertain to specific
populations, interventions, or settings, thus potentially limiting the applicability of our
results to other populations or clinical contexts.

5. Conclusions

Performing surgery for SOMs is intricate and challenging due to the tumor’s diffuse
nature and its proximity to critical structures. The goals of surgical treatment for SOMs
have undergone an evolution. Presently, the primary objective of surgical intervention is to
safeguard visual function and ameliorate proptosis, rather than pursuing complete tumor
resection. When visual compromise is evident, surgery has the potential to enhance and
stabilize visual function.

To optimize patient outcomes, a multidisciplinary approach involving a skull base
team is essential. This team comprises neurosurgeons, ophthalmologists, otorhinolaryngol-
ogists, maxillofacial surgeons, and radiologists. Their collaborative efforts yield several
advantages, including early detection of optic nerve compromise, preoperative and postop-
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erative evidence-based management, and improved surgical resection and clinical outcomes
facilitated by the combined expertise of the team members.
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Abstract: Background: This retrospective case series study aims to demonstrate a salvage technique
for the treatment of carotid blow-out syndrome (CBS) in irradiated head and neck cancer patients
with a vessel-depleted neck. Methods: Between October 2017 and October 2021, two patients (N = 2)
with CBS were treated at our institution in a multidisciplinary approach together with the Department
of Vascular Surgery. Patients were characterized based on diagnoses, treatment procedures, and the
subsequent postoperative course. Results: Surgical emergency intervention was performed in both
cases. The transition zone from the common carotid artery (CCA) to the internal carotid artery (ICA)
was resected and reconstructed with a xenogic (case 1) or autogenic (case 2) interposition (end-to-end
anastomosis). To allow reconstruction of the vascular defect, an additional autologous vein graft was
anastomosed to the interposition graft in an end-to-side technique, allowing arterial anastomosis
for a free microvascular flap without re-clamping of the ICA. Because of the intraoperative ICA
reconstruction, none of the patients suffered a neurological deficit. Conclusions: The techniques
presented in the form of two case reports allow for acute bleeding control, cerebral perfusion, and the
creation of a vascular anastomosis option in the vessel-depleted neck.

Keywords: carotid blow out syndrome; vessel graft; vessel-depleted neck; irradiation

1. Introduction

Carotid blowout syndrome (CBS) is a rare and life-threatening complication in patients
treated for head and neck cancer, most commonly with a history of prior surgery and
radiotherapy. CBS is the result of vessel wall necrosis that can occur as a result of surgical
and adjuvant tumor therapies, chronic inflammation, and fistula.

The general incidence of CBS in oncological procedures in the head and neck region is
3-4.5% [1,2], while the incidence in patients following previous radiotherapy varies from
4.5% to 21.1% [3,4]. According to Macdonald et al., the risk of CBS increases by a factor of
7.6 in patients with head and neck tumors [5].

Carotid artery rupture occurs mainly in the common carotid artery (CCA), near the
bifurcation (60-70% of cases). A much smaller proportion also occurs in the internal carotid
artery (ICA) [6-8]. In general, CBS is more common in atherosclerotic vessel segments with
stenosis [9].

The main risk factor for the development of CBS is previous radiation therapy after
tumor surgery [10]. Patients who have received more than 70 Gy have an up to 14-fold
increased risk of developing CBS [11]. From a histopathological point of view, radiotherapy
leads to the formation of free radicals, which in turn favor thrombosis, obliteration of the
vasa vasorum of the vascular adventitia, and vascular fibrosis. The result is premature
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atherosclerotic change and significant vascular weakness. CBS is therefore the result of
vascular weakness due to ischemia resulting from adventitial insufficiency [10].

Based on this, it is understandable that surgical procedures that result in damage to the
adventitia increase the likelihood of CBS. Patients who underwent neck dissection surgery
showed an eight-fold increased risk of CBS [11]. In particular, patients with recurrent
tumors after previous surgical treatment with neck dissection and adjuvant radiotherapy,
where additional radiotherapy is required if reoperation is not possible, are at particularly
high risk of developing CBS.

The general incidence of CBS in re-irradiated patients with tumor recurrence is 0-17%.
In these cases, tumor ingrowth into the CCA is an additional risk factor for CBS [12,13]. In
general, the median cumulative dose of both radiotherapy modalities is between 110 and
130 Gy. Studies show an increased rate of CBS when the cumulative dose is >130 Gy [10].

Another risk factor is chronic inflammation in the sense of bacterial infection, which
leads to thrombosis of the vasa vasorum of the arterial wall and has an increased suscepti-
bility to the negative influence of inflammatory mediators in contaminated wound areas [6].
In addition to post-operative wound infections, oro- or pharyngocutaneous fistulae pose a
high risk due to tryptic enzyme activity. Permanent contact with saliva leads to digestion
of the arterial wall by tryptic enzymes, and bleeding may be provoked. Powitzky et al.
showed in their study that 38% of CBS cases demonstrated inflammation, 40% fistula, and
55% tissue necrosis [6].

Due to the extremely high mortality rate of 76%, CBS is a feared complication [14].
In emergencies, CBS is treated by ligation of the CCA or ICA without consideration of
collateral cerebral circulation, increasing the risk of neurological morbidity [15]. In the
literature, mortality rates vary from 15-100%, with an average of 50% [10]. In addition to
surgical treatment of CBS, endovascular interventions, including vascular plugging and
covered stent repair, are considered feasible therapeutic options [11,16].

The aim of the present study was to present clinical examples of techniques that can be
used for the surgical management of spontaneous and intraoperative CBS. The techniques
presented in the form of two case reports allow acute hemorrhage control during permanent
cerebral perfusion (intraluminal shunt) and the creation of a vascular anastomosis option
in the avascular neck.

2. Patients, Materials and Methods

This interdisciplinary retrospective case series was performed at the Department of
Oral and Maxillofacial Surgery in cooperation with the Department of Vascular Surgery
(University Clinic Erlangen). Patients were identified by screening the digital clinic docu-
mentation system (MCC®, Meierhofer AG, Munich, Germany) and the digital patient files
(Soarian Clinicals®, Cerner Health Services, Erlangen, Germany; Meona®, Meona GmbH,
Freiburg, Germany).

Two patients with CBS were included in this retrospective analysis between October
2017 and October 2021. The Ethics Committee of the University Hospital Erlangen was
consulted regarding the approval of the study. The committee decided that ethics approval
was not required for retrospective case analyses.

3. Results
3.1. Case 1 (Spontaneous CBS)

In July 2017, a 76-year-old female Caucasian patient presented to our clinic with a
recurrence of oral squamous cell carcinoma (OSCC) with infiltration of the mandible. She
had previously undergone resection of an OSCC on the left cheek (2008, pT1 pNO M0 G2
L0 VO RO) and a second OSCC in the alveolar bone of the left mandible (2014, pT1 pN1
(1/1, perinodal) LO VO Pn0 G2 RO0). Postoperative interstitial brachytherapy with up to
50 Gy in 2008/2009 and definitive concurrent radiotherapy (2014, total dose 64 Gy) and
chemotherapy with 5-FU and cisplatin (10-12/2014) with maintenance chemotherapy with
cisplatin (01/2015) were initially performed. In 10/2015, a recurrent tumor of the OSCC in
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the area of the anterior floor of the mouth and the alveolar crest of the left lower jaw (rpT4a
pNO (0/15) LO VO Pn0 G2 infiltration depth 0.5 cm, R0) was resected and reconstructed
with a microvascular anastomosed upper arm graft.

The present recurrent tumor (rpT4a LO VO Pn0 G3 Rx), newly detected in July 2017,
was treated with a partial mandibular resection (continuity resection). The mandible was
reconstructed with a reconstruction plate (Stryker GmbH & Co. KG, Duisburg, Germany,
2.7 mm) and a free microvascular M. latissimus dorsi flap. The postoperative course
was very complicated due to recurrent circulatory disturbances of the flap and cervical
wound healing disorders, which were covered by a musculocutaneous anteriolateral thigh
flap (ALT).

During the postoperative inpatient period, spontaneous erosive bleeding of the left
CCA/ICA required emergency surgery. After systemic heparinization and clamping, the
ruptured carotid bifurcation was resected, and the ICA was reconstructed with an on-table
pericardial tube graft (bovine pericardium; PeriGuard Repair Patch® (Synovis, St. Paul,
MN, USA), as autologous vessel grafts of adequate size were not available.

The tube graft was constructed with a linear stapler and anastomosed to the CCA and
ICA by end-to-end anastomosis. As necrotic parts of the previous flap had to be removed,
an approximately 3 cm-long arm vein graft (the cephalic vein of the right upper arm) was
placed end-to-side on the pericardium to allow arterial anastomosis of a soft tissue graft.
An upper arm flap was used to fill the cervical soft tissue defect resulting from the resection
of the necrotic tissue mentioned above (Figures 1(D1) and 2).

The patient was discharged from the hospital on the 36th day after the operation. After
discharge, the patient attended our six-weekly tumor follow-up in our outpatient clinic.

LR

/l l
A

Figure 1. (A) Shows the typical location of carotid blow-out syndrome, which is often located at the
junction of the CCA and ICA. (B) Shows the resected portions of the CCA, ICA, and ECA. (C1,C2)
Ilustrates the different reconstruction techniques: (C1) with a xenogenic graft (green) combined
with an autologous second graft (grey); (C2) with an autologous graft (yellow) combined with an
autologous second graft (yellow); (D1,D2) shows the anastomosis of the autologous graft (grey in
(D1) and yellow in (D2)) with the arterial branch of the graft.
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Figure 2. (A) Shows the intraoperative situation of the ruptured CCA near the bifurcation. (B) Re-
section of the CCA and the bifurcation to the ECA/ICA. (C) Individually table-made xenogenic
interponate. (D) Anastomosed graft to the ICA/CCA with an additional graft for the microvascular
free flap artery.

3.2. Case 2 (Intraoperative CBS)

A 65-year-old Caucasian male presented to our clinic in February 2021 with a suspected
malignancy at the floor of the mouth, a significantly worsened general condition, and a
weight loss of 10 kg within a few weeks. The staging CT scan showed a ¢T4a N2b OSCC
on the right floor of the mouth. In March 2021, surgery was performed with a temporary
tracheotomy, neck dissection of levels I-III on both sides, and resection of the floor of the
mouth and the mandible from the left to right jaw angle. The mandible was reconstructed
with a reconstruction plate (Stryker GmbH & Co. KG, Duisburg, Germany, 2.7 mm) in
combination with a microvascular latissimus dorsi transplant, as osseous reconstruction
was rejected by the patient.

Histopathological evaluation revealed a pT4a pN2c (2/43) L0 VO Pn1 OSCC with bone
infiltration of 1.4 cm, G2, R0. Due to the tumor size and lymph node involvement, the
postoperative interdisciplinary tumor board recommended adjuvant radiochemotherapy
to optimize tumor control. However, the planning CT showed signs of early recurrence,
and definitive radiotherapy (increased final dose) and adjuvant chemotherapy were rec-
ommended, which were delivered from May 2021 to July 2021 with a total cumulative
dose of 70 Gy to the oral floor and lymphatic drainage target volume. The recommended
concurrent chemotherapy was rejected by the patient.

However, during the course of radiotherapy, a significant intraoral dehiscence with
significant exposure of the reconstruction plate was observed, leading to severe aesthetic
and functional impairment. Due to the risk of further complications, removal of the recon-
struction plate was recommended. The patient has now requested osseous reconstruction
of the mandible for future implant-prosthetic rehabilitation. Removal of the reconstruction
plate alone, with the risk of permanent tracheostomy due to possible soft tissue collapse,
was categorically rejected.

Because of the expected intraoperative soft tissue deficit due to previous radiother-
apy, extraoral cervical soft tissue reconstruction with a microvascular ALT transplant in
combination with a free fibula transplant was planned.

The procedure was performed using a “three-team approach”. One team prepared the
cervical vessels and removed the osteosynthesis material, while the second and third teams
harvested the ALT and the free fibula transplant.

The preparation of the neck was extremely difficult due to extreme fibrosis of the
soft tissues and significant scarring. Despite careful preparation, a wall weakness of the
CCA was observed, leading to a wall defect with massive bleeding (CBS). As direct suture
reconstruction was not possible, a vascular surgeon was consulted at once.

Systemic heparinization was initiated, followed by preparation of the carotid bifur-
cation and ligation of the external carotid artery (ECA). The area of perforation, which
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included parts of the ICA and parts of the CCA, was resected. To ensure cerebral perfu-
sion, an intraluminal shunt system (Flexcel TM Carotid Shunt; Version 2020-05; LeMaitre
Vascular; Burlington, MA, USA) was placed until an approximately 5 cm long venous
segment of the greater saphenous vein was prepared and anastomosed to the ICA and
CCA as an arterial interposition (end-to-end). To allow microvascular reconstruction of
the cervical soft tissue dehiscence, an additional 2 cm-long vein graft was anastomosed to
the interponate in an end-to-side technique, which could be used for arterial anastomosis
of the ALT graft. This avoided further cross-clamping of the ICA during microsurgery.
Due to the desolate cervical vascular status, the fibular graft was not completely harvested,
transferred back to the lower leg, and replanted with osteosynthesis. The postoperative
course was uneventful. No neurological deficit was noted. The patient was discharged on
postoperative day 13 with a permanent tracheostomy tube. Postoperative angiography of
the cervical vessels showed adequate perfusion (Figure 3). Postoperative care was provided
in our outpatient clinic. After discharge, the patient attended our six-week tumor follow-up
in our outpatient clinic.

Figure 3. Three-dimensional reconstruction of the post-operative situation by angiography showing
the interponate connecting the CCA to the ICA and the transition from the additional interponate to
the arterial branch to the graft in case 2.

4. Discussion

The aim of this case series was to demonstrate techniques that allow for the manage-
ment of CBS while at the same time enabling microvascular soft tissue reconstruction of
cervical defects using free flaps. Two patient cases are presented.

The two cases have in common that the preoperative anatomical and soft tissue
situations were extremely challenging. Both cases showed previous operations, wound
infection/dehiscence, a previously irradiated neck (cases 1 + 2) and partial microvascular
free flap necrosis (case 1). Both cases presented with CBS and cervical soft tissue defects
too large for local management while at the same time presenting “vessel depleted necks”
with no suitable vessels for microvascular anastomosis.

The literature describes different techniques for the handling of mass bleeding re-
sulting from the erosion of the carotid bifurcation. The number of treatment techniques
for acute CBS is more limited. Here, vascular ligation represents the ultima ratio, and a
series of possible consequences should be considered. The direct neurologic consequences
of ligation of the ICA are not predictable, and range from an asymptomatic course to a
disabling major stroke [17].

Patients with a high risk for CBS often also show a “vessel depleted neck” due to
multiple prior surgical and radiochemical interventions. In the same patient group, as is
the case here, a microcvascular flap treatment may be necessary due to the size of the defect.

186



J. Clin. Med. 2023, 12, 3221

In order to make microvascular tissue transfer possible, individual solutions range from
simple interposition grafts to extracorporeal perfusion devices [18-24].

As the standard vascular network defined by the ECA branches and the jugular vein
is inaccessible in those cases, other recipient vessels for microvascular anastomoses have to
be chosen.

For arterial anastomoses, branches of the subclavian (internal mammary artery and
thyrocervical trunk) and axillary arteries (thoracoacromial artery) as well as the superficial
temporal artery have been described in the literature [25-27].

For venous drainage, the accessory veins of the target artery can be prepared. Another
option is to use the cephalic vein because of its reliable drainage, consistent anatomy, long
pedicle, and high flow to the low-pressure system [18].

As mentioned above, CBS can occur under unfavorable conditions that require
new strategies.

In addition to patient survival, the aim is to solve the acute bleeding problem, provide
an anastomosis option for microsurgical defect treatment, and allow sufficient cerebral
perfusion to prevent neurological damage. All these requirements were met with the two
techniques described in this report.

In both cases, the choice of vascular graft depended on the presence/location of a
suitable donor site, e.g., the presence of a microvascular donor site despite the “vessel
depleted neck”.

In case 1, a xenograft was used to manufacture a neo-ICA. In case 2, V. saphena magna
was harvested by extending the surgical access to the ALT flap. The xenograft could be
manufactured in length and diameter as required. The saphenous vein has nearly the same
caliber as the ICA, and the length could be varied as required. This way, graft positioning
was unproblematic, and no risk of kinking existed.

In case 2, a collateral circulation bridging the resected CCA/ICA gap was created
using an intraluminal shunt. Installing the shunt takes about 5-8 min when performed by
an experienced surgeon. During this period, the CCA as well as the ICA/ECA are clamped.
The anastomosis of the additional lateral graft to the interposition graft for subsequent
arterial flap anastomosis was performed before re-opening the clamps in order to avoid
additional clamping of the interposition graft.

With the techniques described, simultaneous management of both acute bleeding
(CBS) and soft tissue reconstruction was possible. In the treatment of the CBS, an almost
optimal situation for microsurgical transplant anastomosis was constructed. Both pa-
tients experienced no further bleeding or neurological complications; cervical soft tissue
reconstruction was successful.

5. Conclusions

ICA /CCA reconstruction with an autologous or xenogeneic vascular graft and an
additional vascular branch for subsequent microvascular flap anastomosis is an effective
method for the combined treatment of CBS and cervical soft tissue defects in patients with
a “vessel depleted neck”.
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