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Editorial on the Research Topic
Potential clinical applications of
neurosurgery

circulating microRNAs in

By Gareev |, Beylerli O, Sufianov A, Zhang D. (2022) Front. Surg. 9: 993898. doi: 10.3389/
fsurg.2022.993898

Neurosurgical pathology occupies a special place in surgical practice. As with other
surgical specialties, this is a century-old specialization of the industry. In modern
neurosurgery, for a qualitative approach to the treatment of patients with various
diseases of the central nervous system (CNS), it is necessary to solve many diagnostic
issues related to the peculiarities of this narrowly focused branch of medicine. One of
the urgent problems in neurosurgery is the search for diagnostic and prognostic
biomarkers for several neurosurgical pathologies, such as brain tumors or intracranial
aneurysms with high risk rupture, the diagnostic methods of which currently require
significant improvements. In modern neurosurgery, the search for predictive
biomarkers, especially in brain tumors and cerebrovascular disease, is of paramount
importance, since the introduction of these indicators into clinical practice will
quickly determine the optimal treatment for each patient. Diagnosis plays a crucial
role in making a prognosis and choosing the best therapy for brain tumors. Despite
significant recent advances in the diagnosis of brain tumors using various
modifications of imaging techniques followed by histopathological examination, tumor
detection is still limited by its size and location, as well as by the heterogeneity of its
tissue (1). In this regard, it is necessary to develop new diagnostic approaches that,
together with the available methods, will improve the accuracy of diagnosis. A
promising approach is fluid biopsy, which involves finding and measuring the levels
of various circulating molecules in human body fluids such as blood or cerebrospinal
fluid (CSF). In addition, given that computed tomography angiography (CTA),
magnetic resonance angiography (MRA), and selective cerebral angiography (SCA) are
either unavailable or do not provide clear evidence of possible rupture of intracranial
aneurysms (IAs), accurate and reliable analysis of the molecular profile in biological
fluids can help in the early diagnosis and prognosis of rupture, as well as likely
mortality and morbidity or prognostic outcome of patients with subarachnoid
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FIGURE 1

major histocompatibility complex class .

Release of microRNAs (miRNAs) into the extracellular environment. Released miRNAs are transported by extracellular vesicles (EVs) and transferred to
recipient cells (from donor cells) where they regulate post-transcriptional gene expression. Membrane exosomes are released from cells as
endosomes containing multivesicular bodies (MVBs) that fuse with the plasma membrane. Microvesicles (MVs) are released from the plasma
membrane via outward budding. Multivesicular cargo (MVC) is released by membrane budding during apocrine secretion. EVs and their miRNAs
cargo are transferred to recipient cells (from donor cells) after endocytosis or membrane fusion. MiRNAs can also be secreted outside of
vesicles. Most circulating miRNAs are in a non-vesicular form, namely, they are associated with Ago2 proteins (Ago2-miRNA complex). In
addition to the Ago2 protein, high-density lipoproteins (HDL) are reported to be involved in the mechanism of intercellular communication and
are involved in the transport and delivery of miRNAs. EGFR, epidermal growth factor receptor; PD-L1, programmed death-ligand 1; MHC-II,

hemorrhage (SAH) to stratify patients admitted to hospitals (1).
MicroRNAs (miRNAs) are promising candidates for the role of
such biomarkers. This is due to tissue specificity and a high rate
of changes in miRNAs expression, combined with the
possibility of these molecules leaving cells into the
extracellular space/biological fluids in a form that is stable to
degradation (Figure 1) (2).

Many studies have been published on the diagnostic
significance of circulating miRNAs in primary and metastatic
brain tumors, cerebrovascular disease (e.g., hemorrhage stroke
and SAH), osteochondrosis, and traumatic brain injuries, etc.
For instance, one prospective multi-center observational study
identified a panel of 762 plasma miRNAs for each patient to
establish these circulating miRNAs signatures specific to
glioblastoma, and was capable of distinguishing them from

Frontiers in Surgery

malignant non-glial brain tumors (primary CNS lymphomas
(PCNSL) and brain metastases (BM)) (NCT03630861,
ClinicalTrials.gov). The EVTRNA study (NCT04230785,
ClinicalTrials.gov) analyzed the differentiated expression
pattern of circulating miRNAs by next-generation sequencing
(NGS) in acute ischemic stroke (IS) patients before and/or
after endovascular treatment. The candidate circulating
miRNAs were verified as the biomarker and regulator for the
progression and prognosis of acute IS with endovascular
treatment.

Circulating miRNAs are attractive candidates for
monitoring cerebrovascular disease (3). It is assumed that
changes in expression of circulating microRNAs in
biological fluids occur earlier than currently known
biomarkers (e.g., markers of inflammation and repair,
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which include troponin, D-dimer, C-reactive protein,
chemokines, and cytokines). Recently, a number of studies
have been carried out, showing that circulating miRNAs
may be more preferable as biomarkers since they can be
detected early in the development of the disease, whereas
protein structures like D-dimer and C-reactive protein are
found in the blood only when a significant amount of
damage has already occurred (4, 5). In addition,
concentrations of D-dimer or C-reactive protein can also be
increased in other pathologies, including thrombosis,
infections, and myocardial infarction.

The stability and availability of circulating miRNAs in
biological fluids make them new non-invasive biomarkers of
particular interest in modern neurosurgery. The areas of
application of circulating miRNAs will not only cover brain
tumors or cerebrovascular disease but may also extend to
many other neurosurgical pathologies. However, to
minimize the variability of results, it is necessary to
standardize sample processing procedures, detection
methods, and, above all, normalization strategies. In
addition, another breakthrough that we are now seeing is
the study of miRNAs in extracellular vesicles such as
exosomes, which are now available through various
isolation methods, allowing them to be studied as

biomarkers according to their cellular origin.
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A Three-Surgeon-Six-Hand
Operation Using a 4K-3D Exoscope
for Neurological Surgery: A Case
Report

Ryota Tamura™#*, Yuki Kuranari? and Makoto Katayama?

" Department of Neurosurgery, Keio University School of Medicine, Shinjuku, Japan, ? Department of Neurosurgery, Kawasaki
Municipal Hospital, Kawasaki, Japan

Background: Advances in digital imaging including evolving of 3-dimensional (3D)
exoscope has allowed its use as an alternative to microscopes in neurosurgery. The
exoscope can concede wide space around the operating table and patient. Here, we
show a three-surgeon-six-hand operative approach using a 4K-3D exoscope. Practical
advantages and disadvantages of this approach are discussed.

Clinical Presentation: A 58-year-old male was refered with a 60mm diameter
meningioma in the right frontal convexity. The tumor removal was done by an operator
and two assistants with a scrub nurse while viewing images displayed on a 55-inch
monitor with integrated 4K and 3D visualization technology retrieved by KINEVO®.
Meaningful communication between the operator and two assistants allowed for
simultaneous, and precise surgical procedures. Gross total removal was achieved
without damaging the brain.

Conclusion: The ocular-free, openness of 4K-3D exoscope allows for a three-
surgeon-six-handed operation, which leads to simultaneous surgical maneuvers by
multiple hands, shorter operative time, flexible/intermittent brain retraction made by
two assistants, and educational benefits owing to the surgical procedure being
visually shared.

Keywords: exoscope, 3-dimensional, 4K, KINEVO, six hand, assistant

INTRODUCTION

The incorporation of visual enhancement technology has transformed the field of neurosurgery
to the next generation. The operating microscope (OM) has become the gold standard in
neurosurgery (1, 2). However, the OM has some limitations in operative mobility, accessibility
and expense. Additionally, the operational view of the OM is limited by the patients position,
which can, in cases, leading to an uncomfortable position for the operator and assistant, resulting
in intraoperative fatigue. To ameliorate these problems, the 3-dimensional (3D) extracorporeal
telescope (exoscope) was created (3, 4). Owing to advances in digital imaging, the 3D exoscope
has been increasingly used as an alternative to microscopes in surgery. The 4K-3D exoscope
ideally presents the operative environment illustrated broadly in a 3D landscape. The exoscope

Frontiers in Surgery | www.frontiersin.org

8 March 2022 | Volume 9 | Article 866476


https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/journals/surgery#editorial-board
https://www.frontiersin.org/journals/surgery#editorial-board
https://www.frontiersin.org/journals/surgery#editorial-board
https://www.frontiersin.org/journals/surgery#editorial-board
https://doi.org/10.3389/fsurg.2022.866476
http://crossmark.crossref.org/dialog/?doi=10.3389/fsurg.2022.866476&domain=pdf&date_stamp=2022-03-11
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles
https://creativecommons.org/licenses/by/4.0/
mailto:moltobello-r-610@keio.jp
https://doi.org/10.3389/fsurg.2022.866476
https://www.frontiersin.org/articles/10.3389/fsurg.2022.866476/full

Tamura et al.

A Three-Surgeon-Six-Hand Operation

Navigation system

3D high-resolution
55-inch monitor

Navigation
monitor

Actual setup in the operation room. Arrows means viewpoint of each staff.

Navigation system

A (Infrared tracking camera)
Navigation
monitor
2nd assist
Reference star
B the instrument (CUSA)

(Infrared tracking camera)
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A Three-Surgeon-Six-Hand Operation

Coronal

FIGURE 2 | Case presentation. Preoperative (A) and postoperative (B) gadolinium-enhanced T1-weighted imagings are shown.

is suspended above the surgical field. A 4K monitor is displayed
in front of the surgeon, and the operation is performed while
watching the monitor and wearing 3D glasses. A surgeon’s
position is not limited to the microscope’ oculars, while freedom
in movements during surgery, a higher comfort rate, a lower
fatigue after longer procedures have been reported in using a
4K-3D exoscope (5, 6).

The exoscope system can be used for brain tumor, skull base
surgery, aneurysm clipping and vascular microanastomosis, both
cervical and lumbar complex spine surgery (7). In the last decade,
several types of approaches using exoscopes have been developed
and adapted to various neurosurgical procedures (8-11).

Similarly, endonasal endoscopic approach has evolved to
enable skull base surgery through minimal access ports using pre-
existing air spaces. Endoscopy provides excellent magnification,
high-definition images and a panoramic view (12). Four-
handed technique provides further panoramic views and greater
surgical freedom with minimal invasion, and results in fewer
complications compared to the two-handed technique (13).

The exoscope has a focal length of 220-650 mm (10, 14, 15).
The exoscope will allow for wide space around the operating table

and patient. This is especially useful in procedures of surgical
assistants with multiple equipment (e.g., navigation devices or
ultrasound). The purpose of this study is to show the three-
surgeon-six-hand operative approach using a 4K-3D exoscope.
The practical advantages and disadvantages of this approach
are discussed.

CASE PRESENTATION

Equipment, Operating Room Setup, and

Patient Positioning
KINEVO® (Carl Zeiss Meditec AG, Oberkochen, Germany)
was used, which contains 4K-3D displays, light filters for
5-aminolevulinic acid and indocyanine video-angiography,
pneumatic arms, adjustable operative settings, multiscreen
output, longer focus distance and a greater magnification power
(10, 14, 15). The operator takes position in front of the patients
head with two assistants on both sides. A scrub nurse stands
on the operator’s dominant hand side between the operator and
each assistant.

The KINEVO® camera was placed above the patients head at
a high position allowing for open visualization of the monitor.
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TABLE 1 | Advantages and disadvantages of the three-surgeon-six-hand

operation using a 4K-3D exoscope.

Advantage

Disadvantage

1. Meaningful communication
between the operator and two
surgical assistants allows for
seamless procedures, leading to
shorter operative time.

1. Two assistants may feel
intraoperative fatigue during
looking at the same monitor
placed on the caudal side of the
patients.

2. No continuous brain retraction
is needed.

3. Two assistants can obtain
educational benefits owing to the
visually and dynamically shared
surgical procedures.

A high-definition view of the surgical field was projected onto a
3D high-resolution 55-inch monitor, which was placed across the
room toward the patient’s leg side. An operator and two assistants
operated with the scrub nurse viewing images (with 3D glasses)
of the surgical field on the monitor. We used a neuronavigation
system (BrainLab, Munich, Germany) to visualize the tumor and
anatomical landmarks. Infrared tracking camera with extended
detection and navigation monitor were placed behind, and next
to the 55-inch monitor, respectively. The reference star was
positioned around the neck caudally from the second assistant
(Figures 1A,B).

Surgical Procedures

A 58-year-old male presented with a headache. CT demonstrated
a 60mm diameter meningioma in the right frontal convexity.
Tumor removal was performed via frontal craniotomy
(Figure 2). A three-surgeon-six-hand operative technique
was used with a 4K-3D exoscope, as described above
(Figure 3). Furthermore, a two-surgeon-three-handed and
a two (three)-surgeon-four-handed method was flexibly used
(Figure 3).

During the operation, the operator mainly used bipolar
forceps and CUSA® Clarity (Integra LifeSciences Corporation,
NJ, USA). The first and second assistants used micro scissors
and suction, or brain retractor and suction. The combination of
the experienced operator and two assistants allowed for seamless
processing of dissection between the brain and tumor, without
exchanging tools from one hand to another. Continuous brain
retraction was unnecessary. Gross total removal was achieved
without damaging the brain (Simpson’s grade I). Postoperative
CT scan displayed complete removal of the tumor.

DISCUSSION

In the present study, the three-surgeon-six-hand operation was
perfomed using a 4K-3D exoscope, showing some practical
advantages. Exoscope has a focal length of 220-650 mm, resulting
in wider working space. The camera head of the exoscope
does not interfere with the assistants’ access to the surgical
field during simultaneous surgical procedures. It was not
necessary to devise the patient’s position, the operators’ position,

and the arrangement of other surgical equipment. Meaningful
communication between the operator and two surgical assistants
allowed for seamless procedures, leading to shorter operative
time (Table 1).

Brain retraction is important to secure surgical space during
brain surgery. Surgery without continuous tumor and brain
retractors could be performed because two assistants versatilely
pulled the tumor or brain to the operator’s desired direction.
The combination of the experienced operator and assistants lead
to seamless, efficient and faster dissection procedures (Table 1).
With the flexible and intermittent retraction, the brain damage
was morphologically minimal with a retraction force (16-18).

Typically, the use of external monitors and glasses can give
the audience such as students and residents the same high-
resolution view as the surgeon, leading to educational advantages
(14). The three-surgeon-six-hand operation also includes special
educational benefits of two assistants in addition to all
individuals present in the operating room owing to the visually
and dynamically shared surgical procedures. Furthermore, the
operator may be attuned to surrounding trainees, leading to
valuable teaching opportunities (Table 1).

An important disadvantage of this approach is the slight
difficulty in assisting the operator from both sides for the two
assistants, and a relatively distant position of the scrub nurse
(Table 1). This disadvantage can be reduced by the efficient
equipment, operating room setup, and patient positioning. Two
assistants may feel intraoperative fatigue looking at the same
direction having the 55-inch monitor placed on the caudal side
of the patients. However, this is still better than an OM, because
the assistant has to look into the other eyepiece of the OM in an
uncomfortable position dictated by the primary operator.

The 4K-3D exoscope can allow wide space around the
operating table and patient. We can perform the three-
surgeon-six-hand operative approach. Further experience is
needed to achieve more comfortable maneuverability of surgical
instruments during the procedure.

CONCLUSIONS

A three-surgeon-six-hand operation using a 4K-3D exoscope
overcomes some limitations in operative mobility, accessibility
and educational aspects in the OM. This approach will be further
adapted for the use in various neurosurgical diseases.
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Objective: It is well known that accurate location of the leak in the operation is
crucial for repairing cerebrospinal fluid leakage. The study aims to investigate the
application of intraoperative injection of normal saline through lumbar drainage in
repairing complex leaks.

Methods: The fistulas of all patients with CSF leak were located by computed
tomography cisternography (CTC) or heavy T2 magnetic resonance imaging (MRI) before
surgery. Before anesthesia, the patient underwent lumbar drainage implantation, and
then 20 ml of normal saline was slowly injected through the lumbar drainage to observe
the patient’s response. The surgical approach was designed based on the preoperative
imaging data. When the operation was near to the suspected fistula, normal saline was
injected through lumbar drainage (20 ml each time) to confirm the leak location. After CSF
leak repair, saline was injected again to confirm whether the repair was successfully.

Result: Of the 5 patients with complex leaks, 4 cases were repaired by transnasal
endoscopy method, and 1 case was repaired by transnasal endoscopy method and
epidural method. A total of 7 leaks were found during the operation. During the
operation, 40-120 ml of normal saline was injected through lumbar drainage. Cauda
equina neuralgia was developed in patients who received 120 ml normal saline, which
was relieved by intrathecal injection of dexamethasone. During the follow-up of 3 months,
1 case suffered from brain abscess, which was controlled by vancomycin. There was no
recurrence of rhinorrhea.

Conclusion: Intraoperative injection of normal saline through lumbar drainage can not
only better expose the complex leak but also check the repair effect of the leak during
transnasal endoscopic repair, which is effective and avoids side effects.

Keywords: cerebrospinal fluid leak, normal saline, complex leaks, lumbar drainage, neuroendoscopy
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INTRODUCTION

Precise exposure of cerebrospinal fluid (CSF) leaks and
intraoperative verification of satisfactory repair are essential for
transnasal repair of CSF leaks (1, 2). Although there are methods
to find leaks before surgery (3), it is difficult to identify complex
leaks (such as multiple leaks, leaks with multiple repair failures,
and high-flow leaks) during surgery. Even with the methods
of increasing intracranial pressure such as breath holding and
compression of the jugular vein during surgery (4, 5), leaks are
not well exposed, which often enhances the difficulty of surgery
or even causes repair failure. Although preoperative lumbar
injection of fluorescein is the exact method for the intraoperative
tracing of leaks (6), it is an off-label surgical medication with
the potential side effects (7, 8). In our practice, we performed
intraoperative tracing of the leak by intraoperative injection
of normal saline through lumbar drainage, which can further
verify whether the repair is successful. From October 2019 to
June 2021, five patients with complex leaks were treated at the
Department of Neurosurgery, the First Affiliated Hospital of
Harbin Medical University. Intraoperative injection of normal
saline through lumbar drainage achieved satisfactory outcomes.
The summarized experience is as follows.

METHODS

1. The fistulas of all patients with CSF leak were located
by computed tomography cisternography (CTC) or heavy T2
magnetic resonance imaging (MRI) before surgery (9).

2. Before anesthesia, the patient underwent lumbar drainage
implantation, and then 20 ml of normal saline was slowly injected
through the lumbar drainage to observe the patient’s response. If
the patient had no obvious discomfort, normal saline was injected
into the lumbar cistern during the operation; Otherwise, normal
saline injection will not be performed.

3. The surgical approach was designed based on the
preoperative imaging data. When the operation was near to
the suspected fistula, the fistula was searched with endoscope,0
degree or 30 degree, 4 mm in diameter, and 18 cm in length (Karl
Storz GmbH & Co KG, Tuttlingen, Germany), and then normal
saline was injected through lumbar drainage (20 ml each time)
to confirm the leak location. Using different repair methods, the
leakage was repaired mainly by “bath-plug method” and nasal
septal mucosal flap (10, 11). After successful repair, saline was
injected again to confirm whether the repair was successfully.

RESULT

From October 2019 to June 2021, 5 patients of complex leaks
were suffered from injection of normal saline through lumbar
drainage. Demographic and clinical data of the patients are listed
in Table 1. Of the 5 patients, 3 had traumatic CSF rhinorrhea
and 2 had spontaneous CSF rhinorrhea. Of the 5 patients with
complex leaks, 4 cases were repaired by transnasal endoscopy
repair, and 1 case was repaired by transnasal endoscopy repair
and epidural repair (Table 1). A total of 7 leaks were found during
the operation, including 1 in tuberculum sellae of sphenoid

TABLE 1 | Patient information.

Case Age Sex Etiology Location of Number Complication
of leak leak of
operation
1 35 M Traumatic Right 3 Cauda equina
tuberculum neuralgia
sellae
2 50 F Spontaneous Right ethmoid 1
sinus roof
3 56 M Traumatic Right frontal 1 Brain abscess
sinus and
both ethmoid
sinus roofs
4 60 M Traumatic Ethmoid plate 1
5 30 F Spontaneous Lateral recess 1
of sphenoid
sinus

sinus, 1 in frontal sinus, 1 in ethmoid plate, 1 in lateral recess
of sphenoid sinus and 3 in ethmoid sinus roof. During the
operation, 40-120ml of normal saline was injected through
lumbar drainage. Cauda equina neuralgia was developed in
patients who received 120 mL normal saline, which was relieved
by intrathecal injection of dexamethasone. During the follow-up
of 3 months, 1 case presented brain abscess, which was controlled
by vancomycin. There was no recurrence of rhinorrhea.

CASE PRESENTATION: CASE 1

Case 1 (shown in Figure 1) was a 35-year-old male. The patient
had a traffic accident 10 years ago, resulting in skull base fracture
and CSF leaks. Five years ago, he had purulent meningitis
because of the rhinorrhea, and an anti-inflammatory treatment
was carried out followed by craniotomy to repair the leaks.
During the surgery, extensive fractures of the anterior fossa
floor were observed and repaired with an artificial dura mater.
However, intracranial infection occurred due to rhinorrhea both
4 and 2 years ago, and the situations were improved after
antibiotic and lumbar drainage treatment. One month ago, he
came to our hospital because of rhinorrhea and fever again, and
the preoperative CTC examination showed a leak in the right
tuberculum sellae of sphenoid sinus. The first transnasal repair
showed extensive chronic inflammation of the nasal mucosa
and the leak was indeed in the right tuberculum sellae. Due
to the large size of the leak, muscle, fascia lata and pedicled
nasal septum mucosal flaps were applied to repair the leak after
the removal of the sphenoid sinus mucosa. The patient had no
recurrence of rhinorrhea. On the 16th day after the surgery,
the patient developed fever and rhinorrhea. The second surgery
showed infection in the sphenoid sinus and the infected muscle
and fascia lata was subsequently removed. The nasal septum
mucosal flap was used alone to repair the leak. After the surgery,
the patient had no fever or intracranial infection but there was
intermittent rhinorrhea. Thus, reoperation was performed 18
days after the second surgery, during which, 100 mL of normal
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saline was injected through lumbar drainage to further clarify
that the CSF leak was located in the right tuberculum sellae.
The fascia lata was inserted into the leak using the “bath-plug
method” (10). After the successful repair, 20 mL of normal saline
was injected into the lumbar cistern to verify whether the repair
is satisfactory, and a larger fascia was further applied to the
outside of the inserted fascia (Supplementary Video 1). After
awakening from anesthesia, the patient developed a cauda equina
irritation sign, which was relieved after intrathecal injection of
dexamethasone. During the 3-month follow-up, there was no
recurrence of rhinorrhea.

CASE PRESENTATION: CASE 2

Case 2 (shown in Figure2) was a 50-year-old female with
spontaneous rhinorrhea and a previous history of breast cancer.
After admission, lumbar drainage was performed, and the
patient still had massive rhinorrhea. Thus, it was considered
to be a “high-flow” leak. Endoscopic exploration of the leak
showed significant mucosal edema, which seemed to “disappear”
after the removal of the mucosa. 20mL of normal saline was
injected through lumbar drainage, which showed that the leak
was “needle-like” in size. The leak was filled using muscle
and fascia followed by injecting 20 mL of normal saline to
verify whether the repair is satisfactory before packing and
fixation. During the 2-month follow-up, there was no recurrence
of rhinorrhea.

CASE PRESENTATION: CASE 3

Case 3 (shown in Figure 3) was a 56-year-old male. He was
admitted because of traumatic rhinorrhea. Preoperative CTC
showed three suspected leaks: leaks in the right frontal sinus
and both ethmoid sinus roofs. Both ethmoid sinus roofs leaks
were confirmed during the surgery. The encephaloceles were
observed in both ethmoid sinus roofs. The right frontal sinus
was demonstrated to be a leak by further injection of saline.
When injection saline, the CSF leak was founded, otherwise there
was no CSF leak (Supplementary Video 2). The encephaloceles
were removed and the leaks were subsequently repaired. The
skull defect of the right ethmoid sinus was found to be large,
and the two ethmoid sinus roof defect was successfully repaired
using thigh adipose tissue and fascia lata followed by injecting
20 mL of normal saline to check the repair. The frontal sinus leak
was then repaired by epidural method to close the right frontal
sinus by muscle. More than 1 month after discharge, the patient
had a brain abscess but no rhinorrhea, which was controlled
by vancomycin.

DISCUSSION

Shortcomings of Preoperative Leak

Location
There are many methods to locate the leak preoperatively,
but whether the imaging method is the most efficient remains

undetermined. Eljazzar et al. (12) recommended CT combined
with MRI to locate the leak after reviewing numerous literature.
The preferred method in our center is the CTC combined
with three-dimensional fast-imaging employing steady-state
acquisition (3D-FIESTA), which has achieved good results
in practical applications. However, during the surgery, we
found it difficult to discover some leaks due to abnormal
anatomy (traumatic lead) and multiple leaks, which we called
complex leaks. To further identify the leaks intraoperatively, the
previously commonly used methods are intrathecal fluorescein
injection, breath holding, and compression of the jugular vein
to increase intracranial pressure. There is no doubt about
the role of intrathecal fluorescein injection in further locating
the leaks during surgery, but it is off-label use (13), and
the consequences are unacceptble once complications occur;
intraoperative compression of the jugular vein and breath
holding can be used to assist in locating the leaks, but the
effect is not significant. So, the above methods limit the
further identification of complex leaks. Therefore, how to
identify these complex leaks faster and more accurately is
particularly important.

Intraoperative Injection of Normal Saline

Through Lumbar Drainage

Our experience with the CTC is as follows (9). When the
rhinorrhea is not obvious, intrathecal injection of contrast agent
followed by injection of 10-20 mL of normal saline can make the
patient develop rhinorrhea, achieving the purpose of increasing
CTC sensitivity. We assume that the leaks can be exposed
intraoperatively by directly increasing the volume of CSF and
increasing intracranial pressure with a similar method. It has
been reported in the literature that intraoperative injection of
normal saline helps fluorescein identify leaks that are more
difficult to expose (1, 10). Therefore, we used this method
for intraoperative exposure of complex leaks, achieving full
exposure and satisfactory repair. However, there is no uniform
standard for how much normal saline to inject. It has been
reported to be 10-60 mL by Xie et al. (1) and 40-140 mL by
Wormald et al. (10). During our surgery of Case 1, 100 mL of
saline was injected to fully expose the leak with an abnormal
anatomical structure and then 20 mL of saline was injected again
to check the repair, with a total of volume of 120 mL. But
after awakening from anesthesia, the patient developed cauda
equina neuralgia, which was relieved after intrathecal injection
of dexamethasone. It is believed that the patient developed
this symptom possibly because of excessive saline injection.
The treatment experience is as follows: inject 20 mL of normal
saline before anesthesia to determine whether there is rhinorrhea
and determine the dose of normal saline that needs to be
injected at one time during surgery; meanwhile, observe whether
there are symptoms of cauda equina stimulation. If yes, the
injection of normal saline through lumbar drainage should be
slow and the total amount should be small. The symptoms of
cauda equina stimulation can be relieved by injecting a small
amount of dexamethasone after surgery. In the Case 2, the
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FIGURE 1 | The leak with multiple repair failures was repaired endoscopically. (A) The CTC examination showed that the leak was located in the right tuberculum
sellae, (A1) the coronal CT, (A2) the sagittal CT, arrow showed the leak; (B) Adequate exposure of the leak after injection of saline; arrow showed the leak. (C) The
fascia was plugged into the leak using the “bath-plug method,” arrow showed the fascia (Supplementary Video 1).

Philips, Brilliance
3 Sep, 2019 195704

intraoperative exploration of the skull base, the skull base did
not appear to be abnormal, and CSF flowed from the “needle-
like” sized leak only after the injection of saline for repair.
A total of 40mL of saline was injected, and there were no
postoperative complications. In the other cases, a total of 40-
60mL of saline was injected to expose the leaks adequately
without associated complications.

Compared With Injection of the
Fluorescent Agent

We applied the injection of saline through lumbar drainage
in the repair of complex CSF leaks. For example, in the case
of high-flow leaks or leaks with large defect (more than 1cm)
(14), multiple leaks, and leaks failed to be repaired initially, it is
not only possible to find the leaks, but also verify whether the
intraoperative repair is satisfactory.

The injection of the fluorescent agent through lumbar
drainage is conducted before the start of transnasal endoscopic
surgery, so the fluorescent agent can be found when entering
the nasal cavity and CSF leaks can be found with the prompt of
the fluorescent agent (15, 16). At present, due to preoperative
CT cisternography, the accuracy of non-interval magnetic
resonance scanning with heavy T2 in judging CSF leaks can
reach 95%. Most of the surgeons can determine the initial
location of the leak, so it is of little significance to inject
the fluorescent contrast agent preoperatively to achieve the
detection of the fluorescent contrast agent when entering the
nasal cavity.

In our initial detection of the location of the leak and
management of structures such as the mucosa around the
leak, extensive removal of skull base soft tissue had the
risk of further aggravating rhinorrhea due to the patients
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drainage indicated by the arrow.

FIGURE 2 | The high-flow leak was repaired endoscopically. (A) The CTC examination showed that the leak was located in the right ethmoid pate, (A1) the coronal
CT, (A2) the sagittal CT, arrow showed the leak; (B) Arrow showed the edematous mucosa; (C) Exposed “pinpoint” leak after the injection of saline through lumbar

Thickness 0.68 m

extensive skull base defects in Case 1. We only injected
normal saline in this case to identify the exact location of
the CSF leak, then further injected normal saline after the
repair procedure to verify the accuracy of the repair procedure.
When multiple leaks were suspected preoperatively, the mucosa
around the leak was surgically treated, and the already found
leak could not be easily identified due to the patients reduced
cranial pressure. It is very easy for us to identify the leak
with certainty by injecting normal saline intraoperatively as
in case 3.

We believe that intraoperative injection of normal saline
through lumbar drainage is effective and avoids side effects such
as spinal cord injury caused by the injection of fluorescent agents
through lumbar drainage.

In summary, we believe that the injection of normal saline
through lumbar drainage during transnasal endoscopic repair of
rhinorrhea, which not only better exposes complex leaks but also
verifies the repair effect. However, the sample size in this study
is small, which needs to be enlarged to further investigate the
advantages and disadvantages.
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FIGURE 3 | Multiple leaks were repaired by transnasal endoscopy combined with the epidural approach. (A-C) The CTC examination located the leaks before
surgery. (A) The leak was in the right frontal sinus; (B) The leak was located in the both ethmoid sinus roofs of the coronal CT. (C1) Sagital CT of right ethmoid, (C2)
Sagital CT of left ethmoid. Arrow show the suspected leak. (D) No CSF leak in the right frontal sinus, arrow show the orifice of frontal sinus. (E) CSF leak was found in
the right frontal sinus when intraoperative injection of 40 mL normal saline through lumbar drainage to expose the leak. Arrow show the CSF in the orifice of frontal
sinus. (F) Encephaloceles in the right ethmoid sinus roof leakage, arrow show the encephaloceles, triangle indicated the orifice of right frontal sinus; (G)
Encephaloceles in the left ethmoid sinus roof leakage, arrow show the encephaloceles (Supplementary Video 2).
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Background: Chronic subdural hematoma (cSDH) is a common neurosurgical pathology
associated with older age. The burr hole drainage is a predominant technique with a
lower incidence of recurrence and morbidity. The blind placement of the subdural drain
could result in intracerebral hemorrhage. This paper describes a simple and reliable
technique for drainage catheter placement in cSDH to reduce intracerebral hemorrhage.
Methods: Forty-nine consecutive patients with cSDH were treated with The Guidewire-
assisted Drainage Catheter Placement Technique between July 2019 and June 2021.
Epidemiological, clinical and radiographical data were collected and reviewed. The
operative technique consists of an angular guidewire tip and catheter. Under
the navigation of the guidewire, the catheter is inserted into the subdural space
and the length of catheter remaining in the subdural space was 4-5 cm. The catheter
was tunneled subcutaneously and fixed at the point where it emerged from the scalp.
Results: Forty-nine consecutive patients underwent 55 The Guidewire-assisted Drainage
Catheter Placement. The gender distribution was 37 men and 12 women. The mean age
was 69.3 years. The patients presented with headache (31 patients), weakness of limbs
(28 patients), speech disturbances (7 patients), and Altered behavior (6 patients). Neither
intracerebral hemorrhages nor post-operative seizure occurred. Forty-seven patients
were improved after the operation. The recurrence occurred in one patient.
Conclusions: The Guidewire-assisted Drainage Catheter Placement Technique is a
reliable method for the insertion of a subdural catheter to evacuate of the Chronic
Subdural Hematoma, and is associated with an extremely low risk to cortical
structures and cerebral veins.

Keywords: guidewire-assisted technique, chronic subdural hematoma, subdural drain, iatrogenic complications,
intracranial hemorrhages

INTRODUCTION

Chronic subdural hematoma (cSDH) is common in neurosurgical practice. The annual incidence
of ¢SDH, at 5 per 100,000 in the general population, can increase to 58 per 100,000 in older age
groups (>70 years) (1). There has been a steady, increasing incidence of ¢SDH as a result of
prolonged life expectancy in developing countries in recent years (2).
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The conventional therapeutic options for the treatment of
c¢SDH include medical and surgical methods. For symptomatic
patients with focal neurological deficit, surgical drainage is
regarded as the treatment of choice. Three techniques have
been described: twist-drill craniostomy, burr-hole craniostomy,
and craniotomy. Recent articles state that burr hole drainage is
a superior technique when compared to twist-drill craniostomy
and craniotomy, due to a lower incidence of recurrence and
morbidity (3-5). Therefore, burr-hole craniostomy with
drainage has been popularized around the world. However, a
seizure and intracerebral hemorrhage may occur peri-operation,
which is mainly induced by a traumatic placement of the
subdural drain. Pavlov et al. described a serious intracerebral
hemorrhage which was induced by an intracranial cathter (6).
Schoedel et al. found that the incidence of procedure-related
complications, such as acute rebleed, intracranial bleeding and
drainage mispositioning, was 3.9% (7). Hassler et al. reported
that 77 complications, believed to be related to the surgical
intervention, were observed in 376 patients (8). Therefore,
avoiding these procedure-related complications is important for
the reduction of mortality and morbidity in ¢SDH.

The present paper describes a guidewire-assisted technique
which may minimize the complication risk of injury to
cortical structures and cerebral veins, by using a guiding wire.

METHODS

In this retrospective study, we reviewed the data of 49 patients
who underwent the guidewire-assisted drainage catheter
placement for ¢SDH from July 2019 to June 2021 at
Department of Neurosurgery, The First Affiliated Hospital of
Harbin Medical University. This study was approved by the
Harbin Medical University ethic committee. Epidemiological,
clinical and radiographical data were collected and reviewed.
All patient agreed to publication of clinical details and images.

Surgical Technique
The operation was performed under monitored anesthesia care.
The patient was placed typically in the lateral position with the

affected side up, and the head elevated at 15 degrees. This
position could avoid or reduce the incidence of
pneumocephalus. A skin linear incision of approximately 3 cm
and single burr-hole was made above the superior temporal
line, generally near the parietal bulge. Dura mater and the
outer membrane of the subdural hematoma was opened and
coagulated by bipolar coagulation. The catheter (14F) with the
guidewire at an angle (about 135 degrees) was inserted into
the bone hole. The length was about 1cm in the subdural
space. This technique ensures the catheter was placed in the
hematoma cavity and closed to the inner surface of the bone
due to the angle of the tip. Then, with the wire navigation,
the catheter was slowly pushed into the subdural space toward
a frontal direction. The catheter length remained in the
subdural space was 4-5cm. Then the wire was slowly
withdrawn. The catheter was tunneled subcutaneously and
fixed at the point where it emerged from the scalp (Figure 1).
Continuous irrigation was performed with a sterile saline
solution at 37°C until the effluent was clear. The subdural
space was filled with saline before closing the skin incision to
minimize intracranial air collection. The subdural catheter was
connected to a drainage system using a sterile technique.

Statistical Analysis

Means, standard deviations, and medians were reported for
continuous variables, and percentages were reported for
categorical variables. Continuous variables were analyzed with
a t-test, categorical variables were analyzed with a Chi-square
test, statistical significance was defined as p <0.05. Statistical
analysis was performed using the statistical software SPSS
(version 25, IBM Corp.).

RESULTS

Demographics, Comorbidities, and
Presentation

Forty-nine consecutive patients underwent 55 The Guidewire-
assisted Drainage Catheter Placement. There were 6 bilateral
and 43 unilateral hematomas. The mean age was 69.3 years.The

Y

FIGURE 1 | Step-by-step procedure for the guidewire-assisted technique. (A) The catheter (14F) with the guidewire at an angle (about 135 degrees) was inserted into
the bone hole. (B) With the wire navigation, the 4-5 cm catheter was slowly pushed into the subdural space toward the frontal direction. (C) The guidewire was slowly

withdrawn. The catheter was tunneled subcutaneously and fixed properly.
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gender distribution was 37 men and 12 women. The
comorbidities included hypertension (34.7%), diabetes mellitus
(14.3%) and coronary artery disease (12.2%). The most
common presenting symptom was headache which was present
in 65.3% of the patients. Other presenting symptoms included
weakness of limbs in 28(57.1%), speech disturbances in 7
(14.3%), and Altered behavior in 6(12.2%) the patients (Table 1).

Radiological, Clinical Outcomes and
Copmplication

Preoperative and Postoperative measurements of hematoma
thickness were displayed in Table 2. The maximal thickness
of hematoma before operation ranged from 1.61-3.61 cm
(2.31 £0.43 cm). After the evacuation, SDH maximal thickness
was decreased to 0.21-2.31 cm (1.08 +0.46 cm)(P =0.000,). The
neurological status at admission was compared with that at the day
of hospital discharge. The mean mRS at admission was 2.2. It was
1.0 at discharge (P = 0.000,). The neurological status of 45 patients
(91.8%) improved after the operation. Neither intracerebral
hemorrhages nor post-operative seizure occurred. The recurrence
occurred in three patients (6.1%) at 3 months after surgery (Table 2).

Case lllustration

A 54-year-old male was referred to our department with a
history of progressive right limbs weakness. He had been
involved in a motor vehicle accident approximately one
month prior. Physical examination revealed hemiparesis of the
right arm and leg. The CT scan showed a large, chronic
subdural hematomas on the left (Figure. 2A). We used the
guidewire-assisted drainage catheter placement in this patient.
Post-operatively, the patient’s hemiparesis improved rapidly.
CT scan one day later revealed the subdural hematomas was
disappeared nearly (Figure 2B). Figure 2C showed the

TABLE 1 | Summary of demographics, comorbidities, and presentation (N = 49
patients).

Parameter Value

Age (Mean, range) 69.3 years, (39-87)

Male (N, %) 37 (75.5%)
Hypertension 17 (34.7%)
Diabetes mellitus 7 (14.3%)
Coronary artery disease 6 (12.2%)
Presentation (N, %)
Headache 31 (65.3%)
Weakness of limbs 28 (57.1%)
Speech disturbances 7 (14.3%)
Altered behavior 6 (12.2%)

TABLE 2 | Result of radiological and clinical outcomes (N =49 patients).

Preop Postop P
The maximal thickness of hematoma (cm) 2.31+0.43 1.08+0.46 0.000
The mean mRS 22 1.0 0.000

Preop, preoperative; Postop, postoperative.
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guidewire and catheter used in the operation, the guidewire
was bent at an angle of 135 degrees.

DISCUSSION

We present a retrospective study of 49 patients with a chronic
subdural hematoma consecutively treated with a technique
that we have not found reported previously. The guidewire-
assisted technique may minimize the complication risk of
injury to cortical structures and cerebral veins, by using a
guiding wire. It probably could prevent postoperative seizures
and severe intracranial hemorrhages.

¢SDH is a common neurological condition that usually affects
the elderly. At present, burr-hole surgery with a subdural closed-
drainage system is the most commonly chosen strategy (9).
Level 1 evidence also suggests the placement of a closed subdural
drainage system at the time of burr hole evacuation can reduce
symptomatic recurrence (4). However, A seizure and intracerebral
hemorrhage are the frequent complications which could be a
result of blind placement of the subdural drainage system (6, 8).
Levin héNi et al found that among patients with subdural catheter
drainage, the probability of epilepsy was 3.2%, and the probability
of brain tissue injury was 2.8% (10). Another study from Minna
rauhala et al found that the probability of epilepsy was 4.8%, and
the probability of intracranial hematoma was 1.7% (11). Either
with twist-hole or burr-hole methods, the drainage catheter is
usually inserted into the subdural space blindly. Thus, the catheter
tip may be placed into the brain parenchyma or injure the vessels
on the cerebral surface. In addition, the catheter direction is not
under control during insertion, and therefore, it can lead to
drainage malpositioning (4). In this study, we demonstrated our
49 patients experiences of guidewire-assisted technique which
could not only guide drainage, but also prevent damage the brain
and vessel. Our results showed no complications such as
postoperative seizures and intracranial hemorrhages occurred.

Various techniques have been described to facilitate placement
of the drainage system to avoid the complications mentioned
above. Some authors used subperiosteal drainage to treat cSDH.
When this was compared to subdural drainage, it was found
that subperiosteal drainage produced lower intracerebral
hematoma and overall mortality, the surgical infection rate was
significantly lower. However, repeat operations were higher
than when subdural drainage was used (10, 12-15). Fichtner
et al. used a nelaton catheter guard for placement of the
subdural drain, to reduce the risk of damaging relevant
structures such as cortical tissue or bridging veins. However,
manipulation of the nelaton catheter may be difficult and
complex. The catheter needs to be introduced into a bone hole,
and withdrawn from the other hole (16). Therefore, The best
way to place a catheter could be to place it into the subdural
space which should avoid injuring the brain parenchyma and
vessels, and this method should be easy to perform. The
guidewire-assisted technique was safe and effective in our series.

The Dbenefits of our proposed technique include increased
catheter control and reduced complications when compared to
traditional methods. Our technique is similar to the Seldinger
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FIGURE 2 | Case illustration. (A) The initial CT scan on presentation reveals the left chronic subdural hematoma. (B) CT of the head following the placement of
drainage demonstrates the almost complete resolution of the left chronic subdural hematoma. (C) The guidewire and catheter used in the technique; the
guidewire was bent at an angle of 135 degrees.

Technique used in endovascular practice (17). Under guidewire  to the cortical surface or membrane due to rigid endoscope or by
support and navigation, the movement of the tip of the catheter in  the rigid suction cannula. The technique described in this paper
the subdural space is controlled with greater accuracy. Our  does not need extra equipment. Furthermore, its simplicity of use,
guidewire tip is bent and this additional curvature of the wire allows for a relatively short learning curve, as seen with junior
allows the catheter to be inserted into the subdural space parallel  neurosurgeons. Our technique is associated with an extremely low
to the surface of the brain, keeping the draining holes in the  risk to damage cortical structures and cerebral veins.

hematoma. Due to the contact with the hematoma in the The main limitation of this study is that this is a retrospective
subdural space, it is more helpful to drain the hematoma (13).  series. In addition, the mount of patients is low. this may be
Furthermore, because of the navigation of the wires, the catheters  difficult to get a high level of evidence supporting the use of
can be successfully implanted into the correct place. In general, The Guidewire-assisted Drainage Catheter Placement
the tip of the catheter is toward the frontal direction, as a recent ~ Technique. Nevertheless, the results suggest that patients with
systemic review found, it can reduce the recurrence of subdural ~ c¢SDH can benefit from the technique

hematoma (9). We used the guidewire-assisted technique in forty-

nine consecutive patients with chronic SDH. Neither intracerebral

hemorrhages nor post-operative seizure occurred and the CONCLUSIONS

recurrence only occurred in three patients. The technique
described here is a reliable method for the insertion of a subdural ~ D€ technique described here is a reliable method for the

catheter and is associated with an extremely low risk to damage insertion of a subdural catheter and is associated with an
cortical structures and cerebral veins extremely low risk of cortical structures and cerebral veins.

The length of the catheter in the subdural space is 4-5 cm. A Additionally, its simplicity of use, allows for a relatively short

longer length of catheter will possibly damage the cerebrum or ~ 1€Arning curve, as seen with junior neurosurgeons.

vessels at the edge of the hematoma and can induce seizures and
intracerebral hemorrhaging. If the length is smaller than 4 cm, DATA AVAILABILITY STATEMENT
because of the stiffness of the catheter, its tip may jump into
the brain parenchyma when the hematoma is evacuated
rapidly. In addition, the indwelling drainage tube needs to be
pushed slowly to prevent damage brain tissue. Meanwhile,
attention should be paid to prevent pneumocranium, so as to
further prevent recurrence.

Endoscope-assisted evacuation of c¢SDH is an established, ETHICS STATEMENT
although not widely used, technique. Main advantages of the
endoscope-assisted technique are identification of membranes and ~ The studies involving human participants were reviewed
septations and insertion of a catheter under direct visual control. It ~ and approved by This study was approved by the Harbin
results in better placement of catheter in cavity for irrigation and ~ Medical University Institutional Review Board. Epidemiological,
removal of clot and fluid. It was found to be effective for removal  clinical and radiographical data were collected and reviewed. All
of CSDH especially in septate hematomas and multiloculated  patient agreed to publication of clinical details and images. The
hematomas (18). However, there needs for special training and the  patients/participants provided their written informed consent to
extra equipment (19). Meanwhile, it could increase risk of damage  participate in this study.

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be
directed to the corresponding author/s.
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Tatiana llyasova?, Tatiana Trofimova?®, Albert Sufianov™* and Yang Guang®5*

" Federal Center of Neurosurgery, Tyumen, Russia, 2 Bashkir State Medical University, Ufa, Russia, ° V.M. Bekhterev
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Medical University (Sechenov University), Moscow, Russia, ° Department of Neurosurgery, The First Affiliated Hospital of
Harbin Medlical University, Harbin, China, ° Institute of Brain Science, Harbin Medical University, Harbin, China

Objective: Primary central nervous system lymphomas (PCNS) are relatively rare tumors,
accounting for about 4% of all brain tumors. On neuroimaging, they are characterized
by a low MR signal in T1, isointense in T2, bright uniform contrast enhancement, and
diffusion restriction. The aim of this study is to note the lack of effectiveness of the MR/CT
perfusion technique in complex multiparametric imaging in the differential diagnosis of
primary lymphomas of the central nervous system in comparison with highly malignant
gliomas and brain metastases.

Materials and Methods: This prospective study included 80 patients with CNS
tumors examined/operated at the Federal Center for Neurosurgery (Tyumen, Russia)
from 2018 to 2021. The patients were divided into 4 groups: group 1 consisted of 33
cases with primary CNS lymphomas (10 cases with atypical manifestations according to
perfusion parameters and 23 cases of classic CNS lymphomas), group 2 with anaplastic
astrocytomas—14 cases, group 3—23 cases with glioblastomas and group 4—10
cases with solitary metastatic lesions. The study was carried out on a General Electric
Discovery W750 3T magnetic resonance tomograph, a Canon Aquilion One multispiral
X-ray computed tomograph (Gadovist 7.5ml, Yomeron 400 mg—50 ml). Additionally,
immunohistochemical analysis was carried out with the following markers: CD3, CD20,
CD34, Ki-67, VEGF.

Results: It has been established that MR/CT perfusion is not a highly sensitive method
for visualizing primary CNS lymphomas, as previously thought, but at the same time,
the method has a number of undeniable advantages that make it indispensable in the
algorithm of a complex multiparametric diagnostic approach for this type of tumor.
Nevertheless, PLCNS is characterized by an atypical manifestation, which is an exception
to the rule.

Conclusions: The possibilities of neuroimaging of primary lymphomas, even with the
use of improved techniques for collecting MR/CT data, are limited and do not always
allow reliable differentiation from other neoplasms.

Keywords: CT, MRI, neuroradiology, perfusion, PCNSL

Frontiers in Surgery | www.frontiersin.org

26 April 2022 | Volume 9 | Article 887249


https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/journals/surgery#editorial-board
https://www.frontiersin.org/journals/surgery#editorial-board
https://www.frontiersin.org/journals/surgery#editorial-board
https://www.frontiersin.org/journals/surgery#editorial-board
https://doi.org/10.3389/fsurg.2022.887249
http://crossmark.crossref.org/dialog/?doi=10.3389/fsurg.2022.887249&domain=pdf&date_stamp=2022-04-18
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles
https://creativecommons.org/licenses/by/4.0/
mailto:yangguang1227@163.com
mailto:sufianov@gmail.com
https://doi.org/10.3389/fsurg.2022.887249
https://www.frontiersin.org/articles/10.3389/fsurg.2022.887249/full

Talybov et al.

Diagnosis and CNS Lymphomas

INTRODUCTION

Lymphomas of the central nervous system are divided into two
subgroups: primary and secondary. Primary central nervous
system lymphomas (PCNSL) are relatively rare, usually highly
malignant tumors with an average lifespan of up to 30 months.
Even less common are low-grade primary lymphomas, which
have an indeterminate incidence. Secondary lymphomas are
caused by the spread of a systemic lesion that originated outside
the central nervous system, as part of its progression or as
an isolated recurrence. The frequency of occurrence strictly
depends on the histological subtype (1-4). There are difficulties
in making a diagnosis of central nervous system lymphoma
with a “standard” Magnetic resonance imaging (MRI) study
(1, 2). Classical features with high specificity are found in
immunocompetent patients who have not received therapy;
in other cases, characteristic semiotics are absent (5) and are
often similar to manifestations of highly malignant gliomas. At
the same time, the differential diagnosis of these neoplasms
is extremely important, since therapy and prognosis have
significant differences (2, 6).

PCNSL is characterized by a classic group of signs due to
histological features (hypercellularity, high nuclear/cytoplasmic
ratio, disintegration of the blood-brain barrier) (7, 8). In
immunocompetent patients, the lesion is usually solitary
[multifocality occurs in 20-40% (5)] with intraaxial localization
[dural lymphoma is a rare subtype (9)]. The changes are
located in the periventricular white matter or in the superficial
parts of the brain parenchyma (5, 8, 10), the lesion is mainly
supratentorial, less often the stem and cerebellum are involved
in the process, and rarely the spinal cord (11, 12). Quite
typical spread to the contralateral side along the fibers of the
corpus callosum, restriction of diffusion [low values on the
Apparent diffusion coefficient (ADC) map, lower than malignant
gliomas and metastases (8, 13-16)], mild perifocal edema (5, 17),
intense and homogeneous accumulation of contrast agent (5, 8).
Sometimes there is a pattern of annular contrast (8, 11) or linear
contrast enhancement along the perivascular spaces (10, 18).
Hemorrhages are rarely visualized (5, 19). Multifocal lesions
are more typical for human immunodeficiency virus (HIV)-
associated lymphoma (30-80%), often with uneven, peripheral
or annular contrast enhancement due to necrotic changes (20—

TABLE 1 | Average absolute (BF, BV) and normalized (BFn, BVn) numerical values of blood flow parameters in tumors depending on histological affiliation.

Type of tumor BF + StDev BFn + BV + StDev BVn + StDev
mi/100g/min StDev ml/100g/min

Anaplastic astrocytoma 1566.25 £ 26.51 3.85+0.62 20.64 £+ 4.02 4.5+ 1.01

Glioblastoma 290.78 £ 16.13 8.69 +1.02 35.61 +£2.98 8.39 £0.73

Metastasis 300.12 £ 25.51 6.75 £ 0.67 37.62 £ 3.97 712 +£1.04

Typical PCNSL 43.11 £ 3.84 1.05 £ 0.05 2.67 £0.19 0.92+£0.12

Atypical PCNSL 1565.7 £ 18.08 4.7+£0.45 17.8 £ 1.51 5.9+ 0.41

StDey, statistical deviation, PCNSL, primary central nervous system lymphoma.

TABLE 2 | Key characteristics of observations of patients with primary cerebral lymphomas.

Age Male Number of Localization ADC values Severity of Character The presence of Histological rCBV score vs.
affected nodes (subcortical/ x10-6 edema contrasting hemorrhages diagnosis normal
periventricular) mm2/s contralateral
white matter
(number of
times)
32 F Multiple Subcortical 450 Pronounced Homogeneous No B-cell ymphoma x6.0
47 M Multiple Subcortical 420 Pronounced Homogeneous Yes B-cell ymphoma x6.5
53 F Multiple Subcortical 457 Moderate Homogeneous No Verification was x7.5
not carried out
55 M Multiple Subcortical 500 Weak Homogeneous No B-cell lymphoma x5.0
Periventricular
59 M Solitary Periventricular 520 Weak Homogeneous No Verification was x5.1
not carried out
61 F solitary periventricular 580 pronounced homogeneous No B-cell ymphoma x6.2
66 M Solitary Subcortical 570 Weak Homogeneous No B-cell ymphoma x7.0
67 F Solitary Subcortical 490 Pronounced Homogeneous Yes B-cell ymphoma x7.0
67 F Solitary Periventricular 500 Moderate Homogeneous Yes B-cell lymphoma x7.0
71 M Solitary Subcortical 539 Pronounced Homogeneous No B-cell lymphoma x3.0

M, male; F, female; ADC, apparent diffusion coefficient; rCBV, relative cerebral blood volume.
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FIGURE 1 | Patient V., male 61 y.0. presented with acute right sided weakness. Axial Brain MRI and CT-perfusion. MRl ax: (A) T2WI; 6, (B) DWI, (C) ADC, (D) SWAN,
(E) T1 4+ CE. CT ax: (F) CT-perfusion (CBV map). There is a well circumscribed mass in the left frontal region with surrounding vasogenic edema on T2WI. The mass
has low Sl on ADC map indicating high cellular density. The contrast enhancement is bright and uniform. CT-perfusion map shows increased rCBV level.

22). Spontaneous hemorrhages are also more frequently observed
in immunocompromised patients (20). Secondary lymphoma is
predominantly characterized by leptomeningeal spread in about
two-thirds of cases, while intraaxial involvement occurs in only
30% of cases (23). Leptomeningeal metastasis often involves the
cisternal portions of the cranial nerves, spinal cord sheaths, and
spinal roots (24), which is no different from leptomeningeal
processes of any other etiology.

In the context of the correlation between the degree of
biological aggression of the tumor and its angiogenic activity,
perfusion studies provide valuable information on the delivery
of arterial blood to the capillary bed of the tumor tissue,
including such parameters as cerebral blood volume (CBV)
and cerebral blood flow (CBF) (8, 25-27). Primary lymphomas
show low maximum relative CBV values (1, 8, 28-30), which is
consistent with histopathological findings indicating the absence
of neovascularization (1, 6, 8, 28-30), and is fundamentally
different from malignant gliomas or solitary metastases. This
finding explains the hypothesis of a lower microvascular density
of lymphoma, since neovascularization is not a histological
characteristic of PCNSL. In addition, low values of the percentage
of signal intensity recovery are noted, also presumably due to
massive leakage of the contrast agent into the interstitial space
during the passage of the bolus through highly permeable vessels.
The latter is explained by the angiocentric nature of growth,
in which tumor cells are grouped around already existing brain

vessels, inducing their immunoreactive changes (1, 2, 14). There
is a known correlation of parameters measured during computed
tomography (CT)/MR perfusion with the mitotic index and the
degree of malignancy of gliomas. Thus, it has been established
that tumor CBV normalized to CBV of the unaltered white
matter of the contralateral hemisphere is a biomarker of glioma
neoangiogenesis (31). It is believed that improved imaging
techniques implemented in multiparametric mapping (mpMRI)
can reliably distinguish central nervous system lymphoma from
high-grade glioma and metastases (8, 30, 32), but the relationship
between perfusion parameters and lymphoma aggression has not
been adequately studied.

MATERIALS AND METHODS

The study was approved by the local ethics committee of
the Federal Center for Neurosurgery, Tyumen, Russia. Written
informed consent for diagnostic manipulations was obtained
from all participating patients. The total number of patients
with PCNSL, gliomas (Grade 3-4) and MTS who received
neurosurgical care in the Department of Neurooncology of
the Federal Center for Neurosurgery, Tyumen, Russia. and a
pathomorphological conclusion was 80 people (of which 51 were
men, 29 were women), their age ranged from 32 to 82 years,
mean age was 54 years, median was 58 years. Of these, the
diagnosis of PLCNS was made in 33 patients, among whom 10
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FIGURE 2 | Patient A., female 67 y.o. presented with left sided weakness and altered mental status. MRI ax: (A) T2WI; 6, (B) DWI, (C) ADC, (D) SWAN, (E) T1 + C,
(F) DSC-PWI. Axial Brain MRI: there is a large intraaxial mass in right frontal lobe with extensive peritumoral edema on T2WI and mild mass effect. The mass has
restricted diffusion and bright, homogeneous contrast enhancement. Most of the tumor exhibits hyperperfusion. SWAN indicates small amounts of hemorrhage.

cases of lymphoma showed atypical signs according to perfusion.
Anaplastic astrocytoma (AA) was diagnosed in 14 patients (not
otherwise specified (NOS), isocitrate dehydrogenase (IDH) status
was not determined), glioblastoma (GB)—in 23 patients (NOS,
IDH status was not determined), solitary metastatic lesions
(sMTS)—in 10 patients.

Patients with atypical manifestations of PCNSL perfusion
made up a group of observations: a total of 10 people, aged from
32 to 71 years. Neurological manifestations differed depending
on the localization of the tumor, a combination of motor and
sensory disorders, indicating a multifocal lesion. Information on
hormone therapy and HIV status was not available.

The results of MRI with contrast and dynamic dynamic
susceptibility ~ contrast (DSC-T2*) perfusion, multislice
computed tomography (MSCT) with perfusion study were
of decisive importance for the diagnosis. MRI was performed
on a GE 3T Discovery W750 tomograph using an 8-channel
head coil, MSCT was performed on a Canon Aqullion One
machine, 640 slices. As a contrast agent in the MR study, the
Gadovist paramagnetic was used with a dose calculation of 0.1
ml/kg IV; in the perfusion CT study, Iomeron 400 was used
at a dose of 50 ml IV, injected into the cubital vein using an
automatic injector with injection rate of 5 ml/s. The perfusion
protocol included a dynamic series of CT sections performed
every second for 60 s, performed by an interval type of scanning

at an X-ray tube voltage of 80 kV and a current-time product
of 150 mAc. The total radiation exposure (effective dose) for
the entire CT examination was no more than 3-4 mSv. The
MR study protocol included the following pulse sequences:
gradient echo (T1-weighted images “BRAVO”), spin echo (T2-
weighted images), susceptibility-weighted angiography (SWAN),
Diffusion-weighted magnetic resonance imaging (DWI) with
the construction of maps of the apparent diffusion coefficient
(ADC), DSC-T2*. Image post-processing was carried out on GE
“Advantage Window 4.5” and “Vitrea Advanced Visualization”
graphics stations. Blood flow parameters were assessed using
two perfusion maps: CBF—ml/100 g/min; CBV—ml/100g. To
normalize blood flow parameters, region of interest (ROI) was
used in the intact white matter of the semioval centers (the value
of blood flow in the tumor/value in the intact white matter). The
normalized blood flow parameters were calculated as the ratio of
the values of the parameters in the area of interest to the intact
brain substance. Statistical processing of the obtained results
was carried out using the methods of descriptive statistics and
correlation analysis.

Eight patients underwent biopsy, of which in six cases
the lesion was solitary and in two cases it was multifocal.
Stereotactic biopsy was performed using 3D navigation
(Brainlab). Verification of the obtained data was carried out
using histological and immunohistochemical research methods.
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FIGURE 3 | Patient V., male, 66 y.0. presented with gate disturbances. MRI ax: (A) T2WI; 6, (B) DWI, (C) ADC, (D) SWAN, (E) T1 + C, (F) DSC-PWI. Axial Brain MRI:
there is lesion in periventricular white matter, the lesion involve left cerebellar peduncle, hemisphere. The lesion demonstrates high Sl on T2WI, restricted diffusion (with
low ADC values), homogeneous contrast enhancement, elevated rCBV values.

FIGURE 4 | Patient S., male 55 y.o. presented with right sided weakness and memory loss. MRI ax: (A) T2WI; 6, (B) DWI, (C) ADC, (D) SWAN, (E) T1 + C, (F)
DSC-PWI. Axial Brain MRI: there is a intraaxial mass in left parietal lobe with low peritumoral edema on T2WI, another mass in the splenium of the corpus callosum
and left thalamus. All mass parts have restricted diffusion and bright, homogeneous contrast enhancement and hight rCBV values.
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FIGURE 5 | Primary diffuse large cell B-cell CNS lymphomas, mag. x20. (A,D)—hematoxilin-eosin stain—hypercellular tumorous tissue with infiltrative growth, cells
have centroblasts morphology. Multiple mitoses present (A—yellow arrows), tumorous vessels (D—orange arrows). (B,E)—CD20 marker (B-lymphocytic
antigen) —prominent membranes CD20+ expression. (C,F)—Ki-67 (MIB-1) marker—high proliferation index Ki-67 —more than 90%.

FIGURE 6 | (A,C)—CD34 marker (hematopoetic and endothelial cells progenitor marker)—tumor is vascularised by low caliber capillaries and arterioles, endothelium
expresses CD34+ (green arrows), proliferation is scarce. (B,D)—CD3 marker (T-cells co-receptor)—more wide vessels locally seen with an impression of an “empty
lumen”, and abundant perivascularCD3+ T-lymphocytes infiltration caused by vessels walls increased permeability (red allows).

Immunohistochemical analysis included the following range of
markers: CD3, CD20, CD34, Ki-67, vascular endothelial growth
factor (VEGF).

Taking into account the similar imaging characteristics of
PCNS lymphomas with high-grade gliomas (Grade 3-4) and
solitary metastatic lesions, a detailed comparative analysis of
all tumors was performed using both routine and specialized
MR sequences: DWI, SWI or SWAN, dynamic contrasting with

the construction of perfusion maps, which form the basis of
complex mpMRIL

RESULTS

In the course of the study, an analysis of the MRI and CT
perfusion data of 80 patients was performed, followed by the
allocation of 4 groups based on the histological diagnosis: group
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Lo

FIGURE 7 | (A) Primary diffuse large cell B-cell CNS lymphomas, mag. x20. VEGF marker, lymphomas showed no increased expression of VEGF (vascular
endothelial growth factor) (red arrows). (B) GBM demonstrated expression of VEGF factor (control group) and showed massive antibody expression in proliferating
vessels (yellow arrow).

FIGURE 8 | mpMRI ax: (A) T2WI; 6, (B) DWI, (C) ADC, (D) SWAN, (E) T1 + C, (F) DSC-PWI show classic appereance of PCNSL. The mass shows predominantly
solid, intense contrast enhancement and has extensive peripheral T2-hyperintensiry. The enhancing component of the lesion demonstrates striking restricted diffusion
(ADC 450-490 x 10~® mm?/s) indicating high cellularity. The mass demonstrates low rCBV values.

1—14 cases with AA, group 2—23 cases with GB, group 3—10 The 4th group of patients (with PLCNS) showed both low
cases with (sMTS) and group 4—33 cases of PLCNS, divided into  (most of them—23 cases) and high (10 atypical cases) values on
2 subgroups: (a) classic—23 cases; (b) atypical —10 cases. perfusion maps (Table 1).

Parameters in group 1: blood flow velocity (BF) in anaplastic The results are presented in Table 2 and Figures 1-4.
astrocytomas ranged from 32.2 to 190.8 ml/100 g/min, blood In the entire group of patients with suspected primary

flow volume (BV)—from 0.53 to 4.79 ml/100g. The averaged  lymphoma, information about HIV status and hormonal therapy
maximum and normalized blood flow values are shown in  was missing. In six cases, the lesion was represented by a

Table 1. solitary tumor node with severe perifocal edema. In four
The 2nd group of patients (with GB) was characterized by high ~ cases, two or more tumor nodes were visualized against the
absolute and normalized blood flow parameters. background of edema. In all cases, the changes were characterized
In the 3rd group of patients (with solitary MTS), high rates of =~ by intraaxial localization (periventricular and subcortical),
CBF and CBV were revealed. intense and homogeneous contrast enhancement, and low ADC
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rCBV values.

FIGURE 9 | mpMRI ax: (A) T2WI; 6, (B) DWI, (C) ADC, (D) SWAN, (E) T1 + C, (F) DSC-PWI demonstrate the typical appereance of anaplastic astrocytoma (Grade I
WHO 2016). There is infiltrative mass in the left frontal region with mild vasogenic edema on T2WI. This mass has low signal on ADC, partial enhancement and high

values. In three cases, hemorrhages were noted. MR DSC and
CT perfusion showed hypervascularization with rCBV values
ranging from 3.0 to 7.5 times compared to normal white matter.
Histological studies in all these cases revealed hypercellular
tumor tissue with infiltrative growth, high mitotic activity
and severe perivascular lymphocytic infiltration, increased
endothelial permeability. In immunohistological studies, the
tumor tissue totally expressed CD20+, the vascular endothelium
was brightly stained in reaction to CD34+ and expressed
extremely weakly VEGF. T-lymphocytes were positive in reaction
with anti-CD3+. The proliferative activity index for Ki-67
was extremely high, over 90%. According to the results
of immunobhistological studies, lymphoproliferative diseases
(primary B-cell lymphoma) were diagnosed (Figures 5-7).

DISCUSSION

Undoubtedly, modern qualitative and quantitative imaging tools
implemented on CT and MRI cannot compete with invasive
techniques in the reliability of determining the histopathological
nature of the tumor. Despite this, the main non-invasive
method for diagnosing brain tumors is MRI with complex
mpMRI mapping (Figure 8). The classic imaging manifestations
of primary lymphoma of the central nervous system include a
group of rather specific criteria according to mpMRI mapping
and are as follows: a mass showing a homogeneous and
pronounced contrast enhancement, accompanied by moderate

perifocal edema, usually without a mass effect, limiting the
diffusion of molecules water with low ADC values within 400-
600 x 10-6 mm?/s (0.4-0.6/100mm?), which has low values of
rCBV (1, 26, 29-32). It is generally accepted that, when quantified
based on CT and MR perfusion techniques, primary lymphomas
show low maximum relative values of rCBV compared with
poorly differentiated glial lesions and metastases (1, 8, 28-30, 32).

The differential diagnostic range includes high grade
gliomas (anaplastic astrocytoma and glioblastoma) and solitary
metastatic lesions (Figures 9,10).

Malignant gliomas are characterized by an annular contrast
pattern with uneven wall thickness, reflecting necrosis (“crown
effect”), a combination of vasogenic edema and a non-contrasting
infiltrative tumor component, a distinct mass effect, and average
values of the ADC in the range of 745 % 135 x 10~° mm?/s (for
GBM), within 1,067 & 276 x 10~ mm?2/s (for AA), elevation of
rCBYV values by 6.9 & 3.12 times compared to unchanged white
matter, the presence of intratumoral vascular shunts and a low-
intensity rim due to the breakdown of products blood test for
SWAN (1, 28-33) (Figure 11).

SsMTS have radiological manifestations similar to those of
GBM: a ring-shaped contrasting pattern with a central zone of
necrosis, hemorrhage. The differences are the average values of
the ADC within 919.4 + 200 x 10~® mm?/s, the absence of a
diffuse tumor component in the vasogenic edema and the absence
of a tendency to form pathological shunts, which explains the
lower perfusion values (1, 28, 30, 32, 34).
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FIGURE 10 | mpMRI ax: (A) T2WI; 6, (B) DWI, (C) ADC, (D) SWAN, (E) T1 + C, (F) DSC-PWI show the classic appereance of GBM (grade IV WHO 2016). The mass
shows ring enhancing pattern associated with extensive peripheral T2-hyperintensity and moderate mass effect. The enhancing component of the lesion
demonstrates restricted diffusion (ADC 800-900 x 10~8 mm?/s), also the mass shows high values rCBV.

In our studies, all cases of lymphomas corresponded to
the classical radiological features (intense and homogeneous
contrast enhancement, peritumoral vasogenic edema, and
low intratumoral ADC values) except for 10 cases showing
hypervascularization with rCBV values that exceeded the
values of unchanged white matter by 3.0-7.5 times and
hemorrhages that occurred in three cases (see Results), which,
according to some authors, is extremely uncharacteristic for the
lymphoproliferative process.

PCNS lymphomas may mimic high-grade glioma or
metastatic disease, showing a similar morphology and infiltrative
growth pattern. High grade gliomas and metastases are
distinguished by the presence of neoangiogenesis, the biomarker
of which is an increase in rCBV obtained using contrast MR
(DSC-T2*) or perfusion CT. Our experience shows that the use of
perfusion techniques, which are considered highly sensitive and
highly specific for assessing neovascularization, does not always
make it possible to distinguish lymphoma from other aggressive
brain tumors, since, despite the absence of neoangiogenesis, an
increase in rCBV values is often found in PCNS lymphomas,
which must be due to some interaction of the tumor with
the vasculature of the brain. Instead of forming new ones,
PLCNS infiltrates existing vessels. Neoplastic cells proliferate
angiocentrically, surround the vessels in a “perivascular cuft”
type, and diffusely or in the form of a well-defined front invade
the healthy brain parenchyma. In the predominant number of

our cases, among PLCNS with hyperperfusion, an increase in
rCBV values is observed in a ring-like manner at the periphery
of the tumor, where tumor cells interact with the vessels of the
unchanged parenchyma.

Analysis of the data obtained from the assessment of
immunoreactivity using antibodies to VEGE, CD3, CD20, CD31,
CD34 established the absence of signs of neoangiogenesis and
the presence of very high values of the proliferative activity index
(Ki-67 > 90%), indicating a pronounced biological aggression.

It is noteworthy that against the background of diffuse
hemorrhages into the tumor, detected in several patients, there
were additional changes in the diameter of capillaries and
arterioles according to the type of “vasodilation” with increased
wall permeability, which may be due to inflammatory activity,
the phase of inflammation or the duration of the process.
The data obtained suggest that hyperperfusion of lymphomas
is not associated with the activation of neoangiogenesis, as in
the cases of glioblastomas and metastases, but is most likely
associated with hemodynamic changes in the characteristics of
blood vessels. Moreover, increased expression of VEGF (vascular
endothelial growth factor) in lymphoma is associated with greater
survival (8). Despite a similar increase in rCBV values in our
observations, it is not possible to assume the presence of an
identical mechanism of vascularization. It is noteworthy that
similar mechanisms of an increase in the diameter of blood
vessels and an increase in rCBV values, leading to vasodilation,
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lesion demonstrates high rCBV values.

FIGURE 11 | mpMRI ax: (A) T2WI; 6, (B) DWI, (C) ADC, (D) SWAN, (E) T1 + C, (F) DSC-PWI show classic appereance of solitary brain metastasis. There is a lesion
with ring-like enhancing pattern and strong peripheral T2-hyperintensiry. Vasogenic edema is out of proportion with tumor size. The enhancing component of the

have been described in multiple sclerosis during the formation of
a new acute lesion before the disintegration of the blood-brain
barrier or during reactivation of chronic foci (35). Perfusion MR
or CT data, which make it difficult to distinguish lymphoma from
other aggressive intracerebral tumors, are probably due to the
immune response of healthy vessels of the border zone to PLCNS
cell invasion and perivascular infiltration (36-38).

CONCLUSIONS

Today, if a neuroradiologist is faced with the task of making
a differential diagnosis of intracerebral formations, performing
multiparametric MRI mapping is a key condition for obtaining
the necessary information about the nature of the tumor. It
is generally accepted that knowledge of perfusion parameters
(CBV) is critical. However, our study demonstrates the lack of
reliability of MR and CT perfusion in cases of PCNS lymphomas.
Even mpMRI does not always reliably distinguish lymphoma
from other malignant brain tumors (high-grade gliomas and
metastases). The use of stereotactic biopsy with histopathological
matching remains the “gold” standard in the diagnosis of
PCNS lymphomas.
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Olfactory neuroblastoma, or esthesioneuroblastoma, is an uncommon malignant tumor
originating from the neural crest that commonly occurs in the upper nasal cavity. Its
ectopic origin is extremely rare, especially when located in the optical pathways. This
paper reports the case of a giant ectopic esthesioneuroblastoma of the optic pathways
that were surgically treated through a cranio-orbital-zygomatic (COZ) craniotomy with
extensive resection, in addition to a literature review. The patient is a 46-year-old
female presenting with a 4-month history of visual loss in the left eye. Since she
was previously blind in the right eye from a traumatic injury, it was evolving to loss
of bilateral vision. Imaging depicted an expansive infiltrating lesion involving the entire
path of the right optic nerve, extending to the optic chiasm, cisternal portion of
the left optic nerve, bilateral optic tract, and hypothalamus. Investigation of pituitary
function was unremarkable. Esthesioneuroblastoma is a rare tumor with poorly defined
standard clinical management. lts ectopic presentation makes the diagnosis even more
challenging, making it difficult to manage these cases properly. Surgeons should be
aware of this rare possibility, as early aggressive treatment is likely to be associated with
better results.

Keywords: esthesioneuroblastoma, ectopic tumor, cranio-orbito-zygomatic approach, skull base, olfactory
neuroblastoma/esthesioneuroblastoma

BACKGROUND

Olfactory neuroblastoma, or esthesioneuroblastoma, is a malignant rare tumor that usually occurs
in the upper aspect of the nasal cavity due to its origin from the olfactory neuroepithelium with
neuroblastic differentiation (1). It frequently extends from the upper part of the nasal cavity to the
upper part of the septum, the upper nasal conchae, the roof of the nose, and the cribriform plate of
the ethmoidal sinus. Those located outside this region, where the olfactory neuroepithelium does
not normally exist, have been reported as ectopic (2). Its ectopic origin is extremely rare, especially
when located in the optical pathways.

We report the case of giant ectopic esthesioneuroblastoma that extended along the optic nerve,
leading to visual loss, and requiring neurosurgical treatment.
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CLINICAL PRESENTATION

The patient is a 46-year-old female presenting with a 4-month
history of visual loss in the left eye. Since she was previously
blind in the right eye from a traumatic injury, it was evolving to
loss of bilateral vision. Imaging depicted an expansive infiltrating
lesion involving the entire path of the right optic nerve, extending
to the optic chiasm, cisternal portion of the left optic nerve,

bilateral optic tract, and hypothalamus (Figure 1). Investigation
of pituitary function was unremarkable.

Patient consent was obtained, and surgical removal was
performed by the senior author through a cranio-orbital-
zygomatic (COZ) approach via Transylvanian and pre-temporal
routes (Supplementary Video).

After the procedure, the patient showed visual improvement
in the left eye, with transient diabetes insipidus on the first

FIGURE 1 | Preoperative post-contrast T1-weighted MRI (A,C) and postoperative images (B,D).
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postoperative day. Pathology showed an olfactory neuroblastoma
grade III of Hyams (Figure 2). Treatment was continued with
adjuvant radiotherapy.

Postoperative imaging showed gross total resection, in
addition to the absence of metastatic foci along the neuroaxis
or lymph node involvement, characterizing a T4ANOMO tumor
according to Dulguerov et al. (3), or stage C using the modified
Kadish classification (4).

DISCUSSION

Esthesioneuroblastoma is a rare tumor with sparse data in the
literature. It predominantly occurs in young adults, and the age
of presentation varies from 40 to 70 years, with men and women
equally affected (1). Although the exact cell type and location
have not yet been defined, the common assumption is that it is
derived from cells in the neural crest of the upper nasal cavity (5).
Clinical symptoms depend on the location and extension of
the tumor, and, therefore, nasal symptoms, such as epistaxis,
nasal obstruction, and anosmia, are the most common (5).
However, other symptoms, such as headache, diplopia, visual
loss, and seizures can also occur. Due to its rarity and unusual
presentation, ectopic olfactory neuroblastoma becomes a disease
that is difficult to suspect, merging with other types of tumors.
Neither of the two clinical staging systems, TNM by
Dulguerov et al. or the modified Kadish classification is ideally

geared to the staging of ectopic olfactory neuroblastoma. The
most critical information seems to be whether the tumor extends
to the anterior cranial fossa and orbit and whether it is related to
lymphadenopathy, as this has the greatest impact on treatment
planning and prognosis (6).

The theory to explain the ectopic origin of these tumors
is speculative and is based on the idea that there may be
ectopic cell debris during embryologic development (7). The
theory supporting the origin of ectopic esthesioneuroblastoma
was first suggested by Jakumeit in 1971 and is the theory of
the terminal nervous system (8). Embryologically, the olfactory
placode is divided into two systems; the first system contains
the olfactory nerve and the vomeronasal nerve, and the second
system contains the terminal nerve that develops immediately
caudal to the first. Both will degenerate into fetal life. The
terminal nerve ganglion and neurons spread diffusely across the
cribriform plate, nasal septum, nasal mucosa, Bowman’s gland,
mucosa naris, crista Galli, and hypothalamus. The persistence
of these cells beyond fetal life can provide the source of
ectopic esthesioneuroblastoma.

Another possible theory, provided by Zappia et al., describes a
model of blocked migration of neuronal cells from the olfactory
placode that may provide the origin of these tumors in a case
of Kallman syndrome, which is a congenital condition defined
by the absence of olfactory bulbs and pituitary hypoplasia. Even
patients, who do not have Kallman’s syndrome, may exhibit less

5]

RO

RIS

(E); Ki-67 (F).

FIGURE 2 | Olfactory neuroblastoma (Hyams Ill). Proliferation of cells forming lobe sketchs, separated by vascular and hylinized fibrous stroma. HE 10x (A). The cells
are hyperchromatic, pleomorphic, and sometimes arranged in gland-like rings or tight annular formations with a true lumen (Flexner-Wintersteiner rosettes). Some
mitotic figures can be seen. HE 20x (B). Immunohistochemical stains: Synaptophysin (C); Chromogranin (D); S100: positive in sustentacular periphery cells
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disorderly migration along the pathway, which may progress to
an esthesioneuroblastoma in the future (9).

The treatment of esthesioneuroblastoma is controversial,
mainly due to its rarity and lack of data in the literature to
support therapeutic regimens, with surgical resection followed
by postoperative radiotherapy, being the option that showed
better treatment results in retrospective reports, compared to
isolated radiotherapy, although orbital invasion is associated
with adverse survival outcomes (5, 10). The classifications of
Kadish, Dulguerov, and Hyams help predict prognosis and
guide treatment, with no superiority of any (5). In the case
presented, we chose a cranio-orbital-zygomatic craniotomy
to allow good brain exposure and provide several routes to
the tumor location, including Transylvanian and pretemporal.
Adjuvant radiotherapy in the surgical bed complemented the
operative treatment in this patient.

The role of chemotherapy in the treatment of these patients is
still questionable. Neoadjuvant chemotherapy has been reported
to show positive responses in locally advanced cases and appears
to play an important role, especially in tumors with difficult
resection (5). In the initial stage, some groups advocate platinum-
based therapy whenever possible, while other groups postpone
chemotherapy treatment. More studies with longer follow-ups
are needed to interpret the results.

CONCLUSION

Esthesioneuroblastoma is a rare tumor with poorly defined
standard clinical management. Its ectopic presentation makes the
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Objectives: Spinal tumors remain a challenging problem in modern neurosurgery.
The high rate of postoperative morbidity associated with intramedullary tumors
makes the need for safer surgical techniques invaluable. This study analyses our
experience with the treatment of spinal cord tumors and compares traditional
management and a new different surgical approach to intramedullary tumors with an
associated hydrosyringomyelia.

Materials and Methods: This retrospective study compared standard surgical
techniques and 2 newer modified techniques for intra and extramedullary spinal
tumors at the Neurosurgery center for spinal cord tumors of the Republic of
Uzbekistan. Preoperative neurological status was recorded with the ASIA/ISNCSCI scale.
Postoperative outcome was graded using the Nurrick score.

Results: Of the 280 cases, there were 220 (78.5%) extramedullary and 60 (21.5%)
with intramedullary spinal tumors. The control and main group had 159 (56.8%) and
121 (43.2%) patients, respectively. Severe compression myelopathy (ASIA- A, B, C) was
217 (77.5%) patients i.e., ASIA A-39 (13.9%); B-74 (26.4%), and C-104 (37.1%). In
74 extramedullary tumors (383.6%) treated with the new method, good postoperative
outcomes in 44 cases (59.5%) with OR = 1.9; 95% CI 1.1-3.3 (p < 0.05). Thirty-seven
(61.7%) intramedullary tumors were treated with the newer modified technique. There
was no difference with the standard method (p = 0.15). However, when comparing
postoperative Nurick grade 1-2 with grade 3-4, the newer strategy was superior with
improvement in 24 (65%) patients, OR = 3.46; 95% Cl 1.2-10.3 (o < 0.05).

Conclusion: When compared with standard methods, the proposed newer modified
strategy of surgical treatment of spinal cord tumors with the insertion of a
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syringosubarachnoid shunt in the presence of an associated hydrosyringomyelia is
associated with better postoperative outcome (Nurick 1 and 2) in 64.8%.

Keywords: spinal cord tumors, syringohydromyelia, differentiated surgical tactics, intramedullary tumors,

extramedullary tumors, Nurick score

INTRODUCTION

The term “spinal cord tumors” includes all oncological processes
in the region of the spinal column. They are generally classified
as: intramedullary, extramedullary (emanating from the inner
layer of the dura, dental ligament, pial membrane, intradural
part of the spinal root), extradural tumors that are also further
divided into primary tumors originating from the vertebra,
periosteum, ligaments, cartilage, the outer layer of the dura mater
and secondary (metastatic) tumors (1, 2). Spinal cord tumors
account for 2% of all neoplasms, 3% of nervous system tumors,
and 20% of tumors of the central nervous system in adults.
The ratio of spinal to brain tumors is around 1: 9. Most often,
spinal cord tumors are observed in the socially active group of
people aged 30-50 years, which makes this problem one of great
relevance in medicine today. However, surgery of spinal tumors
is one of the most difficult problems of neurosurgery. Among
the tumors of the spinal cord, according to modern authors,
extramedullary tumors predominate and constitute up to 70%
of all spinal tumors. The results of surgical treatment of spinal
cord tumors depend on many factors: the duration of the disease,
the extent of neurological deficit, the radicality of tumor removal,
and the extent of intraoperative trauma to the spinal cord (3, 4).
All these factors should be considered in combination (3, 5).

To date, the main method of treating spinal cord tumors
is surgical excision. However, indications for specific surgical
approaches to these tumors are still insufficiently developed and
depend on the anatomical location of the tumor, histological
diagnosis, and the aggressiveness of the neoplasm (3, 6, 7).
Currently, the results of spinal cord tumor surgery are still
unsatisfactory, and far from perfect (8). The high rate of
postoperative morbidity calls for the need for further research
aimed at improving the results of spinal tumors treatment.
This study analyses our experience with the treatment of spinal
cord tumors and compares traditional management and a new
different surgical approach to intramedullary tumors with an
associated hydrosyringomyelia.

MATERIALS AND METHODS
Study Design, Setting, and Participants

This was a retrospective study. Case files of all patients with
surgically managed spinal tumors between 2014 and 2021
were extensively analyzed. All patients were managed at the
Republican Specialized Scientific and Practical Medical Center
of Neurosurgery in Tashkent, Uzbekistan during this period.
The patients were divided into two groups i.e., the control
and the main group depending on the when the patients
were managed and the procedure used. The control group
included patients treated according to standard traditional tumor

resection strategies between 2014 and 2017. The main study
group included patients managed using a newer modified
strategy between 2018 and 2021 at the Neurosurgery center for
spinal cord tumors of the Republic of Uzbekistan.

The newer modified surgical strategy were basically
improvements on traditional methods of removing tumors
of extra- and intramedullary localization. For extramedullary
tumors, the essence of the method is to conduct internal
decompression of the tumor, to minimize traumatization of the
spinal cord and main vessels. In this method, the intracapsular
part is removed in small fractions. The tumor debulking begins
with the areas farthest from the great vessels, the roots of the
spinal cord, and the spinal cord itself.

In the surgical treatment of intramedullary tumors associated
with an intramedullary cyst, the newer modified strategy involved
inserting a syringosubarachnoid bypass shunt after excision
of intramedullary tumors. This is done to prevent the re-
accumulation of cerebrospinal fluid and the expansion of the
intramedullary dead space remaining after tumor excision.

A 6-8cm piece is fashioned from the standard 3mm
silicone tubing used for ventriculoperitoneal shunts. Following
the standard microsurgical approach and microsurgical tumor
resection, the proximal end of the already prepared tube is
inserted into the resection cavity and advanced either cranially
or caudally depending on the location, into the syrinx cavity.
Patency was confirmed by CSF egress through the tube. The
distal end of the tube was placed in the subdural space and
anchored to the overlying dura using a 6-0 silk suture to avoid
shunt migration (Figure 1). The dura was closed in a water tight
fashion using 6-0 polypropylene monofilament. The remainder
of the closure was performed in a standard multilayer fashion for
a spinal procedure.

The indications for surgical intervention in the reviewed cases
included; the mere presence of a tumor, compression of the spinal
cord or its roots, and neurological deficit of varying severity.
Figures 2, 3 illustrate examples of two extramedullary tumors
managed in this study, a C1-C2 anterolateral neuroma and caudal
equina ependymoma, respectively.

Preoperative severity of neurological deficit was graded
according ASIA/ISNCSCI scale (2015). For a comparative
assessment of the postoperative neurological status, the Nurick
scale (NS) was used ie., Grade 1- complete regression of
neurological symptoms, grade 2- improvement, grade 3- No
change, and grade 4- deterioration of neurological status.

Statistical Analysis

The statistical analysis was carried out using the IBM SPSS 23
program. The Chi-squared criterion (2) was used to determine
the presence of association, the strength of the association was
determined using the odds ratio (OR) with a 95% confidence
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FIGURE 1 | Intraoperative images showing the insertion of the
syringosubarachnoid shunt. The dura is opened (blue arrow), the tube is
inserted into the resection dead space and into the syrinx (black arrow). The
shunt is seen laying in the resection dead space is anchored to the overlying
dura using a 6-0 silk suture (white arrow).

FIGURE 2 | MRI of the cervical spine, preoperative and 2 days post-surgery. A
36-year-old with a Neuroma on the ventral surface of the spinal cord, at the
level of C1-C2 (blue arrow). Control MRI shows total tumor removal using an
improved method (orange arrow).

interval (95% CI). The significance level was set at p < 0.05, for
all analyses.

RESULTS

The reviewed cases included 280 patients, 220 (78.5%) patients
had extramedullary tumors and 60 patients (21.5%) with
intramedullary spinal tumors. These different histological
diagnoses were analyzed as shown in Tablel. In both
groups, meningiomas and neuromas were the most common
extramedullary tumors while ependymoma was the most
frequent intramedullary tumor. The control group managed with
standard techniques included 159 (56.8%) managed between

2014 and 2017 while the main study group included 121 (43.2%)
managed with the modified methods between 2017 and 2021.

Based on the ASIA/ISNCSCI scale (2015), the total number
of patients with compression myelopathy syndrome (groups A,
B, C) was 217 (77.5%) patients i.e., ASIA A-39 (13.9%); B-74
(26.4%), and C-104 (37.1%). The ambulant patients were 63
(21.5%) i.e., ASIA D 47 (16.8%); and E-16 (5.7%).

In 74 (33.6%) cases with extramedullary tumors,
underwent an improved newer method of surgical removal
of extramedullary tumors.

Multiple comparisons with the patients that had the standard
traditional method showed a statistically significant difference
in treatment outcomes (p = 0.03). Using the newer modified
surgical method for extramedullary tumors showed better
postoperative outcomes in 44 cases (59.5%) with OR = 1.9; 95%
CI1.1-3.3 (p < 0.05) (Table 2).

In 37 (61.7%) cases of intramedullary tumors with an
associated intramedullary cyst underwent the newer modified
technique. When comparing the two treatment methods for
intramedullary tumors, there was no statistically significant
difference observed (p = 0.15). However, when comparing
postoperative Nurick grade 1-2 with grade 3-4, the use of
the newer modified method described above demonstrated
improvement in the postoperative neurological status in 24 (65%)
patients with OR = 3.46; 95% CI 1.2 to 10.3 (p < 0.05) (Table 3).

DISCUSSION

Surgical removal of spinal cord tumors remains the main,
highly effective method of treatment. The technique and
tactics of treatment of this pathology were developed in the
1980s of the twentieth century (7, 9-11). Most neurosurgeons
recommend total tumor resection in all possible cases (10, 12).
However, although postoperative residual tumor is an important
predictor of progression, the aggressiveness of resection should
be cautiously weighed against the risk of new postoperative
neurological deficit (13). Modern approaches to the surgical
treatment of spinal cord tumors are aimed at increasing the
number of minimally invasive techniques, the use of accurate
diagnostic methods, and modern equipment and tools. The use of
minimally invasive accesses for the removal of spinal cord tumors
has recently been highlighted in a large number of publications
(3, 10, 14). Minimal bone resection when accessing the extradural
space (hemilaminectomy), according to Yu et al. (14), has several
advantages: maximum preservation of the stability of the spine,
reduction in the volume of intraoperative blood loss, reduction
of muscle dissection, reduction in the duration of the operation
and, as a result, a decrease in postoperative pain syndrome
and faster physical rehabilitation. The need to use minimally
invasive surgical access to maintain the stability of the spine was
demonstrated by Byvaltsev et al. (10) in a multicenter study.

In any case, the goal of treating spinal cord tumors
is total surgical removal with the possible preservation of
orthopedic stability. At the same time, the question of choosing
different options for removing tumors, depending on the
anatomical location of tumors, remains relevant. When removing
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FIGURE 3 | A pre-and post-surgery MRI of 32 years old with ependymoma of the roots of the cauda equina and syringomyelia between L3-L5 (blue arrow).

10 cm

) -

intramedullary tumors, the use of microsurgical techniques
and minimally invasive accesses can significantly improve the
results of surgical treatment and reduce the chances of relapses
(6). Anteriorly located extramedullary spinal cord tumors are
challenging tasks for the neurosurgeon (10, 15). In some cases,
the use of an anterior approach is required for their radical
removal. With the ventrally and ventrolaterally located thoracic
spine tumors, some authors (16) suggest the use of endoscopic
techniques. The use of endoscopy or endoscopic assistance in the
resection of spinal cord tumors is a relatively new direction in
spinal neuro-oncology.

Intraoperative electrophysiological monitoring is necessary
for spinal neurosurgical clinics, especially with intramedullary
located tumors. In our study, intraoperative electrophysiological
monitoring was used in 12 cases. According to a study of the
outcomes of surgical treatment of intradural tumors of the spinal
cord conducted by Nambiar and Kavar (12), the frequency of
radical resections, according to their data, was 72.3%. A good
premorbid clinical stage was the most significant predictor of
a positive outcome at discharge and follow-up. The authors
concluded that the surgical outcome depends on the premorbid,
preoperative, postoperative clinical stage, the degree of radicality
of tumor resection, localization, and histological stage of the
tumor. This is similar to our findings.

The use of minimally invasive methods for removing spinal
cord tumors has advantages in terms of the earlier restoration
of lost neurological functions (11, 14). In our opinion, there

TABLE 1 | Distribution of the spinal tumors by histological diagnosis.

Histology Control group Main group Total
Meningioma 43 27 70 (25.0%)
Neuroma 28 21 49 (22.3%)
Ependymoma 9 12 21 (9.5%)
Astrocytoma 9 10 19 (6.8%)
Hemangioblastoma 5 7 12 (4.3%)
Chondroma 5 6 11 (3.9%)
Reticulosarcoma 7 4 11 (3.9%)
Osteosarcoma 3 6 9 (3.2%)
Myeloma 4 2 6 (2.2%)
Osteoma 3 2 5 (1.8%)
Other 43 24 67 (23.9%)
Total 159 (56.8%) 121 (43.2%) 280 (100%)

is a need for a balance between the size of the approach and
the possibility of complete removal of the tumor. We, like
many authors (2, 6, 10, 17, 18), believe that minimally invasive
neurosurgery should primarily be minimally invasive only to
neural structures and that tumor resection has to be safe with
minimal to no damage to the normal surrounding tissues. The
microsurgical technique described for extramedullary tumors
emphasizes piece meal tumor removal and starting the initial
dissection far from the neural tissue where possible. This in

Frontiers in Surgery | www.frontiersin.org

45

April 2022 | Volume 9 | Article 892470


https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Djumanov et al.

Improved Spinal Tumor Surgical Techniques

TABLE 2 | Results of surgical treatment of extramedullary tumors.

Nurick score Advanced (new) method %

Traditional method % p-value

Grade 1 21 28.4 17 1.6 x2=8.7,p=0.03
Grade 2 23 31.1 a7 32.3

Grade 3 22 29.7 64 43.8

Grade 4 8 10.8 18 12.3

Total 74 100 146 100

TABLE 3 | Results of surgical treatment of intramedullary tumors.

Nurick scale Advanced (New) method % Traditional method % p-value
Grade 1 9 24.3 3 13.0 x2=59,p=0.15
Grade 2 15 40.5 5 21.7

Grade 3 9 24.3 8 34.8

Grade 4 10.8 7 30.4

Total 37 100 23 100

theory reduces the trauma on the neural tissue and allows for
clear identification of the tumor, texture and location by the time
the neural elements are encountered. This method was superior
to traditional tumor removal techniques p < 0.05.

Thus, numerous studies (3, 10, 19) have shown that the use of
modern operating technologies can avoid instability of the spine,
reduce the surgical wound size and infectious complications, the
intensity of post-operative pain, the volume of intraoperative
blood loss, and the frequency of recurrence of tumor growth.

Syringomyelia associated with intramedullary tumors results
from intramedullary tissue damage secondary to hemorrhage
or infarction, and resulting from direct secretory ability of
intramedullary tumor (20). Some authors consider the presence
of a syrinx a favorable prognostic sign because they are
commonly associated with non-infiltrative tumors with distinct
cleavage planes than more diffuse, infiltrative tumors (21).
Whether or not it should be drained remains the question. Some
authors have concluded that the syringes resolve spontaneously,
we believe the continued pressure on the spinal cord from
the syrinx and the fluid collection in the resection cavity
can impair the microcirculation and delay recovery in some
cases. Other intramedullary cysts like arachnoid cysts have been
managed with fenestration with good results (22). Insertion of a
syringosubarachnoid shunt as described in the improved method
was associated with improved neurological outcome (Nurrick 1
and 2). However, there was no statistically significant difference
in overall outcomes.

Tumor resection has to be safe with minimal to no damage
to the normal surrounding tissues (13). The microsurgical
technique described for extramedullary tumors emphasizes piece
meal tumor removal and starting the initial dissection far from
the neural tissue where possible. This in theory reduces the
trauma on the neural tissue and allows for clear identification of
the tumor, texture and location by the time the neural elements
are encountered. This method was superior to traditional tumor
removal techniques p < 0.05.

The limitations of the study includes: low number of patients
as this would have affected the significance of our results. We
also believe a more comprehensive randomized study would
be more informative on the validity of the new improved
techniques. The patients’ comparisons were not corrected for
tumor type and or age but just the procedure performed. This
would be very helpful for future to improve the validity of
the results.

CONCLUSION

Spinal tumors are associated with a high postoperative
morbidity. Choosing the optimal surgical approach requires
adequate preoperative assessment taking into account multiple
patient and tumor factors. We recommend the use of the
newer modified techniques described for extramedullary and
intramedullary tumors. These procedures were associated
with improved postoperative outcome (Nurick 1 and 2)
ie, 59.5 and 64.8% for extramedullary and intramedullary
tumors, respectively.
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Introduction: Cisternostomy is emerging as a novel surgical technique in the setting of
severe brain trauma. Different surgical techniques have been proposed with a variable
degree of epidural bone work. We present here the surgical technique as it is currently
performed in our Institution.

Methods: Anatomical dissection of one adult cadaveric head, injected and non-formalin
fixed was perfomed. A large right fronto-temporo-parietal craniotomy was accomplished.
Extradural sphenoidal drilling till opening of the superior orbital fissure was performed.
The microsurgical anatomy of basal cisternostomy was then explored.

Results: A step by step description of the surgical technique, enriched with cadaveric
and intraoperative images, was made.

Conclusion: Basal cisternostomy is a promising surgical technique that does not
necessarily include complex surgical maneuvers. Trained neurosurgeon can safely
implement it in their clinical practice.

Keywords: severe brain trauma, decompressive craniectomy (DC), skull base, cisternostomy, cadaveric dissection

INTRODUCTION

Severe traumatic brain injury (TBI) is a life-threatening condition which is associated with
substantial morbidity and mortality (1). The pathogenesis of TBI includes a primary injury
related to a physical injury to the brain and a delayed secondary injury caused by the
subsequent molecular, chemical and inflammatory cascades that can result in brain oedema,
ischemia and intracranial hypertension. Cisternostomy is a novel surgical technique that has
been proposed to prevent the development of secondary brain injury and treat associated
increase in intracranial pressure (2, 3). A previous clinical study of our group (4) has showed
that adjuvant cisternostomy is associated with an improved outcome (both at early and long
term), improved brain oxygenation, better control of ICP and shorter ICU stay when compared
to standard decompressive craniectomy (DC). A recent randomized trial by Chandra et al. (5)
has also confirmed the benefit of cisternostomy in terms of outcome and ICP control when
compared to standard DC. However, discordances exist between the different authors
concerning the surgical technique (6). The aim of this study is to illustrate in details the
surgical technique employed in our Institution with the support of cadaveric dissection and
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intraoperative surgical images in order to guide neurosurgeons
interested in implementing this promising technique in their
clinical practice.

METHODS

Surgical Case Series

The following described surgical technique has been employed in a
standardized manner in a previously published retrospective
surgical series of 18 patients treated with adjuvant cisternostomy
(AC group) that were compared to 22 patients that underwent
decompressive craniectomy (DC group) in case of severe brain
trauma (4). The AC group included 13 patients that were
surgically treated as primary procedure (patients presenting a
unilateral mass effect lesion) and 5 patients that were treated as
secondary procedure (refractory intracranial hypertension despite
medical therapy). The DC group included 11 patients that
treated as primary procedure and 11 patients treated as
secondary procedure. The surgical procedure of the AC group
included cisternostomy as an adjunct procedure to standard DC.
AC was associated with significant shorter duration of
mechanical ventilation and ICU stay, as well as better Glasgow
coma scale at discharge. The outcome difference was particularly
relevant when AC was performed as primary procedure. Patients
in the AC group also had significant lower average post-surgical
ICP values, higher PbO2 values and required less osmotic
treatments as compared with those treated with DC alone.

Cadaveric Dissections

The anatomical dissections were performed at the
neuroanatomy laboratory of the Lausanne University Hospital,
Switzerland. The surgical anatomy of cisternostomy was
described using 1 adult cadaveric head injected with colored
latex, non formalin-fixed. The procedure was performed with
standard microsurgical instruments, high-speed drill (Midas
Rex; Medtronic, Minneapolis, MN, USA) and a surgical
microscope (Leica Camera AG, Wetzler, Germany). The
operative video was recorded using a 2D/4K camera (Karl
Storz GmbH, KG, Tuttlingen, Germany) connected to the
microscope. The head was fixed with a three-pins Mayfield
clamp, contra laterally turned to 60 for the soft tissues
dissection and craniotomy. The contralateral turn was then
changed to 30 in order to perform the sphenoidal drilling and
the cisternostomy. The microscope was used to perform the
sphenoidal drilling, to open the basal cisterns and to place the
cisternal drain. Each step of the surgical technique is described in
details. Tips and tricks of each step according to the experience
of our group are also presented, with accompanying cadaveric
dissections and intraoperative illustrative pictures. A video
illustrating in details the cadaveric dissection is also added (video 1).

SURGICAL TECHNIQUE

Positioning
The patient is placed in the supine position with 30 degrees of
head elevation to decrease the intracranial pressure. The head,
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fixed in a skull-clap system, is contralaterally turned of
60 degree and extended in order to have the malar eminence
as highest point of the specimen. During surgery the absence of
jugular stenosis on both sides should be verified. This
contralateral turn will facilitate the first part of surgery that
approximates that of a standard trauma-flap procedure. It is
important to verify that the patient is adequately secured onto
the table to enable table tilt to obtain 30 degree of head turn in
order to facilitate the sphenoidal drilling and the cisternal opening.

Skin Incision and Soft Tissue dissection

A frontotemporal skin incision is performed in order to give
access to frontal, parietal bone and temporal bones including
the anterolateral skull base. The incision often goes beyond
the midline to obtain a basal craniotomy. The inferior limit of
this skin incision should be at the level of the zygoma and vey
next to the tragus in order to avoid injury to the branches of
the facial nerve. A monolayer myocutaneous flap is elevated
through subperiosteal dissection. The muscle bulk is reflected
anterolaterally and kept retracted with multiple small hooks.
The dissection should proceed till identification of the orbital
rim, supraorbital nerve and possibly the root of the zygoma
inferiorly that will give a precise idea of the position of the
middle fossa floor (Figure 1A).

Craniotomy

Multiple burr holes are performed: one at the level of the key-
hole, one anterior and one posterior to the coronal suture,
paying attention to be at least 2cm far away from the
midline, one at the level of the parietal bone, one at the level
of the squamous part of the temporal bone just superior to
the root of the zygoma. A large craniotomy (15X 12 cm in
diameters) is obtained with the aid of a craniotome
(Figure 1B). The craniotomy should be basal and the surgeon
must pay attention to avoid entering the orbit. The supraorbital
nerve can be considered as a good anatomical landmark to help
surgeon to design a craniotomy that would allow a lateral
subfrontal access. The bone flap is elevated and epidural
bleeding is controlled using multiple dural tenting sutures.

Epidural Drilling

The surgical table is then modified in order to have the head
turned of 30 degree to facilitate anatomical orientation for the
sphenoidal drilling and the intradural phase. Considering the
clinical contest of raised intracranial hypertension it is
important to focus first on the last part of remaining
squamous part of the temporal bone and the greater sphenoid
wing. It is very important to obtain a craniotomy that is flush
with the middle fossa. This will enable to relieve the pressure
on the temporal lobe. The temporal dura and frontal dura
are then gently dissected from the skull base avoiding
unintentional pressure onto the brain. The second step of this
epidural drilling is now to shave the orbital roof in order to
enable the surgeon to obtain a trajectory that is parallel to the
skull base thus reducing frontal lobe manipulation. The third
steps consists of drilling the sphenoidal bone till exposure of
the meningo-orbital band and opening of the SOF (Figure 1C,D).
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FIGURE 1 | (A) Cadaveric dissection obtained after the elevation of soft tissues. The temporal muscle is retracted anteriorly with multiple hooks. The coronal suture is
seen as well as the fontal, parietal, the squamous part of the temporal bones, the key hole and the orbital rim (red arrow). Please note the position of the midline (red
asterisk) and the root of the zygoma (yellow arrow) that can be easily palpated in order to perform a craniotomy that is flush with the middle fossa. Note that the soft
tissues are dissected till obtaining a visualization of the supra-orbital nerve and the orbital rim (red arrow).This is an essential step to perform a basal craniotomy that
will enable the subsequent intradural elevation of the frontal lobe. Please note the position of the frontal and parietal burr holes that should be at a proper distance from
the midline (approximately 2 cm) to avoid the risk of injury to the superior sagittal sinus. The key hole has an antero-superior location with respect to the pterion and
should avoid transgression of the orbit with an appropriate direction of the perforator that should point in a posterior direction. (B) The obtained craniotomy allows an
adequate fronto-basal access that would be increased by the epidural sphenoid drilling. The remaining part of the greater wing of the temporal bone is also drilled in
order to expose the middle fossa floor and rapidly provide temporal lobe decompression. (C,D) Epidural sphenoidal drilling is accomplished by flattening the skull base
to obtain a lateral subfrontal access (according to the direction of the yellow arrows) and continued till the opening of the superior orbital fissure (red arrow). The
meningo-orbital band is identified (black asterisk); this is a dural band that tethers the frontotemporal dura to the orbit and is attached to the lateral part of the
superior orbital fissure. The epidural drilling is usually stopped at this point. (E) A basal durotomy is performed and this small dural flap is antero-laterally retracted
to increase the skull base view. (F) If the bone flap is replaced, care should be taken to ensure that the subcutaneously tunneled cisternal drain is not kinked

(yellow arrow).

Dural Opening

A small semicircular opening of the dura is perfomed staying
close to the basal part of the craniotomy (Figure 1E). Dural
tack-up sutures are applied in order to avoid an epidural
bleeding that can perturb the intradural phase. The dura over
the convexity can be opened in a later stage if needed (i.e.,
evacuation of an hematoma, removal of cerebral contusions)
after the accomplishment of cisternostomy.

Opening of the Basal Cisterns and Lamina
Terminalis

The first step is represented by obtaining a correct orientation of
the operative microscope that allows a surgical view parallel to
the skull base. To achieve a lateral subfrontal approach, a
certain amount of frontal lobe manipulation is required. As a
general rule the light of the operative microscope should be

directed half on the brain and half on the skull base. The
frontal lobe elevation should be performed very gently,
cottonoids can be employed to protect the brain and to dry
the surgical field in case of profuse intraoperative venous
bleeding. It is also important to be careful with the distal part
of the surgical intruments that can produce also iatrogenic
contusions of the frontal lobe. Eventual component of
hematoma that is on the way to the cisterns can be aspirated
to reduce the intracranial pressure and facilitate the procedure.
The olfactory nerve will inevitably cross the optic nerve; this is
a very useful landmark to precisely localize the optic nerve and
the internal carotid artery. The first cistern to be addressed is
the optico-carotid cistern. Once the optico-carotid cistern has
been opened the microscope should be oriented in a more
antero-posterior direction in order to expose and open the
Liliequist's membrane (2A). The Liliequist’s membrane is
usually composed by two leaves: the diencephalic and the
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FIGURE 2 | (A) This figure shows the view obtained after the opening of the optico-carotid cistern with optic nerve (ON), internal carotid artery (ICA) and Liliequist’s
membrane (black asterisk). (B) The optic nerve (ON) and the diencephalic leaf of the Liliequist’s membrane (black asterisk) are seen. (C) The diencephalic leaf is
opened enabling the exposure of the mesencephalic leaf (black asterisk). (D) The dorsum sellae (red arrow) becomes clearly visible (E) Both optic nerves and the
lamina terminalis (red asterisk) are visible in this picture. (F) Note the position of the catheter which is placed in between the optic nerve (ON) and the internal
carotid artery (ICA) passing through Liliequist's membrane (black asterisk) into the prepontine cistern.

mesencephalic one (Figure 2B-E). The homolateral optic nerve
should be followed posteriorly onto the chiasm and optic tract
to identify and open the lamina terminalis (Figure 2E). A gentle
mobilization of the homolateral Al segment is in general
required to perform this last task.

Cisternal Drain Positioning

A standard EVD drain is first subcutaneously tunneled and then
the drain is inserted under the microscope at the level of the
optico-carotid cistern possibly reaching the prepontine cistern.
The position of the drain (the distal end) is verified under the
microscope (Figure 2F). It is important to verify that it is
effectively placed inferior to the level of the dorsum sellae,
which would reduce drain displacement. As soon as the drain
is correctly positioned the proximal part of the catheter need
to be stitched to the skin to avoid inadvertent drain
displacement. The bone flap can be replaced in case of a lax
brain obtained at the end of the procedure also in accordance
with Institutional Protocol (Figure 1F).

Post-Operative Course

A postoperative CT scan is usually performed the day after
surgery. We usually set the drainage in order to obtain around
5-10 cc of CSF per hour for 5-7 days after the surgical
procedure. The amount of drainage can be adapted also
according to the post-operative values of ICP. The amount of
CSF drainage is gradually decreased and the cisternal drain is
removed usually 7 days after surgery.

DISCUSSION

Cisternostomy represents a novel surgical strategy to treat severe
TBI. There are now several publications that show encouraging
results for cisternostomy over traditional methods of treatment
for sTBI (4, 5, 7). Different surgical techniques have been
described in the literature some including an extradural
anterior clinoidectomy (and posterior clinoidectomy in some
cases) (8) and other less aggressive ones (4, 5). However, there
has an undue emphasis given to the complexity of the surgical
approach which has generated resistance to this technique
within the neurosurgical community, that is essentially
undeserved (9). Therefore it is essential that this surgical
technique is demystified. Based on the experience of our
previously published surgical series we aimed to illustrate in
details the surgical technique that is commonly used in our
Institution. As presented in the cadaveric dissection and the
illustrative intraoperative images, the first part of the surgery
consists of a “trauma flap” in order to perform a fronto-
temporo-parietal craniotomy/craniectomy that is extended till
the middle fossa floor to ensure temporal lobe bony
decompression (10). As illustrated in the figures and videos
we routinely stop the extradural drilling at the level of the
superior orbital fissure. In our experience performing an
extradural anterior clinoidectomy is usually not necessary as
also reported by other authors (7). The surgical technique of
performing an extradural anterior clinoidectomy (EAC)
demands specific technical skills, takes a certain amount of
time that makes it poorly suitable in a context of urgent
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surgery and moreover can lead to well described complications
in terms of vascular injury, thermic injury to the optic nerve,
third nerve palsy and CSF leak (11). A proper basal
craniotomy and a rapid extradural sphenoidal drilling till the
superior orbital fissure can be rapidly accomplished with an
acceptable extra-time of approximately 15-20 min when
compared to a standard trauma flap. This slight increase in
terms of amount of time has been found also by Chandra
et al. (5). It is to be specified that this increased time includes
the extradural sphenoidal drilling and the intradural phase of
cisternal opening and positioning of the cisternal drain. An
enough basal craniotomy, in general allows (12) access to the
optico-carotid cistern, following the opening of which, the
brain becomes much less tense and allows to complete the rest
of the procedure. However, access to the cisterns is more
challenging in case of a secondary surgical procedure (patients
with refractory intracranial hypertension despite maximal
medical therapy), and these cases may require increased
surgical expertise and extradural work. The durotomy is also a
critical step while dealing with surgeries for intracranial
hypertension. Large durotomies will result in brain herniation
with potential venous kinking and lacerations of the cortex on
the bone edge and secondary brain injury leading to further
brain swelling (13-15). To avoid these issues and to render
possible an early access to the cisterns, it is mandatory to start
with a very basal durotomy in proximity to the optico-carotid
cistern. This small durotomy will avoid brain herniation and
would leave the vast majority of the frontal lobe covered by
the dura thus reducing iatrogenic contusions. If indicated, this
small basal durotomy can be enlarged to access other lesions
placed more posteriorly like hematomas or contusions. The
opening of the Liliequist’s membrane allows a communication
between the supratentorial and infratentorial basal cisterns.
The anatomy of this membrane could be variable as nicely
illustrated by Froelich et al. (16). Essentially three main
configurations can be identified: one with a single membrane
that starts from the arachnoid covering the dorsum sellae and
ends between the infundibulum and mammillary bodies, one
with a diencephalic leaf and a mesencephalic leaf that run in a
separate course and the last one with a single membrane in
the anterior part separating in two leaves in the posterior part.
The dissection is then continued with the opening of the
lamina terminalis that is part of our surgical technique and
represents a modification of the initial technique as described
by Cherian et al. (8). We believe that this surgical maneuver is
important because it allows to drain both the ventricular and
cisternal CSF thus resulting in a more efficient drainage,
approximately a mean of 200 mL/day, as presented in our
previous  study. Moreover clinical experience from
subarachnoid hemorrhage has showed that the fenestration of
both lamina terminalis and Liliequist’s membrane is associated
with a statistically significant reduction of shunt dependent
hydrocephalus, probably because this maneuver relieve
obstruction to CSF flow creating an alternative flow pathway
(17). The final step of the procedure is represented by the
positioning of a standard EVD catheter into the cisternal
compartment under microscopic view. We introduce the drain
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into the optico-carotid cistern and then gently advance it
towards the prepontine cistern. The decision to leave out or
replace the craniotomy bone flap is open to interesting
reflections. Although promising results have been published
with cisternostomy as a stand-alone treatment (3, 5, 7),
uncertainties are still present given the limited published
clinical experience. A reasonable way to proceed would be not
to replace the bone flap if the brain does not achieve a
complete relaxation after cisternostomy or in case of
borderline situations. This should also be done in accordance
with Insitutional Protocols. In case of primary procedure, after
the evacuation of a mass effect lesion (acute subdural
hematoma) the decision whether to replace the bone flap or
not is actually based on clinical and intraoperative parameters
(18) and still subject to uncertainties that will be possibly
clarified by the awaited results of the RESCUE-ASDH trial.
The potential advantages of replacing the bone flap at the
primary surgery avoids a future cranioplasty that have been
reported to be associated with complications like infections,
reoperations, extra-axial fluid collection, bone flap resorption
and, scalp necrosis (19). In cases of surgery where
cisternostomy is performed as a secondary procedure, the
bone flap replacement is not always possible due to a more
severe brain oedema in these patients. Results of all surgical
therapies in this group are suboptimal. This is possibly a
reflection of the severity of the trauma and a possible delay in
treatment. Further clinical studies need to be done to critically
evaluate the true benefits of maximal medical therapy and
essentially determine the ideal timing of surgery.

CONCLUSION

Cisternostomy represents a promising surgical technique in the
setting of severe brain trauma. We present here a step-by-step
description of the surgical anatomy along with cadaveric
dissection to illustrate this technique. EAC and other complex
surgical maneuvers are not usually required. The surgical
procedure can be safely achieved in the majority of cases by
surgeons who have had a basic neurosurgical training.
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Effective intraoperative image navigation techniques are necessary in modern
neurosurgery. In the last decade, intraoperative ultrasonography (iUS), a relatively
inexpensive procedure, has gained widespread acceptance.

Aim: To document and describe the neurosurgery cases, in which iUS has been
employed as the primary navigational tool. This includes a discussion of the advantages
that iUS may possess relative to other forms of neuronavigation.

Conclusion: The application of iUS as an intraoperative navigation tool during
neurosurgery holds great potential as it has been shown, relative to other neuronavigation
techniques, to be quick, repeatable, and able to provide real-time results.

Keywords: ultrasonography, navigation, neurosurgery, epilepsy, glioma

INTRODUCTION

The ideal intraoperative navigational modality for neurosurgeons is the one that is accurate, user-
friendly, and most of all cost-efficient (1-4). Over the last two decades, the most reliable and
frequently used intraoperative navigational tools include intraoperative computed tomography
(iCT) and intraoperative magnetic resonance imaging (iMRI), with the latter being deemed
the “golden standard” (5-7). Despite the effectiveness of the aforesaid intraoperative tools,
neurosurgeons still face challenges in the acquisition and use of iCT and iMRI. These challenges
include the following: (1) Enormous costs in the acquisition of these tools, especially in low-
budget neurosurgical centers and developing countries; (2) Heavy dependence on acquired pre-
operative images; (3) At every stage of the procedure; post craniotomy, dural opening, tumor
debulking, and resection, the element of brain shift results in varying degrees of loss of accuracy;
(4) Inherent lack of soft-tissue resolution and the associated radiation exposure like in the case
of iCT. To circumvent these hurdles, more innovative, convenient, and novel generation modes
of Intraoperative sonography or ultrasound (iUS) systems have been developed. The iUS is
comparatively inexpensive, easy to use, and requires less intraoperative preparation. The two-
dimensional (2D) greyscale and three-dimensional (3D) iUS provide real-time, clear, and well-
correlated images, which are easily interpreted by the neurosurgeon. Additionally, the ease and
flexibility it provides the user make it possible to counter-check the location of the lesion at any
stage of the surgery without prolonged workflow stoppages (8). This, therefore, solves the element
of brain shift. The iUS does not require pre-existing images before surgery. However, there is
a necessity to save the initial image scanned to serve as a baseline check during the surgery.
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TABLE 1 | Survey on the applicability of IUS in neurosurgery as a neuronavigation tool.

Participants (41) Country (15)

Russia (20), Spain (5), Zambia (3), India (2), Algeria (1), Costarica (1),
France (1), Greece (1), Iraq ( 1), Kyrgystan (1), Nepal (1),
Uzbekistan (1), Ethiopia (1), Mongolia (1), Palestine (1)

Questions Yes No

ST NIDK G B VI NTL F X 1lus CT Mri N Fmri Non

Q1. Familiar with neuro-Imaging tools

Q2. Neuron Imaging tools are available in facilities

Q3. Do you use Intraoperative neuroimaging during brain tumor surgery 51.2 17.1
Q4. Have you experienced brain shift during tumor brain surgery* 415 19.5
Q5. Are you familiar with ultrasound intraoperative neuroimaging during 81.8 19.2
brain tumor surgery?

Q6. Dose the use of intraoperative ultra sound neuro imaging improve
tumor resection outcome?

Q7. How would you grade the use of intraoperative ultrasound
neuoimaging during brain tumor surgery?

Q8. How long dose did it take you to learn and apply usage of
intraoperative ultrasound?

Q9. How long dose it take to apply usage of intraoperative ultrasound
during a procedure?

Epilepsy surgery GTR
Q10. Do you manage patients with intractable epilepsy? 34.1
Q11. Do you use intraoperative neuroimaging during epilepsy surgery? 48.8 39
Q12. Have you used intraoperative ultrasound neuroimaging during 43.9 53.7
epilepsy surgery?

Q183. How would you grade the EOR with aid of intraoperative
ultrasound neuroimaging during epilepsy surgery?

732 4.9

31.7

41.5 68.3 73. 53.7 43.9 78 43.9
56.1 80.5 78 53.7 41.7 78 53

2.4
2.4
31.7
26.8 2.4 9.8
22
90.3 9.7

58.5 41.5

29.2 70.8
STR B NA
17.1
171

14.6

53.6 4.9 49 36.6

St, Sometimes; N, never; IDK, | don’t Know; G-Good; B, Bad; NVT, long time; VT, very long time; F, fluoroscopy ; X, X-ray; IUS, intra operative ultrasound; CT, computer temography;
EOR, extent of resection; GTR, Gross total resection; STR, subtotal resection; B, biopsy; NA, not attempted.
*Brain shift is the change of a brain lesion position from it’s original anatomically located point on MRI. All results are in percentages.

In this narrative, we reclaiming these findings by outlining
our center (Federal Center of Neurosurgery, Tyumen,
Russia) experience in the use of iUS during brain, spine,
vascular, and epilepsy surgery. We do this by highlighting
technical nuances and discussing, with illustrative cases,
the spectrum of applications and benefits. Finally, we
descriptively evaluate neurosurgeons experience in using
iUS as a neuronavigation tool.

METHODOLOGY

We took a retrospective approach for this investigation, and
it involved the extraction of data from a facility database on
neurosurgical procedures that were performed between 2015 and
December of 2021 at the Federal Center of Neurosurgery,
Tyumen Russia. The key criterion for inclusion in the
investigation was the documented intraoperative application of
iUS during elective surgery. The investigators reviewed a total
of 1,330 patient records, with documented brain and spinal
lesions. In addition, we also assessed neurosurgeon’s experience
with the use of intraoperative ultrasound as a neuroimaging

Abbreviations: iUS, intraoperative ultrasonography; iMRI, intraoperative
magnetic resonance imaging; iCT, intraoperative computed tomography; LMIC,
low-&-middle-income countries; MIC, middle-income countries; HIC, high-
income countries; CSE, cerebral spinal fluid; FCD, focal cortical dysplasia; AVM,
arteriovenous malformation; LGG, low grade glioma; HGG, high-grade gliomas.

through the application of an online survey tool the following
link: https://docs.google.com/forms/d/e/1FAIpQLSfqHcExcft3F
wcTKiKb2A0b5i828UhnoXelsmoXPDIdH6_g/viewform?usp=
sf_link (Table 1).

Equipment and Technical Modality
We employed a FlexFocus 800 iUS [BK Medical, Denmark for
three-dimensional (3D)] iUS neuro-navigation. We applied a
Linear-type and convex transducer (Figure 1B; high-frequency
Linear 8870), as well as a craniotomy sensor (Craniotomy 8862).
We use a frequency of 3.8-10 MHz, a contact surface of 29 x
10 mm. The iUS was done in coronal, sagittal, and axial planes.
Anatomically consistent reference points, as mentioned above,
were used for the localization of the lesions. The interpretation
of anatomical features on iUS was described by their respective
echogenicity reflections’ tissue consistency. We described spaces
that had no echogenicity, such as ventricles/ CSF spaces
as anechogenic. Hypoechoic features were defined in spaces
with less echogenicity, such as the brainstem. Isoechogenic
structures included the normal brain tissue (white matter)
and conversely hyperechoic in tissues with high enchogenicity,
such as in gliomas, calcifications, meningiomas, and vascular
anatomical structures, such as the choroid plexus (Figure 2).
Imaging characteristics on iUS were compared with pre-
and post-operative CT or MRI images available to assess
for concordance.
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FIGURE 2 | (A) MRI - flair axial view of Rt occipital lobe Focal cortical dysplasia (FCD) lesion-3. (B) Mirror iUS Axial view of Rt occipital lobe FCD lesion-3. Cerebral
spinal fluid (CSF) in ventricle occipital horn is “Hypoechoic” on iUS-1; “Hyperechoic” futures vascular stuctures, high grade tumors. Here, the choroid plexis is
hyperechoic-2. Falx- 4. Normal brain tissue on iUS is “isoechoic”-5. (C) Projection on the intraoperative Ultrasound Concordance of lesion location on MRI and iUS.
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resection of the lesion (F).

FIGURE 3 | (A) MRI - flair axial view of Lt parital lobe lesion- 1. (B) MRI — T2WI MRI coronal view of Lt parietal lobe lesion- 2. iUS depiction of low-grade lesion in axial.
(C,D) Saggital views Perilesional vascular structures can be visualized using Color Doppler function-Red arrow (A,E). Post-operative MRI showing gross total

RESULTS

Survey on the Applicability of iUS in
Neurosurgery as a Neuronavigation Tool

There are 41 neurosurgeons, 33 males, and eight females,
from 15 countries, 12 of whom were from low-and-middle-
income countries (LMIC), while three were from middle-income
(MIC) and high-income countries (HIC). Regarding years of
experience, 73.8% had, at most, 5 years of working experience
as neurosurgeons, being relatively junior residents, while 26.2%
had at least 6 years of working experience, being individuals at
the registrar to consultant professor level.

iUS-Navigated Neurosurgical Cases
All the surgeries were performed by Professor Albert
Sufianov at the Federal Center of Neurosurgery, Tyumen,

Russia, with the assistance of the same surgical team.

Intraoperative  ultrasonography  was  performed  after
the craniotomy, both before and after opening the
dura mater.

Supratentorial Low-Grade Glioma

Low-grade subcortical gliomas can be difficult to locate after
the dura mater has been opened. However, as shown in
Figure 3, LGG are readily identified, and their margins are
well-defined by intraoperative ultrasound regardless of pre-
operative imaging patterns. This enhances intraoperative lesion
delineation and the extent of resection. Features of lesion-
vascular interactions and landscape can be also demonstrated
while localizing lesions, a vital component for undesirable
hemorrhage avoidance.
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FIGURE 4 | Post Contrast MRI T1WI Sagittal and Coronal sections suggestive of high-grade thalamic glioma (HGG) with cystic central cystic component (A). Brain
lab navigation system depicting trajectory to the lesion (D,E). iUS Axil section depicting thalamic hyperechoic lesion (B). Post-resection iUS Sagital section depicting
wall of the cavity after complete resection (F). MRI in concordance with ius showing gross total resection of the HGG (C).

Deep High-Grade Gliomas

One of the key challenges during the surgical treatment of
high-grade gliomas is the achievement of the optimum balance
between maximizing the resection of the lesion and minimizing
the effect on healthy tissue (and any potential neurological
impairment). It is in this regard that iUS demonstrates one of its
key strengths in being able to provide real-time information on
the lesion’s location and boundaries. On iUS, they demonstrate
varying levels of echoicity and are normally heterogenic. Despite
being able to detect deep HGGs, intraoperative evaluation
of the extent of resection of deep high-grade gliomas may
be challenging when in B-mode iUS. This is because both
malignant tumor tissue and peritumoral edema are hyperechoic
(Figure 4F). This poses a notable disadvantage compared to
iMRI. It is for this reason that we still advocate for early post-
operative MRI images and clinical (at 3 and 6 months, then once
a year) follow-up to rule out a residual tumor.

Intraventricular Lesions

In Figures 5, 6, we illustrate two cases of lateral and fourth
ventricular lesions resected with iUS guidance along with Bain
lab neuronavigation. As illustrated, iUS can be used to highlight
even deep-seated brain lesions, to show their relationships with
surrounding neural and vascular structures, and to provide
real-time and dynamic imaging. As in the previously described
cases, the probe is placed over the dura to acquire standard
B-mode imaging scans. The lesion is identified on the two
axes and is measured. The iUS with brain lab integration,
gives greater details of the dimensions of the lesion, about the
normal cortical structure during each stage of the procedure, and,
therefore, abetting the element of brain shift (Figures 5C-E).
Even within narrow and deep corridors to the fourth ventricle,
lesion dimensions can be captured on the coronal and sagittal
axis. Intricate lesion-anatomical structure interrelations of the
fourth ventricle can be clearly defined (Figures 6, 7).
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complete resection of the lesion.

FIGURE 5 | MRI T2 WI Axial parietal- intraventricular cystic lesion (A). Heterogeneous enhancing on T1WI-C as depicted on its coronal section (B). The lesion
boundaries are depicted in orange on (C-E), illustrating “Brain shift.” Lesion in close proximity with the cortical spinal tracts. Plain axial post-operative TIWI depicting

Vascular Lesions

Arteriovenous Malformation

The iUS can be used to visualize a range of vascular
abnormalities, including arteriovenous malformations (AVM).
We illustrate our experience in a case of a 17-year-old female who
presented with seizures and worsening headaches. Preliminary
CT and MRI were suggestive of a 4-cm left occipital AVM
(Spetzer Martin Grade 3). The iUS’s Doppler mode allows for
the precise imaging of arterial feeders and venous drainage. This
mode is extremely valuable in AVM surgery because it depicts
vascular flow in real-time. Locating the main arteries and veins
of a tumor, as well as the patency of the venous sinuses and proof
of the tumor’s vascularity, aids in safe removal (Figure 8).

Spinal Lesions
The iUS is fairly useful for determining the level and localizing
the lesion during spine surgery. We have had remarkable success

using iUS for both extramedullary and intramedullary lesions,
such as neurofibromas, ependymomas, and astrocytomas, in both
extramedullary and intramedullary settings. The iUS can be used
to safely aid and remove tumor successfully through the surgery,
without disturbing the flow of surgery. The iUS made it easier
to confirm tumor location and extension, plan myelotomy, and
estimate the extent of the lesion (Figure 9).

Epilepsy Neurosurgery

One of the most common causes of drug intractable epilepsy
is focal cortical dysplasia (FCD). In epilepsy surgery,
considering that normal and dysplastic brain tissues are often
indistinguishable, we have utilized iUS to localize epileptogenic
lesions and, thereby, improve surgical outcomes. Cortical
characteristics demonstrated perfect concordance between iUS
(thickness and hyper-echoic of cortex, subcortical white matter)
and MRI T2-weighted/FLAIR images (hyperintense cortical and
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FIGURE 6 | T1WI in sagittal and axial sections depicting 4th ventricular lesion (A,B). Probe is placed over the dura to acquire standard B-mode imaging scans via a
sub occipital approach. The lesion is depicted as hyperechoic incaved between cerebellar tonsils (C,1). The trajectory to the lesion is also depicted (C,2).

e //

7

subcortical changes), especially in Focal cortical type II. The
lesion margins on IUS pictures are even clearer than on MRI
images. As a result, we believe that iUS is a valuable tool for
epilepsy surgery (Figure 10).

DISCUSSION

As a neuro-navigation modality, iUS navigation in neurosurgery
requires a review in terms of utility and user-friendliness,
assisting resection extent, and financial burden in terms of
purchasing it in neurosurgical centers. The survey conducted
suggested there appears to be widespread global availability and
familiarity with iUS. Additionally, the general opinion appears
to be that the application of iUS during neurosurgery provides
relatively quick and accurate information on lesion location and
boundaries without negatively affecting intraoperative workflow.
The investigators have observed that the introduction of high-
resolution iUS during neurosurgery at the study site has
provided a relatively convenient and user-friendly modality for

intraoperative identification, localization, and characterization of
neurosurgical lesions.

Relative to other modes of intraoperative neuronavigation
such as MRI and CT-scan, some of the key features and
potential advantages of iUS that the investigators have
noted include:

e Provision of  real-time information on lesion
location and extent even in the face of “brain
shift’;  This  maximizes lesion  resection  while
minimizing the negative effects on surrounding
healthy tissue.

e Significant reduction in surgical time. A time duration
evaluation use of intraoperative MRI was evaluated in a
study conducted by Sacino et al. Their study observed that
they had an operative time range of 1.5-3h of additional
surgery as a result of the technicalities of performing iMRI.
The preparation and transportation of the patient to the
MRI cabinet, conducting the MRI, and returning to the
operation room were major factors that contributed to
additional operative time. Additionally, when back in the

Frontiers in Surgery | www.frontiersin.org

60

May 2022 | Volume 9 | Article 900986


https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Simfukwe et al.

Intraoperative Ultrasound Neuronavigation

FIGURE 7 | Post-operative intraoperative ultrasound images in sagittal and axial view showing total resection of the lesion (A,C) in concordance with postoperative

MRI -TIWI in sagittal and axial views (B,D).

theater, re-sterilization, and re-gowning of the patient, nurses,
and surgeon compounded into the time factor (7). This was in
sharp contrast to our experience in which using iUS did not
influence the operational flow. The approximate time taken
for each IUS navigation screening session was as follows: (1)
prior to dura opening-—1-2 min; (2) after dura opening, lesion
localization and delineation are 1-2 min. Control for residual
lesion post-resection is 1-2 min.

o Cost-effectiveness

about  acquisition, running, and
maintenance of iUS apparatus - It is important to appreciate
that the prohibitively high costs associated with CT- and
MRI-based neuronavigation techniques limit their availability
and use in LMICs (9).

Non-invasive nature and associated safety for both patient
and neurosurgeon.

e Intraoperative repeatability.
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FIGURE 8 | (A) Pre-operative MRI depicting an occipital arteriovenous-malformation (AVM). (B) Intraoperative ultrasound integrated with brain lab system clearly
identifying the AVM. (C) Doppler mode.

FIGURE 9 | Preoperative MRI T2WI sagittal and axial view depicting an extradural L2-3 lesion (A,C) yellow. In concordance, IUS depicting the lesion-location with
spinal cord boundary (B,D). Post-operative IUS Clearly shows total resection (E). Intraoperative images, prior and post-resection (F,G).

Unfortunately, as is the case with any technique applied in many  that the rate at which different surgeons will acquire the skill
fields, iUS has some disadvantages, key of which is the steep  to effectively employ iUS is largely a function of their years of
learning curve. However, the investigators are of the opinion  surgical experience (2, 9).
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FIGURE 10 | Pre-operative Hyperintence axil MRI FLAIR rt FCD type llb (A,1) in concordance with pre-resection intraoperative hyper echoic cortical and subcortical
IUS features (C,2). Post-operative coronal T2WI (B) and intraoperative post-resection IUS showing complete resection of the lesion (D).

CONCLUSION

The application of iUS in neurosurgical practice will continue to
evolve in the face of improvements in surgical techniques, as well
as new and improved technologies.
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Endoscopic extended transnasal approaches to the apex of the temporal bone pyramid
are rapidly developing and are widely used in our time around the world. Despite this, the
problem of choosing an approach remains relevant and open not only between
the “open” and “endoscopic transnasal” access groups but also within the latter. In
the article, we systematized all endoscopic approaches to the pyramid of the temporal
bone and divided them into three large groups: medial, inferior, and superior—in
accordance with the anatomical relationship with the internal carotid artery—and also
presented their various, modern (later described), modifications that allow you to work
more targeted, depending on the nature of the neoplasm and the goals of surgical
intervention, which in turn allows you to complete the operation with minimal losses,
and improve the quality of life of the patient in the early and late postoperative period.
We described the indications and limitations for these accesses and the problems that
arise in the way of their implementation, which in turn can theoretically allow us to
obtain an algorithm for choosing access, as well as identify growth points.

Keywords: petrous apex, approach, transnasal, endoscope, temporal bone

INTRODUCTION

Pathology, localized in the area of the apex of the pyramid, traditionally remains “difficult to
achieve” due to the neurovascular structures located around it. To date, the problem of
choosing an approach for pathology localized in this area remains open due to the fact that
none of them can be called “perfect.” A number of pathologies localized in the area of the apex
of the pyramid require radical (or close to it) removal with a minimal risk of complications,
which is very difficult to perform with a transcranial or transfacial approach. Often, when
performing these operations, the traumatism of the approach exceeds the traumatization during
the main stage; accordingly, tumors of the skull base of the median localization can be defined
as “extremely complex” and often inoperable (or difficult to operate) from standard transcranial
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approaches. In recent decades, endoscopic transnasal
approaches have become increasingly common in daily
practice, having a number of undeniable advantages. Still, to
date, indications, contraindications, and limitations for
endoscopic transnasal approaches have not yet been clearly
defined. The aim of the current study was to analyze the

current literature on this issue and systematize the data.

ENDOSCOPIC TRANSNASAL
APPROACHES TO THE APEX OF THE
PYRAMID

The choice of surgical approach is often determined by the
surgical task: drainage, partial removal (or biopsy), and total
removal. The relationship between the tumor and the ICA is
critical, and it is around this that the classification of transnasal
approaches is based (1). We divided the approaches into three
groups, according to the course of the ICA: medial, inferior, and
superior (Table 1). The latter is an approach directly to the
Meckel cavity, which is anatomically closely related to the upper
part of the pyramid apex and can be considered as separate
access because in some cases work in this area is required.

The most common types of extra- and intracranial pathology
in the area of the pyramid apex include cholesterol granuloma,
chondrosarcoma, apicitis, chordoma, meningioma, epidermoid
cyst, and schwannoma. From the above list, we can conclude
that these pathologies require the setting of completely
different surgical tasks.

Medial Approach Group

Medial Approach

Initially, an extended sphenoidotomy with posterior septectomy
is performed. Anatomical landmarks within the sphenoid sinus
are determined: platform, sella turcica, clivus, optic nerve canal,

TABLE 1 | Endoscopic transnasal approaches to petrous apex.

medial and lateral optocarotid recess, canal of the internal
carotid artery, and lingual process of the sphenoid bone.
Depending on the degree of sinus pneumatization, navigation
equipment may be required (1, 2).

Then, work is carried out directly in the sinus itself, medial to
the internal carotid artery. Most often, we are talking about the
drainage of a cholesterol granuloma; thus, it is possible to create
a wide window for long-term drainage of the granuloma cavity.

Medial Approach with Transposition of ICA

It is used in the case when the expansion of the tumor is
minimal in the medial direction, and it is advisable to
lateralize the internal carotid artery by a few millimeters.
Extended sphenoidotomy and posterior septectomy are
routinely performed. In addition, a transpterygoid approach is
performed to identify the Vidian nerve, which is a key
anatomical landmark to the anterior genu of the ICA; then,
by drilling the nerve canal at the medial and lower edge, we
approach the second genu of the internal carotid artery (3).
Another important anatomical landmark for determining the
position of the ICA can be the pterygoclival ligament (4). A
vertical (paraclival) segment of the internal carotid artery is
drilled from the bone canal, which allows the artery to be
lateralized by a few millimeters and to obtain a wider
exposure to the top of the pyramid (1).

Contralateral Transmaxillary Corridor

It is a modernized medial approach (or addition to the
approach) to the apex of the pyramid using a more parallel
angle to the course of the internal carotid artery due to the
approach through the anterior wall of the contralateral
maxillary sinus, which in turn leads to minimization of
manipulations with the internal carotid artery and,
accordingly, a lower risk of damage (5). An extended
sphenoidotomy and a posterior septectomy are performed.
Then, maxillotomy is performed along Caldwell-Luc on the

Transnasal approach

Medial
Medial with ICA
transposition

Medial approaches group

It is used when the tumor expands medially to the ICA
Minimal medial tumor expansion or more posterolateral
locationDecompression of the internal carotid artery provides lateral

Short description References

)
)

displacement of the artery and creates a larger, several millimeters, medial

window
Contralateral
transaxillary corridor

Infrapetrosal approaches group Infrapetrosal

Providing greater access to the apex of the pyramid with less need for
manipulation of the ICA

The performance of the surgical task is not available through the sphenoid

sinus, it is used with a more lateral and lower location of the tumor. Requires
dissection of the auditory tube and foramen lacerum

Translacerum

Indicated alone for pathology limited to the lower part of the pyramidal

apex, especially in the area of the laceration, and in combination with other
approaches for more extensive lesions, the auditory tube is preserved

Inferomedial
approach

This is a combination of two approaches (medial and inferior petrosal),
which allows you to mobilize the ICA for work in the dorsolateral direction

and work intracranially

Suprapetrosal access to the Meckel cavity
(can be used as an addition to the above)
approaches
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A quadrangular space is created for access, bounded by the horizontal petrosal part of the ICA
below, the ascending vertical cavernous/paraclival ICA medially, the CN VI above (in the cavernous
sinus), and the maxillary trigeminal nerve (V2) laterally
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contralateral side (5). Maxillotomy expands to the maximum to
the zygomatic prominence and the wall of the maxillary sinus
laterally, to the exit point of the infraorbital nerve from above,
while maintaining the nasomaxillary protrusion medially and
without damaging the roots of the teeth from below. Then,
medial maxillectomy was performed, which gave a more
parallel course of the instruments relative to the petrosal part
of the internal carotid artery.

Inferior Approaches Group

Transpterygoid Infrapetrosal

It is used when the surgical task cannot be performed only through
the sphenoid sinus and the pathological formation is located below
and lateral to the anterior knee of the internal carotid artery. In
addition to extended sphenoidotomy, this requires a
transpterygoid approach, as well as dissection of the Eustachian
tube and lacerum foramen. Approach to the pterygopalatine fossa
is performed, the tissues of the pterygopalatine fossa are displaced
laterally to the rotundum foramen—the exit points of the second
branch of the trigeminal nerve, the nerve, and artery of the
pterygoid canal are crossed, and then by drilling along the medial
and lower edge of the Vidian canal, they exit to the second knee
of the internal carotid artery (3, 6). The base of the pterygoid
processes and the upper part of the medial and lateral pterygoid
plates are removed. The cartilaginous segment of the Eustachian
tube is resected. Dissection along the posterior edge of the lateral
pterygoid plate allows identification of the third branch of the
trigeminal nerve. The inferior surface of the petrous apex is
achieved by drilling the bone between the horizontal segment of
the internal carotid artery and the Eustachian tube, medial to the
third branch of the trigeminal nerve (1).

Translacerum

The lacerum foramen is formed by the incomplete fusion of the
three main bone structures that make up the central base of the
skull: the sphenoid bone, the petrous apex of the temporal bone,
and the clival part of the occipital bone (2). An extended
sphenoidotomy and a transpterygoid approach are performed
from the side of interest to us; the bone tissue around the
Vidian nerve is removed to the foramen lacerum. The medial
half of the base of the pterygoid process is further removed to
expose the upper part of the cartilaginous segment of the
auditory tube. The fibrous cartilage overlying the foramen
lacerum is cut (starting at the medial-inferior edge) toward
the top of the auditory tube, and the cartilage and fibrous
ligament inside the foramen lacerum are removed to expose
the anterior genu and the horizontal segment of the petrous
internal carotid artery (in live surgery for this Doppler must
be used). A triangular space is created between the lower part
of the petrous carotid artery and the Eustachian tube, through
which the lower part of the apex of the pyramid could be
approached. The subsequent removal in the region of the apex
of the pyramid is performed through the space thus created
between the lower edge of the horizontal segment of the
petrous part of the internal carotid artery and the upper edge
of the auditory tube (7).
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Inferomedial Approach

It is a combination of inferior and medial access and suitable for
resection of large tumors that grow into several anatomical
regions.

Suprapetrosal Approach (to the Meckel Cavity)

The most common pathologies in this location are invasive
adenoid cystic carcinomas, meningiomas, schwannomas, and
invasive pituitary adenomas. An extended sphenoidotomy
and a transpterygoid approach are performed to expose the
structures of the cavernous sinus. The bone structures covering
the cavernous sinus are removed. It is possible to enter
Meckel’s cavity through a quadrangular space bounded by the
horizontal petrous part of the ICA from below, the ascending
vertical cavernous/paraclival ICA medially, CN VI from above
(in the cavernous sinus), and the maxillary trigeminal nerve
(V2) from the side (Figures 1 and 2) (8). Opening of the DM
is performed in the medial-lateral direction—from the second
knee to V2. It is critical to remain below the level of the sixth
nerve through the Dorello canal just behind and above the apex
of the pyramid and the ICA, which cannot be damaged (9).

LIMITATIONS AND FUTURE
PERSPECTIVES

The variability in the spread of tumors to neighboring areas of
the skull base and their relationship with neighboring
neurovascular structures do not allow us to determine whether
one particular surgical approach is the best or the only option.
Here, it is critical to take into account the preoperative
histology and clearly understand the goals of the surgery in
order to achieve the best possible outcome (10). Endoscopic
transnasal approaches are more acceptable than open surgery
in some patients and have a number of clear advantages (11).
In relation to the foramen lacerum, surgically, the apex of the
pyramid of the temporal bone can be divided into two parts:
the medial apex of the pyramid (above) and the lower apex of
the pyramid (lower and lateral) (2). The medial approach is
ideal for long-term drainage of the granuloma, especially
when the granuloma grows medially with a well-pneumatized
sinus (1). Its advantages are relatively little traumatization of
the structures of the nasal cavity, the absence of the need to
compromise the integrity of the Vidian nerve and the absence
of the likelihood of palatal numbness after transection of the
descending palatine artery (12). In addition, if we are talking
about surgery for a cholesterol granuloma, draining it through
the nasal cavity and especially directly into the sphenoid sinus
is the most physiological. The abducens nerve, which is
the upper limit of the approach, is a limitation of its
implementation (2). For a greater work maneuver, a medial
approach with transposition of the ICA is used due to the
displacement of the artery laterally, which is advisable when
the tumor expansion is somewhat less in the medial direction.
Freeman et al. in their experimental work carried out
lateralization of the ICA wusing a self-retaining vascular
retractor and showed that the artery could potentially be
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FIGURE 1 | 1—internal carotid artery, 2—hypophysis, 3—clivus, 4 —oculomotor nerve, 5—abducens nerve, 6—ophthalmic nerve, 7—maxillary nerve.

FIGURE 2 | Relationship between the structures of the cavernous sinus and the Gasser node: 1—internal carotid artery, 2—oculomotor nerve, 3—trochlear nerve,
4—abducens nerve, 5—ophthalmic nerve, 6 —maxillary nerve, 7—Gasser node.
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displaced 4.75 mm laterally (the work was carried out only on
cadaveric material), which could potentially turn out to be
sufficient to complete the task; however, this manipulation is
associated with certain risks, both from the sinonasal part and
catastrophic bleeding from the ICA (13). It is necessary to be
very careful in choosing this approach since this approach as
a “monomethod” is not suitable for a strongly lateral or low
location of the tumor. One of the main limiting factors is the
pear-shaped aperture. As an alternative, and sometimes
addition to the above approaches, you can specify the
contralateral transmaxillary access. It is logical to assume that
the wider the window between the ICA and the meninges of
the posterior cranial fossa, the farther in the lateral direction it
is possible to work. The potential advantages of this approach
are the ability to preserve the Vidian nerve and the auditory
tube, take the nasoseptal flap from the ipsilateral side, and
avoid unnecessary manipulation of the ICA in four out of five
patients and, as a result reduce the risk of damage to it (5). If
necessary, it can be additionally used, and the transposition of
the ICA to increase approach. Also, it can be used instead of
bottom access. Potential complications of this approach are
known to all—oroantral fistula, damage to the branches of the
infraorbital nerve, hyperostosis, cheek abscess, dental
complications, and facial asymmetry. In some cases, especially
in very inferior and lateral lesions, a transpterygoid infrapetral
or an open lateral approach may be preferred (5).

Van Gompel et al. in their anatomical study showed that in
corpses without anatomical changes, the open approach to the
top of the pyramid achieved almost 50% more volumetric
resection than the endoscopic approach (14). In addition,
while the open approach completely affects the upper part of
the apex of the pyramid, the endoscopic approach occupies a
niche in the approach to lesions of the lower part of the apex
of the pyramid. The authors proposed to refer to the
endoscopic approach as “inferior anterior petrosectomy,”
which more clearly defines the role of each approach to the
entire apex of the pyramid of the temporal bone along the
lower surface of the entire petrous part of the ICA.
Comparing it with the medial approach, it can be accurately
noted that the restriction of work in the lateral direction is
removed here, namely, the limiting maneuver laterally, the
paraclival segment of the ICA. The approach is excellent for
surgical treatment of solid masses. For the treatment of cystic
diseases requiring long-term drainage of the cavity, the
outflow tract may be somewhat more difficult due to the
increased risks of scarring; the use of wide lumen stents can
help solve this problem (1). Potential disadvantages also
include damage to the Vidian nerve, relatively large
traumatization of the sinonasal region, and damage to the
auditory tube—which inevitably leads to a decrease in the
patient’s quality of life. In the future, works describing
approaches with preservation of the integrity of the auditory
tube with various options for its transposition are important;
one of these approaches is translacerum, which can be
performed both independently and as part of another lower
approach. To date, there are many problems in removing the
tumor around the anterior knee of the ICA, which is one of
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the most difficult anatomical areas. In clinical use, the
translacerum approach was proved to be effective and
provided sufficient space for work in the area of the pyramid
apex; complete and partial removal was achieved in three and
one cases, respectively (15). Its indisputable advantage is the
ability to preserve the Vidian nerve and the auditory tube;
there are no risks of developing otitis media and conductive
hearing loss. In our opinion, the approach looks very
promising, as it allows one to choose the most direct and
minimally invasive path to the area of interest but at the same
time requires the most accurate planning before the operation,
as well as a team with good experience. If the most extensive
and aggressive resection is required, as well as when dealing
with intradural formations, the inferomedial approach is
worth choosing, which is a combination of two approaches
that allow achieving the widest possible resection. It may be
suitable for dorsolateral surgery and is promising for the
treatment of petroclival meningiomas and, if possible, the total
removal of chordomas, which require maximum bone resection.

In a study by Funaki et al. (16), the abducens dural foramen was
located 4.9 mm (range 4-6 mm) above the posterior end of the
pterygoid canal. The lateral clival artery can be used as a guide to
locate the abducens nerve, as it usually runs just medial to the
intradural segment of the abducens nerve (2). On the other hand,
the approach allows you to work in the area below the CN VI and
above the midline. Typically, the tumor displaces the abducens
nerve laterally or posteriorly and creates a corridor through which
surgeons can maneuver instruments (17). On the plus side, this
approach offers an efficient approach to vascular supply to
meningiomas in this area, especially to the dorsal meningeal
artery and its branches, and improves visualization of the occult
inferior petroclival region (17, 18). Another advantage of this
approach is direct access to the tumor without any manipulation
of the cranial nerves, thus allowing one of the main principles of
skull base surgery—do not cross the nerve—to be followed.
However, this approach carries several risks, including ICA injury,
nerve damage, and nasal liquorrhea. They should be carefully
examined before the operation. If the formation is located above
the laceration and grows into the Meckel cavity or is located only
in this area, it makes sense to consider the upper approach to the
Meckel cavity; it is not a direct approach to the top of the
pyramid but is sometimes included as an area into which the
formations grow or can be used as a site for taking a biopsy. None
of the open approaches can reach the entire Meckel cavity
(anterolateral, lateral, and posterolateral) due to difficulty in
exposing the anteroinferior medial part of the cavity (19). The
endoscopic approach is a relatively safe and direct approach to the
Meckel cavity and can be used to treat a tumor in the Meckel
cavity (20). It requires precise planning, including a clear
understanding of the objectives of the surgery, careful preparation
of the team, and a well-equipped operating room, as there is a risk
of damage to the ICA and nerves. It is equally important to note
that the surgical multidisciplinary team should master all
approaches (open and endoscopic) and not be a team of “one
approach” because approaches to the paramedian skull base are
the most difficult of all endoscopic endonasal methods. Because of
their technical complexity, surgeons are advised to master
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FIGURE 3 | Area highlighted in green is the group of medial approaches,
that in red is the area of the lacerated foramen, that in yellow is the access

presence of complications on the sinonasal side, and the risks of
postoperative liquorrhea.

CONCLUSIONS

Endoscopic transnasal approaches provide a direct path to the top
of the pyramid and have shown their effectiveness, including below
the level of the foramen lacerum, which is a potential advantage
over open approaches (Figure 3). Additional advantages include
minimal brain traction, absence of cosmetic changes, and other
specific complications associated with open approaches. The
implementation of this group of approaches requires an
experienced team and an equipped operating room. Specific
problem areas are the difficulty of controlling hemostasis from
the main arteries, nasal liquorrhea, and complications from the
nasal cavity. The development and use of approaches that
minimally reduce the quality of life are promising while
preserving the Vidian nerve (prevention of dry eye syndrome)
and the auditory tube (the resulting conductive hearing loss
requires tympanostomy), but these solutions should not
jeopardize the implementation of the main stage, do not forget
about the principle of “as much as you need, but as little as
possible.” In achieving these goals, it is equally important to
develop special power curved tools that allow you to work in
deep space, safely and “around the corner.”
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Vertebrobasilar insufficiency (VBI) is one of the most common forms of cerebrovascular
pathology. The progression of the VBI, especially in the context of inadequate therapy, often
leads to the formation of a persistent neurological deficits within the framework of
dyscirculatory encephalopathy and the consequences of a stroke in the vertebrobasilar system.
This study demonstrate the importance of objective methods of patient investigation to
optimize the choice of the most effective methods of surgical treatment for VBI in cases of
ineffective medical treatment. We have shown that the optimization of the diagnostic algorithm
contributes to the correct individualized determination of types of surgical treatment for
patients with VBI It was found that, in addition to traditional diagnostic methods, the use of
radiographic methods (ultrasound Doppler, multispiral computed tomography with contrast
enhancement) is invaluable for choosing the tactics of surgical treatment. We propose a
significant outcome indicator like the blood flow reactivity index to determine the postoperative
improvement of blood flow in the vertebral arteries. In addition, the need to perform cerebral
angiography and consultations with related specialists to exclude pathologies with a similar
clinical picture is emphasized.

Keywords: diagnosis of vertebrobasilar insufficiency syndrome vertebrobasilar insufficiency, diagnosis, methods,
therapy, anastomosis, stroke

INTRODUCTION

Ischemic disorders in the vertebrobasilar system occur in 30% of all cerebrovascular diseases and
70% of cases presenting with clinical features of transient ischemic attacks. Mortality from
ischemic strokes in the vertebrobasilar system is twice as high as the death rate from strokes in
the carotid system (1-6). Therefore, objective screening methods should help to optimize the
choice of the most effective surgical treatments for vertebrobasilar insufficiency (VBI) in cases
of ineffective medical treatment.
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Diagnosis of Vertebrobasilar Insufficiency Syndrome

In modern studies, several prevailing factors causing
narrowing of the segments of the vertebral artery (VA) and its
stenosis are established, associated with age-related changes
and stenosis of other major blood vessels. These factors make
it much more difficult to identify clinical and neurological
signs of vascular pathology and predetermine the use of
topical diagnostics to guide treatment (7, 8). However, unified
methods of localizing causes and clinical signs to determine
the type of surgical treatment of VBI have not been
developed. The system of diagnosing various manifestations of
VA pathologies taking into account extramural compression
and deformation leading to brain vascular insufficiency is not
sufficiently researched (3, 5, 6, 9). We review the use of
instrumental  diagnostic  methods  for  vertebrobasilar
insufficiency and create an algorithm to optimize the choice of
the surgical technique based on various patient characteristics.

MATERIALS AND METHODS

The Study design is a single-center retrospective-prospective
cohort-controlled clinical trial involving 100 patients who
were treated at the 3rd Central Military Clinical Hospital
named after A.A Vishnevsky (Krasnogorsk, Russia) from 2009
to 2019. In all 100 VBI patients were confirmed and various
significant stenotic-occlusive lesions of the V1 segment of the
VAs were identified. The presence of pathological tortuosity of
the VAs was also recorded. This study was approved by the
3rd Central Military Clinical Hospital named after A.A

Vishnevskyand implemented in accordance with the principles
of the Helsinki Declaration (Adopted by the 18th General
Assembly of the WMA). Written informed consent was
obtained from all subjects. The general patient distribution by
clinical diagnosis was analyzed as indicated in Figure 1.

As shown in Figure 1 above, it indicates the reliability of the
clinical diagnosis based on the associated clinical picture. Since
the data are obtained in percentage form, it is important to note
that the clinical signs of one patient could have several of these
characteristics. Thus, the chances of making an error in the
clinical diagnosis were eliminated. In addition, the sex-age
factor was excluded, since the distribution of 100 patients by
sex and age formed a comprehensive picture of the
examination and the reliability of the results obtained based
on the data of the sample characteristics. The average age of
the patients was 72.2 years and the risk of the disease was
highest between the ages of 45 and 89. In this study, 58%
were men, and 42%, were women. In 50% of patients, diffuse
encephalopathy syndrome (DES) was present in the
vertebrobasilar system (VBS) (stage 1 DES - 1 case; stage 2
DES - 42 cases; and stage 3 DES - 7 cases), 7% had a history
of transient ischemic attack (TIA) in VBS, and 4% had a
history of VBI in VBS. Comorbidities were present in 98% of
patients. These are presented in Table 1.

Depending on the leading lesion of any arterial segment
involved in the blood supply to VBS in the presence of
stenotic-occlusive lesions of the V1 segment of the VA, all 100
patients were divided into 2 groups: the surgical treatment
group (n=50) and sonservative treatment group (n = 50).
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TABLE 1 | Comorbidities identified in the study patients.

Concomitant diseases Number of cases

Hypertension grade 1 1
Hypertensive pain grade 2 34
Hypertension grade 3 10
Diffuse encephalopathy grade 2 42
Diffuse encephalopathy grade 3 7
Diffuse encephalopathy grade 1 1
Osteochondrosis of the spine 32
Otosclerosis, mixed form 0
Parkinson syndrome 2
Ischemic heart disease, angina pectoris | 1
Ischemic heart disease, angina pectoris Il 26
Ischemic heart disease, angina pectoris Il 3

Choosing the type of surgical treatment for patients with VBI
is an unresolved medical problem. The key difficulty in the
diagnostic process lies in the multiple possible etiologies of
this pathology. The process of determining the differential
diagnosis is quite time-consuming and, in our opinion, this is
one of the reasons for the small number of operations for
patients with VBI syndrome. The problem with choosing
diagnostic methods to establish the need for surgical
intervention among patients with VBI is discussed by many
surgeons. This is important to determine the identifying signs
of this pathology, differentiating it from other conditions with
a similar clinical picture (10), namely: demyelinating processes
in the central nervous system, diseases of the inner and
middle ear, tumors of central vestibular structures (stem,
cerebellum or cortex), carotid sinus syndrome, anemia,
thyroid diseases, etc. In addition, the neurosurgeon or vascular
surgeon does not conduct diagnostic measures to diagnose the
VBI alone, each patient requires consultation and examination
by a neurologist, ophthalmologist, ENT (ear, nose, and throat)
specialist, functional and radiology diagnostics specialist to
exclude all “non-vascular” diseases that may mimic VBI.

The primary technique of VA assessment is the study of blood
flow volume to exclude VA hypoplasia. After using this algorithm
Figure 2, we will analyze the procedure of patient examination by
a neurosurgeon to establish the diagnosis of VBI:

Stage 1: General and clinical neurological examination of the
patient (including the provocative test).

A. General clinical examination:

. Assessment of radial artery pulses or the establishment
of the presence of auscultative VA murmur in the neck
or supraclavicular region;

. Presence of blood pressure asymmetry on the hands of
more than 20 mmHg.

B. Clinico-neurological —examination (by a competent
neurosurgeon):
. Compression diagnostics tests (Ethan’s test, VA
compression test, dizziness test, etc.).
Frontiers in Surgery | www.frontiersin.org
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Stage 2: identifying the level of obstruction in the suspected
vessels.

- doppler u/s of the brachiocephalic artery: analysis of the
diameter of arteries, velocity and volume analysis of the
blood flow;

- loading tests to determine perfusion reserve (turning and
tilting of the head);

- Analysis and calculation of the reactivity index of VA;

- calculation of the total blood volume;

- Transcranial doppler.

Stage 3: use of radiologic diagnostic methods:

- Brain computerized tomography (CT)/magnetic resonance
imaging (MRI): morphology of subtentorial and
supratentorial structures of the brain;

- CT or MRI-angiography: main arteries of the brain,
anatomy of the posterior cerebral artery (PCA), excluding
trifurcation of carotid arteries);

- cerebral angiography of each segment of the VA, patency,
morphological and functional status of the posterior
circulation including compression tests.

RESULTS AND DISCUSSION

As a result of the analysis of neurological disorders, statistical
indicators were determined for surgical treatment in the
presence of the entire clinical complex of discoordination,
vestibular-ataxia syndrome, auditory and visual disorders.
Based on the proposed diagnostic algorithm, it is possible to
predict the type of surgical treatment using the above indicators.

Group 1: Anastomosis (n =6)

The inclusion criteria for the anastomosis included:

1. Predominant clinical features of VBI,

2. No significant defects of the VA and subclavian artery,
3. Carotid stenosis more than 70%,

4. Lack of decompensation in the vertebrobasilar system.

The data for the clinical features of the patients in 1st group was
as tabulated below (Supplementary Figure 3A).

Of the 6 patients, vertebral circulation was closed (group 1.A) in
4 (66.7%) and open in 2 (33.3%) (group 1.B). Preoperative clinical
manifestations of VBI in group 1 patients (1 = 6): Dyscirculatory
encephalopathy in VBI (n =2, 33.3%), TIA in VBI (n=1, 16.7%)
and acute cerebrovascular accident in VBI (n = 2, 50.0%).

After full investigations, all patients underwent anastomosis
surgery. Supplementary Figure 4 indicates the cumulative
survival of the patients.

Group 2: Resection of the Tortuous
Segment (n =35)

Features of diffuse encephalopathy in the VB system were seen in 15
(42.9%) patients, TIA in 7 (20%) patients, 13 (37.15%) presented
with acute vascular compromise in the VBS. Abnormalities of
coordination, auditory and visual systems were the most common
preoperatively. However, postoperatively, auditory symptoms
persisted in most patients (Supplementary Figure 3B).
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Algorithm of examination of patients with circulatory insufficiency in VBS before surgery
v
General blood analysis
Primary medicalexamination and general clinical examination *
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FIGURE 2 | Algorithm for examination of patients with vertebrobasilar insufficiency (VBI). Note: DUS, Doppler ultrasound; BCT, Brachiocephalic trunk; VBI,
Vertebrobasilar insufficiency; ECG, Electrocardiogram; CT, Computed tomography; MRT, Magnetic resonance tomography.

The inclusion criteria for this group included:

1. Severe atherosclerotic lesions of the V1 segment of the VA,
2. Vertebral-subclavian steal phenomenon syndrome.

Based on the characteristics of the lesion on the V1 segment of
the VA, the group was further divided into two types:

- TIA - 30 (85.7%) patients with occlusion of the V1 segment of VA,
- IIB - 15 (24.3%) patients with local, limited subtotal stenosis of
the V1 segment of the VA (greater than 70%).

Both groups had reconstruction of the V1 segment of the VA.
The division of patients by type of performed operations is

presented in Supplementary Figure 5. The patients were
followed up for a maximum of 3 years. The patients showed
minimal improvement in the first year. However, by year 3,
almost 75% of these patients had shown improvement
(Supplementary Figure 6).

Group 3: Reconstructive Surgery (n =5)
These patients underwent Arteriolysis, X-ray endovascular
stenting, and Arterioplasty.

The inclusion criteria in this group included:

1. chronic ischemia in the distribution of the VB system;
2. VA atherosclerosis in the V1 segment of the VA;
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TABLE 2 | Characteristics of blood flow in the V1 vertebral artery (VA) segment depending on the type of vertebrobasilar insufficiency (VBI).

Parameters Dyscirculatory encephalopathy
Age at the moment of surgery 59.06 +8.28

Time from the onset of the disease to surgery 4.61+2.97

Blood flow to the VA, mL/min 62.13 +20.60

Blood flow after the VA, mL/min 117.79 £23.99

Increase in blood flow in VA, mL/min 54.56 +22.33

Total blood flow in both VAs before surgery/ 207.81+36.29

treatment, mL/min

Total blood flow in both VAs after surgery/ 262.76 + 36.29

treatment, mL/min

Increase in total blood flow in both Vas, mL/ 54.96 + 30.80
min

Increase in total blood flow in both VAs, mL/ 59.79 + 23.41
min

Reactivity index before surgery/treatment 0.181+0.043
Reactivity index before surgery/treatment 0.298 + 0.068
Increase in reactivity index 0.117 +0.051

TIA, Transient ischemic attack; VBS, Vertebrobasilar system; —, Not determined.

TIA in VBS Stroke in VBS  Control group (conservative treatment)
69.12+7.70 70.27 +7.60 76.12+7.70
4.80+2.84 3.97+2.27 -
67.70 +£22.18 63.13+£17.48 62.98 +29.11
116.57 +17.54 115.92+17.48 120.88 £23.54
55.96 +£19.73 52.80+£17.73 55.96 +£19.73

210.16£23.37 216.16 +23.37 220.11+28.82

264.08 £42.62 271.36+23.99 234.18 +14.32

53.92 + 36.21 55.20 +24.96 14.07 +28.87
61.13+£25.75 56.19 +23.09 53.65 + 25.65
0.171+0.070 0.197 +0.038 0.198 +0.020
0.296 + 0.080 0.314 +0.026 0.215+0.082
0.125+0.076 0.116 +0.042 0.017+£0.072

TABLE 3 | Characteristics of blood flow in the V1 segment of vertebral artery (VA). depending on the type of surgery performed.

Parameter Transition of the VAto  Anastomosis Resection of tortuosity = Reconstructive surgery
CCA (n=67)
M +SD M=+SD M +SD M=+SD

Age at the moment of surgery 60.45 + 8.66 69.97 +7.33 76.46 +8.05 70.09 +6.94

Time from the onset of the disease to surgery 4.73+3.28 4.53+2.73 4.50+1.80 3.69 +1.99

Blood flow to the VA, mL/min 65.08 + 18.34 58.12+19.10 75.11+21.52 57.48 +15.83
Blood flow after the VA, mL/min 120.83 + 20.60 111.52 + 18.38 118.71 £+ 24.63 113.95+17.21
Increase in blood flow in VA, mL/min 55.18 +23.42 52.14 +16.38 46.29 +18.19 56.48 +17.30

Total blood flow in both VAs before surgery/ treatment, mL/ 214.27 +22.59 209.35 +25.63 212.96 +26.24 211.49+24.24

min
Total blood flow in both VAs after surgery/treatment, mL/min

Increase in total blood flow in both Vas, mLI/min

271.33+26.23
59.26 +23.20

252.74 +252.74
57.00+21.46

271.14 £ 30.37
58.18 +27.29

268.91+20.25
57.42 +23.43

CCA, Common carotid artery; M, Mean; SD, Standard deviation.

3. Bony compression of VA in 2 segments was excluded;
4. Transient ischemic attacks;
5. Stroke in the VB system.

The preoperative and postoperative clinical features in these
patients are tabulated in Supplementary Figure 3C.

One of the main factors for the neurosurgeon to consider
when choosing the operative technique is the analysis of the
V1 segment variability (11, 12), which was an exclusion factor
for group 3 and an inclusion factor in group 4.

Group 4: Resection of the tortuous
segment (n=4)

The inclusion criteria included:

1. See criteria for group 3;
2. coiled V1 segment of the VA;
3. High mortality risk.

Frontiers in Surgery | www.frontiersin.org 76

Assessment of clinical features of patients in group 4 is shown in
Supplementary Figure 3D.

In this group, surgery on the V1 segment of the VA was
performed as follows: 2 parients underwent angioplasty,
stenting of the right vertebral artery (RVA), 1 patient
underwent left scalenotomy, and 1 patient underwent eversion
carotid endarterectomy on the left with resection of the
pathological loop and redressing of the left vertebral artery
(LVA).

In practice, we propose using the presented diagnostic
algorithm, with the mandatory inclusion of the following
elements: (1) to emphasize the need to exclude diseases with a
similar clinical picture; (2) CT-angiography of the 4 segments
of the VA and the basilar artery (BA); (3) analysis of the
curvature of the vertebral circulation; (4) establishing the type
of collateral compensation; (5) and the use of a significant
outcome indicator like the blood flow reactivity index
(Supplementary Figure 7).
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The conservative treatment group which was receiving
medical treatment (n=50) was included to function as
controls for comparison with the surgical treatment group
(Table 2). Following the use of the above algorithm, the
selected types of operations produced improvement in blood
flow through the VAs in equal measure (Table 3).

When analyzing the volumetric blood flow rates, it was noted
that among the operated patients, a decrease in the clinical
features of VBI was observed in patients with an increase in the
total volumetric velocity of blood flow in the VA of more than
250 mL/min (p < 0.05). An increase in the total volumetric blood
flow of more than 250 mL/min was observed in most patients
after various types of operations on the 1st segment of the VA.

Favorable outcomes including a decrease or disappearance of
the clinical features of VBI were observed in most patients with
an increase in total volumetric blood flow through the VA
to 250 mL/min or more, and unfavorable outcomes
deterioration or return of the clinical features of VBI was seen
in patients with post-surgical total volume blood flow in the
VA of less than 250 mL/min and all patients of the control group.

ie.

CONCLUSION

The use of the diagnostic algorithm contributes to the accurate
prediction of the type of surgical intervention for various
patients with vertebrobasilar insufficiency. In addition to
traditional diagnostic methods, the gold standard investigations
to guide the surgical intervention are radiological investigations
including ultrasonic Doppler, contrast-enhanced multispiral
CT, and CT-angiography. The need to perform cerebral
angiography and multidisciplinary specialist consultations to
exclude pathologies with a similar clinical picture cannot be
overemphasized.
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Significance of Pseudomeningocele
After Decompressive Surgery for
Chiari | Malformation

Artur Balasa', Przemystaw Kunert'*, Mateusz Bielecki', Stawomir Kujawski’
and Andrzej Marchel'

"Department of Neurosurgery, Medical University of Warsaw, Warsaw, Poland, “Department of Exercise Physiology and Functional
Anatomy, Ludwik Rydygier Collegium Medicum in Bydgoszcz Nicolaus Copernicus University in Torur, Bydgoszcz, Poland

Background: Pseudomeningoceles (PMCs) as abnormal collections of cerebrospinal
fluid are quite common findings on follow-up MRI after Chiari decompression surgery
(CDS). However, the importance of their identification has not been truly determined,
especially when PMCs are described occasionally in the process of radiological follow-
up. We retrospectively analyzed surgical outcomes and imaging findings after CDS
depending upon the occurrence and thickness of PMCs.

Methods: A total of 76 adult patients who underwent CDS were analyzed. The clinical and
radiological outcomes of patients with a pseudomeningocele (WPMC) were evaluated and
compared to those of patients without a pseudomeningocele (w/oPMC). Radiological
morphometric measurements were performed and compared between groups.
Comparisons of the maximal PMC thickness were made within the wPMC group.
Results: PMCs were recognized in 27 (35.5%) patients, of whom 3 (11.1%) required
reoperation. Differences in satisfactory result rates regarding gestalt assessment and
Chicago Chiari Outcome Scale were statistically insignificant between the w/oPMC and
wPMC groups (p=1 and p=0.56, respectively). The postoperative syringomyelia
decrease and cerebellar tonsil elevation were similar between the groups (p=1 and p =
0.74, respectively) in the long-term follow-up. Additionally, the clinical or radiological
outcomes with radiological details were not related to PMC thickness in the long-term
follow-up. However, radiological details showed the cooccurrence of PMCs with a
postsurgical of cerebello-tentorial distance increase (p <0.05), basion-pontomedullary
sulcus distance decrease (p < 0.05) and tonsillo-graft distance decrease (p < 0.05).
Conclusions: We found no significant relationships between PMC presence or thickness
and clinical or radiological outcomes. However, postoperative changes within the posterior
fossa associated with PMCs resemble brain sagging, which occurs in intracranial
hypotension. Therefore, extradural cerebrospinal fluid escape may also be responsible
for symptoms in some patients with PMCs after CDS.

Keywords: Chiari | malformation, pseudomeningocele, surgical and radiological outcomes, decompressive
surgery, complications
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INTRODUCTION

The Chiari malformations originally described by Hans Chiari
in 1891 (1) relate to a rare group of hindbrain abnormalities
concerning both pediatric and adult patients. The most
common, Chiari I malformation (CMI), consists of caudal
herniation of elongated cerebellar tonsils through the foramen
magnum, causing symptoms secondary to compression of the
brain stem, dysfunction of the cerebellum and distortion of
cerebrospinal fluid (CSF) flow (2). Disturbances of CSF flow
are responsible for syringomyelia, which has been reported in
69% of adult patients (3), but the exact pathophysiology
remains unclear (4, 5). For symptomatic cases, the treatment of
choice is suboccipital decompression with duraplasty (6).
However, duraplasty is related to a larger number of
complications with a lower recurrence rate of symptoms than
osseous decompression alone (7-9). Average complication rates
have been estimated at 4.5%, and among the most common
causes of CSF leaks, aseptic meningitis and pseudomeningocele
have been reported (3). Pseudomeningoceles (PMCs) are defined
as abnormal CSF collections visible on MRI due to leakage into
the extradural space (10) and directly over the dural graft.
Pseudomeningocele can reduce the volume of reconstituted
cisterna magna because of compression on duraplasty.
Eventually, they can become symptomatic due to compression
of neural structures or the impeding of CSF flow through the
foramen magnum. Nevertheless, pseudomeningocele is not a
rare finding on follow-up MRI, but it is not considered a
complication until it leads to recurrent symptoms or CSF fistula
or causes unacceptable cosmetic effects (11).

The aim of this study was to determine the roles of co-
occurring pseudomeningoceles and their sizes on long-term
outcomes after decompressive surgery with duraplasty in
patients with CML

MATERIALS AND METHODS

A total of 96 adult patients who underwent posterior fossa
decompression (PFD) with duraplasty for symptomatic CMI from
January 2003 to December 2019 at our institution were screened.
Twenty of them were excluded because their preoperative
radiographic studies were not accessible. The mean Chicago
Chiari Outcome Scale (CCOS) of the excluded and included
patients did not significantly differ (12.85 vs. 12.4; p=045). Of
76 included patients, 60 were women, and 16 were men, with an
average age of 41.8 years old (range from 18 to 66 years old).
The medical data were obtained from telephone questionnaires
and hospital and ambulatory charts. For analysis of the long-term
clinical course, gestalt assessment (improvement, unchanged or
deterioration) and Chicago Chiari Outcome Scale (CCOS) were
used (12-14). The mean clinical follow-up was 58 months.

All methods were carried out in accordance with relevant
guidelines and regulations.

All protocols were approved by Bioethics Committee of
Medical University of Warsaw (AKBE/231/2021). Informed
consent was obtained from all subjects.

Frontiers in Surgery | www.frontiersin.org

IMAGING

Preoperative and follow-up MRI was performed in every case.
Follow-up MRI was scheduled 6 months after surgery, and
additional studies were performed earlier or later, depending
on the clinical indications. Numerous patients underwent
many control MRI studies, especially those with long-term
follow-up. In these cases, the last study was considered. The
mean neuroimaging follow-up was 39.9 months.

The presence of pseudomeningocele on follow-up MRI was
defined as hyperintense fluid collection above a hypointense
linear dural graft on sagittal T2-weighted MRI imaging.

Because of the variable shape, precise measurement of PMC
total volume is very difficult or impossible. Therefore, size was
determined by the maximal thickness of the pseudomeningocele
as the perpendicular distance to the graft with the best
correlation clinically with complications (15) (Figure 1).

Maximal tonsillo-graft distance was also measured.
Additional  radiological  details, such as pre- and
postprocedural differences in maximal cerebello-tentorial
distance and basion-pontomedullary sulcus distance, were
noted. The levels of pre- and postoperative tonsillar descent
were also measured and compared. For a postoperative tonsil
position assessment, the level of the foramen magnum was
determined by restoration of the angle between the line
tangent to the clivus surface and the basion-opisthion line
established on preoperative images (Boogaard’s angle;
Figure 1) (16). In cases of syringomyelia in the preoperative
study, their size was determined to be decreased, stable or
increased. The cooccurrence of pseudomeningocele and its
maximal thickness and clinical and radiological outcomes
were analyzed in detail, including the poor preoperative status
of 3 reoperated patients for symptomatic PMCs. Evaluation of
the relationship of PMC thickness with tonsillo-graft distance
and pre- and postprocedural differences in maximal cerebello-
tentorial distance, basion-pontomedullary sulcus distance and
tonsillar herniation was performed. In cases of pre- and
postoperative distance comparisons, we received positive or
negative values depending on whether a particular distance
decreased or increased on follow-up MRI, respectively
(Figure 1).

SURGICAL TECHNIQUE

Suboccipital craniectomy with C1 posterior arch removal and
sometimes with partial (No. 24) or whole (No. 6) C2
laminectomy was performed with Y-shaped dural incision and
with subsequent duraplasty in all cases. Depending on surgeon
preference, two types of graft material were used for dural
closure: nonautologous grafts or autologous grafts. The
former, represented by synthetic collagen matrices, was used
in 48 (63.2%) cases. Autologous grafts in this series, including
previously harvested pericranium or fascia lata, were used in
28 (36.8%) cases. The arachnoid layer, 4™ ventricle and tonsils
were left intact, and no local or lumbar drains after surgery
were used (17, 18).
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FIGURE 1 | Preoperative (1 and 2) and follow-up (3 and 4) T1-weighted MRI images of the craniocervical junction region and diagrams presenting measurements in
the same midsagittal plane. Measurements included: o: Boogaard's angle. A: max. tonsillar herniation. B: max. tonsillo-graft distance. C: max. cerebello-tentorial
distance. D: max. basion-pontomedullary sulcus distance. E: pseudomeningocele thickness.

STATISTICAL ANALYSIS

The Shapiro-Wilk test was used to test the assumption of
normality, and Levene’s test was used to examine the
assumption of homogeneity. Mean values and standard
deviations (SDs) are reported. Fisher’s exact test was used to
examine the relationship between PMC presence and changes in
symptom severity expressed in a binary manner, while the chi-
square test was used in the case of symptom severity changes in
three categories (improvement vs. unchanged vs. deterioration).
The Mann-Whitney U test was used to compare values of
continuous and ordinal variables between independent groups.
The significance level was set at alpha = 0.05.
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RESULTS

Twenty-seven (35.5%) patients demonstrated PMC on
posttreatment MRI. Only 3 (11.1%) of 27 patients required
revision surgery, representing 3.9% of the overall study cohort.
Satisfactory clinical results according to gestalt assessment and
CCOS were obtained in 75.5% and 81.6% of patients without
pseudomeningocele (w/oPMC) and 66.7% and 70.4% of
patients with pseudomeningocele (WPMC), respectively (p =
0.43, p=0.27). For this outcome analysis, the prereoperative
clinical condition of 3 reoperated patients was considered to
capture the worst condition potentially related to PMC. Long-
term follow-up showed even more comparable satisfactory
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TABLE 1 | Comparison of clinical and radiological outcomes between patients without pseudomeningocele (w/oPMC) and with pseudomeningocele (WPMC) after
decompression surgery in patients with Chiari | malformation, including preoperative status of 3 patients reoperated due to PMC and over long-term follow-up.

Comparison clinical and radiological outcomes, including preoperative status of 3 patients reoperated due to PMC

Surgical outcomes Patients w/oPMC Patients wPMC p-value
49 pts. 27 pts.
number of pts. (%) number of pts. (%)
Gestalt Improvement or unchanged 37 (75.5%) 18 (66.7%) 0.43
Deterioration 12 (24.5%) 9 (33.3%)
CcCcos? >12 (satisfactory) 40 (81.6%) 19 (70.4%) 0.27
<12 (unsatisfactory) 9 (18.4%) 8 (29.6%)
Syringomyelia on follow-up MRI (56 pts.) Patients w/oPMC Patients wPMC and p-value
with syringomyelia syringomyelia
36 pts. 20 pts.
number of pts. (%) number of pts. (%)
Improvement 33 (91.7%) 15 (75.0%) 0.12
Stable or deterioration 3 (8.3%) 5 (25.0%)
Comparison of long- term clinical and radiological outcomes
Long-term surgical outcomes Patients w/oPMC Patients wPMC p-value
49 pts. 25 pts.
number of pts. (%) number of pts. (%)
Gestalt Improvement or unchanged 37 (75.5%) 19 (77.7%) 1
Deterioration 12 (24.5%) 6 (22.3%)
CCcos? >12 (satisfactory) 40 (81.6%) 19 (77.7%) 0.56
<12 (unsatisfactory) 9 (18.4%) 6 (22.3%)
Syringomyelia on follow-up MRI (56 pts.) Patients w/oPMC Patients wPMC and p-value

with syringomyelia
37 pts.
number of pts. (%)

syringomyelia
19 pts.
number of pts. (%)

Improvement

Stable or deterioration

33 (89.2%)
4 (10.8%)

17 (89.5%)
2 (10.5%)

aChicago Chiari Outcome Scale.

results: 75.5% vs. 77.7% (p=1) in gestalt and 81.6% vs. 77.7%
(p=0.56) in CCOS score for w/oPMC and wPMC patients,
respectively (Table 1). Analysis of individual signs and symptoms
showed no significant correlations between the wPMC and
w/oPMC groups postoperatively (Supplementary Table S1).
Syringomyelia was present in 73.7% of patients preoperatively. A
reduction in syringomyelia size was obtained in 91.7% of cases in the
w/oPMC group and 75.0% of cases in the wPMC groups (p =0.12).
Two patients who underwent reoperation due to PMC had
syringomyelia that remained unchanged after the first operation.
In the long-term follow-up, including the results of 3 revision
surgeries, the decrease in syrinx was similar: 89.2% vs. 89.5% for
the w/oPMC and wPMC groups, respectively (p = 1; Table 2).
Pseudomeningocele was associated with a reduction in the
average maximal tonsillo-graft distance on follow-up MRI
(4.4 mm vs. 7.1 mm; p <0.05). The cerebello-tentorial distance
increased postsurgically in the wPMC group by an average of
1.2 mm, in contrast to the patients with w/oPMC, in whom it
slightly decreased by an average of 03 mm (p<0.05).
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Additionally, the existence of PMC was associated with a
decrease in basion-pontomedullary sulcus distance by an
average of 0.6 mm compared to the w/oPMC group, in which
it was increased by an average of 0.6 mm (p < 0.05). However,
we did not observe a substantial difference in tonsil elevation
after surgery between the w/oPMC and wPMC groups on
follow-up MRI (4.1 mm vs. 3.7 mm; p = 0.74; Table 3).

The average thickness of PMC was 8.7 mm + 4.5 (SD) (range
2.0-21.0 mm). Relationships of PMC thickness with CCOS,
individual signs and symptoms were not statistically significant
(Supplementary Table S1). Additionally, we did not find an
association between PMC thickness and changes in syrinx size
on follow-up (p =0.59) or other radiological details (Table 3).

A distinct group consisted of 3 reoperated patients due to
symptomatic PMCs. Significant cerebellar subsidence coexisted
in 2 patients. The average time between the operation and the
onset of new symptoms was 7.7 days (range: 3-13). The
predominant symptoms were severe headache, nausea, and
vomiting with depressed levels of consciousness. Reduraplasty
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TABLE 2 | Comparison of long-term radiological details on follow-up MRI between patients without pseudomeningocele (w/oPMC) and with pseudomeningocele

(WPMC) after decompression surgery in patients with Chiari | malformation.

Radiological details on follow-up MRI Patients w/oPMC Patients wPMC? p-value
49 pts. 27 pts.
mean [mm] + SD mean [mm] + SD
Tonsillo-graft distance 71+54 44+33 <0.05
Pre- and postoperative difference of cerebello-tentorial distance 0.3+1.0 -12+14 <0.05
Pre- and postoperative difference of basion-pontomedullary sulcus distance -06+1.6 06+1.5 <0.05
Pre- and postoperative difference of tonsillar herniation 41+3.9 3.7+3.1 0.74

@Including the patient’s clinical status before reoperation due to PMC.

TABLE 3 | Correlation between pseudomeningocele thickness on follow-up MRI related and clinical outcome in CCOS (Chicago Chiari Outcome Scale) and

radiological details.

PMCP thickness

2-7 mm >8 mm p-value
No. of patients 13 14
Mean CCOS? +SD 11.4+3.5 12627 0.39
Pre- and postoperative difference of tonsillo-graft distance [mm] + SD 51+3.8 3.8+27 0.31
Pre- and postoperative difference of cerebello-tentorial distance [mm] + SD -15+£15 -09=+1.5 0.18
Pre- and postoperative difference of basion-pontomedullary sulcus distance [mm] + SD 0.4+1.9 0.8+1.4 0.52
Pre- and postoperative difference of tonsillar herniation [mm] + SD 3.9+238 3.5+35 0.75
Syringomyelia on follow-up MRI (20 pt.) PMCP thickness
Patients with Patients with
syringomyelia syringomyelia
[9 pts.] [11 pts.]
No. of pts. (%) No. of pts. (%)
Improvement 8 (88.9%) 8 (72.7%) 0.59
Stable or deterioration 1(11.1%) 3 (27.3%)

gIncluding the patient’s clinical status before reoperation due to PMC.
PPseudomeningocele.

TABLE 4 | Comparison of clinical outcomes and radiological details on follow-up MRI between reoperated and nonreoperated patients for pseudomeningocele

(WPMC) after decompression surgery in patients with Chiari | malformation.

Patients with PMCP

p-value
Reoperated due to PMC (No. 3) Nonreoperated (No. 24)
Mean CCOS? [mm] + SD 73+1.2 12.3+2.8 <0.05
PMCP thickness [mm] + SD 11.3+5.9 8.3+45 0.37
Pre- and postoperative difference tonsillo-graft distance [mm] + SD 3.3+15 45+34 0.73
Pre- and postoperative difference cerebello-tentorial distance [mm] + SD -3.7+0.5 -09+13 0.20
Pre- and postoperative difference basion-pontomedullary sulcus distance [mm] + SD 0.2+05 06+1.8 0.73
Pre- and postoperative difference tonsillar herniation [mm] + SD 1.2+33 4.0+£3.0 0.27

@Chicago Chiari Outcome Scale.
bPseudomeningocele.

was performed in all cases, with optimization of craniectomy
size in 2. The clinical condition assessed with the CCOS in
these cases before reoperation was significantly worse than
that of the rest of the wPMC group (7.3 vs. 12.3; p=0.02;
Table 4). The mean CCOS of the reoperated patients
improved in the long-term follow-up to 13.7 (range: 12-15),
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although persistent PMC was noted in 1 case on follow-up
MRI. Comparison of radiological details of the reoperated
PMCs to the remaining PMCs in the PMC group showed an
insignificantly larger mean PMC thickness (p=0.37) and a
smaller reduction in tonsillo-graft distance (p=0.73) in the
reoperated patients. Prepostoperative differences in tonsillar
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herniation (p = 0.27), cerebello-tentorial distance (p = 0.20), and
basion-pontomedullary  sulcus distance (p=0.73) were
insignificantly less favorable in the reoperated patients than in
nonreoperated patients with PMC (Table 4). We have not
observed external CSF leaks in our series.

DISCUSSION

Surgical treatment for CMI has a particular predisposition to the
development of CSF-related complications, including PMCs.
Among predisposing factors worth mentioning are duraplasty,
craniectomy, midline approach, and surgery concerning the
posterior fossa (10, 15, 19). Thus, PMCs are among the most
common complications after Chiari decompression surgery
(20). Smith et al. noted that CM was the second most
common cause of PMC after surgery for posterior fossa
extraaxial tumors (10). PMC rates reported in the literature
range from 2.5 to 24% (15, 21, 22). We observed PMCs in
35.5% of cases. However, we assessed even barely visible
PMCs on follow-up MRI to define their exact significance.
This wide disparity presumably resulted from some authors
having considered PMCs recognized only on imaging studies
as asymptomatic or incidental findings and not, therefore,
reporting them as complications (10, 21).

According to the current state of knowledge, the appearance
of PMC at the operation site might have no effect on duraplasty,
or it can lead to slight reduction in recreated cisterna magna or
obstruction of CSF flow, potentially leading to hydrocephalus
(11). Further PMC enlargement can lead to compression of
the posterior fossa neural structures. The patient -either
remains stable, or new symptoms can appear. PMC
manifestation evolves from local pain in distended tissue or
simple headache to posterior fossa syndrome or even impaired
consciousness. Moreover, PMC can lead to CSF fistula and
meningitis in cases of skin rupture (19).

The pathophysiology of PMC formation is unclear, but it
seems that PMCs are initially formed as a result of suture CSF
leakage between the dura and dural grafts or a tear in one of
them. Leakage can occur immediately after an operation due to
poor dural closure or could be caused by a progressive increase
in intracranial CSF pressure in the course of hydrocephalus (23).
However, knowing the role of CSF pressure, Valsalva maneuvers
(e.g., coughing, sneezing, or defecating) likely cause a sudden
increase in pressure, acting as a trigger factor in leakage (20).
Symptomatic PMCs are most often observed shortly after
surgery, which would suggest their onset until strong scarring
among the graft, dura and neck muscles is created (15, 24).

Comparison of postoperative radiographic images of patients
without and with PMC showed significant differences. A
tendency to decrease the brainstem with the cerebellum in the
wPMC group, defined as increased cerebello-tentorial and
reduced basion-pontomedullary sulcus distances, was noted.
This tendency was the opposite to that observed in the w/
oPMC group, in which these structures had ascended (Table 2).

Considering our findings, we propose that the clinical
consequences of some PMCs could develop via a similar
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mechanism to that of spontaneous intracranial hypotension
(SIH). Spontaneous CSF fistula manifests as a small CSF
reservoir (meningeal diverticula), usually associated with nerve
root sleeves. CSF leakage is self-limiting, or CSF constantly
leaks out in intracranial hypotension, e.g., after lumbar
puncture (25-27). Similarly, postoperative leakage usually does
not result in a constant increase in PMC volume. Similar to
brain sagging in SIH, we noted slight hindbrain subsidence in
the wPMC group, expressed as a postoperative increase in the
supracerebellar space and a decrease in the basion-
pontomedullary sulcus distance (Figure 1). The cooccurrence
of cerebello-tentorial ~ distance increases and basion-
pontomedullary sulcus distance decreases in patients with
PMCs might derive from the pressure gradient between the
posterior fossa and PMC spaces, with a subsequent downward
shift of all posterior fossa neural structures. Hypotension in the
posterior fossa corresponds to partial hypotension syndrome but
is not as severe as SIH in causing sagging of the whole brain
(25, 28). This difference might indicate that postoperative
cerebellar subsidence could be related not only to oversized
occipital bony decompression but also to CSF leakage.

Raising and changing the shape of primarily herniated tonsils
after decompression surgery from thin and extended to rounder
and shorter are well known (16). Interestingly, despite sagging of
the superior surface of the cerebellum in patients wPMC, we did
not observe a significant difference in postsurgical tonsil tip
ascent between the two groups, suggesting that favorable and
unfavorable displacements in the posterior fossa might coexist
after decompression.

Although the recreated cisterna magna was significantly
smaller in patients with PMC, and the worst “prerevision”
condition related to PMC was used for analysis, the
comparison of the w/oPMC and wPMC groups showed no
significant differences in clinical outcomes. Furthermore, the
long-term observation of 25 patients with persistent PMC
demonstrated that they achieved very similar clinical and
radiological outcomes as their counterparts without PMC. It
appears that the relative reduction in the recreated intradural
space was not sufficient to block CSF flow in nonreoperated
patients with PMC (29).

Pare and Batzdorf reported three cases in which PMCs were
a reason for persistent syringomyelia in long-term follow-up
(30). In our series, in which it was never a main cause of
reoperation for PMC, all 3 revisions were performed too early
after the first surgery to expect a decrease in the syrinx. We
did not find any impact of the presence or size of PMCs on
syringomyelia evolution.

Thus far, based on our analysis, neither the presence nor any
size of PMC can be identified as a risk factor for worse
outcomes. All PMCs requiring revision manifested shortly
after surgery, long before scheduled follow-up MRI. Therefore,
early clinical postsurgical deterioration is much more
suggestive of PMC importance than any long-term
radiological parameter. However, the differences in hindbrain
rearrangement after decompression between patients with and
without PMC shed new light on the potential mechanism
increasing symptoms from some PMCs.
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LIMITATIONS

Our study is limited by several factors, the most significant of
which is the retrospective nature and single-center design of
the research. Moreover, the cohort was represented by only
76 patients, with a significant effect on the statistical analysis
of certain differences between groups. Additionally, the
radiological data were based on MRI studies performed at
various times after surgery and sometimes with different
resolution of studies, which might have had an impact on the
measured details. Standard follow-up MRI was performed
without contrast, which could have shown other intracranial
hypotension features. However, we obtained a relatively long-
term follow-up by choosing to measure the last available MRI
study. Future prospective research with a larger cohort is
needed, especially to confirm our observations contained in
the conclusion.

CONCLUSION

We did not find any significant relationships of
pseudomeningocele presence or pseudomeningocele thickness
with  clinico-radiological ~outcomes after decompressive
surgery. In rare cases, PMCs might be a cause of clinical
deterioration over short postoperative periods. However, the
symptoms could be secondary to hindbrain lowering caused
by posterior fossa hypotension, resulting from extradural CSF
leakage, rather than from narrowing of the intradural space at
the foramen magnum level.
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Background: Acute ischemic stroke (AlS) due to isolated proximal posterior cerebral
artery (PPCA) occlusion is rare but associated with high morbidity and mortality rates.
However, the optimal treatment strategy for patients with AIS caused by PPCA
remains unclear. We discuss our single-center experience with endovascular treatment
(EVT) in patients with PPCA.

Methods: Data from patients with AIS due to PPCA occlusion were retrospectively
analyzed. We analyzed procedural details, the degree of reperfusion, functional
outcomes, and complications. Functional outcomes were determined using the
modified Rankin Scale (mRS) at 90 days, and good outcome was defined as mRS
0-2 at 90 days. Successful reperfusion was defined as modified treatment in cerebral
ischemia (MTICl) 2b-3 after endovascular therapy. Safety variables included
symptomatic hemorrhage (defined as an increase of four or more points in the
National Institute of Health Stroke Scale score), vessel perforation or dissection, and
new ischemic stroke in different territories.

Results: Seven patients were included in this study. The mean age of the patients was
64 + 12.4 years. Successful reperfusion was achieved in all seven patients (100%). Good
outcomes were achieved at 90 days in 2 patients (28.6%), and favorable outcomes were
observed in five patients (71.4%). One patient underwent angioplasty as rescue therapy
after three attempts. One patient died because of severe gastrointestinal bleeding 24 h
after EVT, which was probably a complication of intravenous alteplase. One patient
had an embolism in the basilar artery and achieved complete reperfusion after rescue
thrombectomy. Another patient had a complication of vessel dissection in the PPCA
and underwent stent implantation as rescue therapy. We observed no recurrence of
ischemic stroke or any intracranial hemorrhage on non-contrast computed tomography
24 h after the procedure.

Conclusion: EVT may represent an alternative treatment strategy for patients with acute
ischemic stroke caused by PPCA.

Keywords: acute ischemic stroke, endovascular treatment, neurological deficit, posterior cerebral artery, outcome

87 2022 | Volume 9 | Article 919509


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fsurg.2022.919509
https://www.frontiersin.org/articles/10.3389/fsurg.2022.919509/full
https://www.frontiersin.org/articles/10.3389/fsurg.2022.919509/full
https://www.frontiersin.org/articles/10.3389/fsurg.2022.919509/full
https://www.frontiersin.org/journals/Surgery
https://www.frontiersin.org/journals/behavioral-neuroscience#editorialoard
https://www.frontiersin.org/journals/behavioral-neuroscience#editorialoard
https://doi.org/10.3389/fsurg.2022.919509
http://crossmark.crossref.org/dialog/?doi=10.3389&sol;fsurg.2022.919509&domain=pdf&date_stamp=2020-03-12
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org

Zhang et al.

Endovascular Treatment of Proximal PCA Occlusion

INTRODUCTION

Endovascular treatment (EVT) is the standard of care for patients
with acute ischemic stroke (AIS) caused by large vessel occlusion
(LVO) in the anterior circulation (1). Previous studies have also
indicated the benefits of EVT in basilar artery occlusion (2).
Acute posterior cerebral artery occlusion accounts for 5%-10%
of all AIS cases (3). The territory of the proximal posterior
cerebral artery (PPCA) usually has poor collaterals with a
number of nerve fibers. PPCA occlusion involving thalamic
perforating arteries, such as the Percheron artery, with
abnormal variants can lead to severe neuropsychological
deficits, visual symptoms, and unconsciousness (4, 5). However,
no previous trials have focused on the effect of EVT on AIS
due to PPCA occlusion (6, 7).

In this retrospective study, we aimed to present data on
patients with AIS due to PPCA in clinical practice, focusing
on the possibility of EVT as an alternative therapy in these
patients.

METHODS

This study followed the Declaration of Helsinki and was
approved by the Harbin Medical University ethics committee.
Epidemiological, clinical and radiographical data were

collected and reviewed. All patients or their legal guardians
agreed to publication of clinical details and images. The
participants provided their written informed consent to
participate in this study.

All patients who underwent endovascular treatment for
ischemic stroke at our institution were prospectively registered
in an electronic database. For this study, we extracted data
from patients with AIS due to PPCA occlusion between
January 2020 and October 2021. The inclusion criteria were:
(1) Acute occlusion of the PPCA, defined as the first and
second segments of the posterior cerebral artery (8), as
assessed by computed tomography (CT) angiography, magnetic
resonance angiography (MRA), or digital subtraction
angiography (DSA) before intervention; (2) Initiation of EVT
within 24h of symptom onset (Figure 1). The exclusion
criteria were: (1) Severe preexisting disability, defined as a
modified Rankin scale (mRS) score >2; (2) Secondary PPCA
occlusion due to distal embolism during EVT of the basilar
artery or vertebral artery occlusion; (3) Simultaneous occlusion
of the anterior circulation, basilar artery, or intracranial
vertebral artery.

The following data were extracted and analyzed:
demographic characteristics, baseline National Institutes of
Health Stroke Scale (NIHSS) scores, baseline Posterior
Circulation Alberta Stroke Program Early CT Scores
(pc-ASPECTS), history of previous stroke, use of intravenous

FIGURE 1 | Segmentation of PCA Proximal posterior cerebral artery was defined as first and second segment of PCA. PCA, posterior cerebral artery.
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thrombolysis, time from stroke onset to groin puncture, and
procedure duration. We used the NIHSS score and Glasgow
coma scale (GCS) to assess the severity of AIS at the time of
symptom onset, and the NIHSS and GCS scores at 24 h and
at 7 days post-EVT were also recorded. The baseline
pc-ASPECTS score was evaluated by two experienced
neurointerventionists using non-contrast CT (NCCT) or
diffusion-weighted imaging (DWI) and followed by consensus
adjudication. Procedural details, including the number of
retriever attempts, rescue therapies, complications, such as
perforation, and vessel dissection, were also collected.

Technical Procedures

The procedure was performed under conscious sedation without
heparinization. Femoral access was achieved, and a 6-French
guide catheter was maneuvered into the dominant vertebral
artery, and a cerebral angiogram was performed to confirm
the PPCA occlusion. Under roadmap guidance, the
microcatheter was navigated to the distal lumen of the
occlusion site. A retrieval stent (Solitaire FR, ev3/Covidien,
Irvine, CA, USA) of 4 x20 mm was used in all cases. The
stent retriever was left in place for 5 min to allow better clot
integration and was retrieved through the guide catheter.
Angiograms were obtained after each attempt. Repeated
attempts, up to a maximum of three, were made until
successful recanalization was achieved.

Outcomes and Complications

The degree of reperfusion was assessed on the final DSA image
using the modified treatment in cerebral ischemia (mTICI)
score. Successful reperfusion was defined as an mTICI score
of 2b—3 on the final angiogram. The main outcome was the
mRS score at 90 days. A good outcome was defined as an
mRS score of 0-2. A favorable outcome was defined as a score
of 0-3. Improved neurological function was defined as a
decrease in NIHSS score of >4. Complications included vessel
perforation, arterial dissection, intracranial hemorrhage, stroke
progression, and embolism in new territories. Intracranial
hemorrhage was assessed using NCCT at 24h after the
procedure. Symptomatic hemorrhage was scored by the
European Cooperative Acute Stroke Study TWO (ECASS II)
and was defined as an increase in the NIHSS score of >3
points or a decline in the GCS score of >2.

Statistical Analysis

Data were analyzed using descriptive statistics. Continuous
variables are expressed as mean + standard deviation or as
medians and quartiles. Categorical variables are expressed as
absolute values (number of patients) and relative frequencies
(percentages).

RESULTS
Patient Characteristics

A total of 343 patients with AIS underwent EVT between
January 1, 2020, and October 31, 2021, and seven patients

Frontiers in Surgery | www.frontiersin.org

were diagnosed with isolated PPCA occlusion. The median
patient age was 64+12.4 years. All patients were male.
Occlusions were located on the right side in four patients
(57%). Three patients had intracranial artery atherosclerosis,
one had cardio-embolism. Three patients received intravenous
alteplase therapy preceded by EVT. Six patients (85.7%) were
unconscious before the procedure, and the median baseline
NIHSS score was 40 (range, 21-40). The median baseline GCS
score was 7 (range: 7-10). The mean time from symptom
onset to recanalization was 296.7 + 160.2 min. The procedure
duration ranged from 27 to 75 min. Patient characteristics are
presented in Table 1.

Outcomes and Complications

Patient outcome and procedure comlications are presented in
Table 2. Successful reperfusion was achieved in all seven
patients (100%). Two patients (28.6%) achieved complete
reperfusion (mTICI: 3). One patient underwent angioplasty as
rescue therapy after three failed retrieval attempts. Good
outcomes were achieved in two patients (28.6%) and favorable
outcomes were observed in five patients (71.4%). The
mortality rate was 14.3%. Five (71.4%) patients had improved
neurological function at 24 h post-procedure. One patient died
because of severe gastrointestinal bleeding 24 h after EVT,
probably as a complication of intravenous alteplase. The
incidence of periprocedural complications was 28.6%. One
patient had an embolism in the basilar artery and achieved

TABLE 1 | Clinical characteristics.

Patients number 1 2 3 4 5 6 7
Occlusion location Left Right Left Right Right Right Left
P1 P1 P1 P1 P1 P1 P2
Age 89 60 58 56 59 51 76
Hypertension YES NO NO NO YES YES YES
Hypercholesterolemia ~ NO NO NO NO NO NO NO
Diabetes mellitus NO NO NO NO NO NO NO
Previous stroke NO NO NO NO YES NO YES
Atrial fibrillation NO NO NO NO NO NO  YES
Smoking Yes NO NO NO Yes NO NO
Baseline NIHSS 40 38 36 40 40 40 21
Baseline ASPECTS 10 9 7 10 9 9 8
pre mRS 0 0 0 0 0 0 0
Baseline GCS 7 7 8 9 10
Intravenous YES NO YES NO NO NO  YES
thrombolysis
Time from onset to 285 128 149 108 540 123 390
groin puncture (min)
Time from punctureto 40 62 75 30 50 70 27

recanalization (min)

P1, first segment of the posterior cerebral artery; P2, second segment of the posterior
cerebral artery; NIHSS, National Institutes of Health Stroke Scale; ASPECTS, Alberta
Stroke Program Early CT Score; mRS, modified Rankin scale; GCS, Glasgow coma
scale.
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TABLE 2 | Outcomes and complications.

Patients number 1 2 3

mTICI score 2b 2b 2b

Infarct location on follow up images NA  Thalamus  Midbrainand thalamus
Asymptomatic hemorrhage NA NO NO

NIHSS at 24 h NA 36 25

GCS at 24 h NA 8 9

mRS score at 90 days 6 3 3

4 5 6 7
3 3 2b 2b
Occipital lobe  Occipital lobe  Thalamus and occipital lobe =~ Thalamus
NO NO NO NO
0 8 15 10
15 15 12 13
0 1 4 3

mTICI, modified Treatment in Cerebral Ischemia; National Institutes of Health Stroke Scale; mRS, modified Rankin Scale; GCS, Glasgow coma scale.

complete reperfusion after rescue thrombectomy. Another
patient had a complication of vessel dissection in the PPCA
and underwent stent implantation as rescue therapy.
Endovascular  procedure-related complications were not
observed in the remaining five patients. We observed no
recurrence of ischemic stroke or any intracranial hemorrhage
on follow-up NCCT 24 h after the procedure.

Case lllustration

Case 1

Patient (No. 2) was admitted to the hospital with left limbs
hemiplegia and dysarthria for 4.5h and received intravenous
alteplase (0.9 mg/Kg). Twelve h after admission, his
consciousness deteriorated. His NIHSS and GCS scores were
38 and 7, respectively. NCCT did not reveal any intracranial
hemorrhage. The baseline pc-ASPECTS score was nine
(Figures 2A,B). DSA demonstrated occlusion of the right
PPCA (Figure 2C), and the pre-mTICI score was
0. Endovascular procedures were performed with a 4 x 20-mm
retrieval stent (Solitaire FR, ev3/Covidien). The final mTICI
score was 2b after two attempts (Figure 2D). The time from
onset (disturbance of consciousness) to groin puncture was
128 min, while the duration of the procedure was 62 min.
Tirofiban was administered for 24 h, followed by aspirin
(100 mg/day) and clopidogrel (75 mg/day). Post-procedural
DWI indicated infarction in the bilateral thalamus
(Figure 2E). MRA indicated complete recanalization of the
right PCA (Figure 2F). The mRS score on day 90 was 3.

Case 2

Patient (No. 7) was admitted to the hospital with right
hemiplegia and left oculomotor paralysis for 5h. His NIHSS
and GCS scores were 21 and 8, respectively. NCCT did not
reveal any intracranial hemorrhage. The baseline pc-ASPECTS
score was ten (Figure 3A). DSA demonstrated occlusion of
the left P2 segment (Figure 3B), and the pre-mTICI score was
0. Endovascular procedures were performed with a 4 x 20-mm
retrieval stent (Solitaire FR, ev3/Covidien). The final mTICI
score was 2b after one attempt (Figure 3C). The time from
symptom onset to groin puncture was 390 min, while the
duration of the procedure was 27 min. Post-procedural DWI
indicated infarction in the left thalamus (Figure 3D). The
mRS score on day 90 was 3.
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DISCUSSION

Since publication of five randomized clinical trials, EVT has
become the standard therapy for patients with AIS caused by
large-vessel occlusion in the anterior circulation artery (9-13).
In this retrospective study, we found that EVT may be a
suitable alternative treatment for PPCA occlusions. The
proportion of successful reperfusions in our cases was 100%,
and 28.6% of the patients achieved good functional outcomes
at 90 days, with a low rate of procedure-related complications.

The perforating arteries from the P1 segment and junction of
the P1-P2 supply blood to the upper midbrain, thalamus, and
hypothalamus. The territory of the P2 segment includes the
lateral geniculate corpus and the visual radiation adjacent to
the temporal lobe (4). Therefore, occlusion of the PPCA often
leads to infarction of the midbrain, thalamus, temporal lobe,
and occipital lobe. Patients often present with contralateral
hemiplegia and visual field defects, and have a poor outcome.
Therefore, it seems necessary to provide more aggressive
treatments for patients with AIS due to PPCA occlusion. In
this study, six of seven patients lost consciousness after
symptom onset, demonstrating that PPCA occlusion could
lead to severe clinical manifestations.

In line with previous studies, 28.6% and 71.4% of patients
achieved good or favorable outcomes at 90 days in this study,
respectively, indicating that PPCA is an alternative therapy
with an acceptable outcome. Meier et al. reported nine
patients with PCA occlusion who underwent intra-arterial
thrombolysis, and 67% of the patients had a favorable
outcome (14). Strambo et al. compared the cognitive, visual,
and disability outcomes of EVT, intravenous thrombolysis,
and the best medicine therapy for isolated PPCA occlusion.
Their study revealed a higher ratio of recanalization and
favorable outcomes in the EVT group, and EVT did not
significantly increase mortality (15). Previous studies have
revealed a high successful recanalization rate, between 80%
and 100%, with a low procedural complication rate of
approximately 4%-7%. Good outcomes were observed in
59-66% of all patients at 90 days after EVT (16-18). Memon
et al. (16) and Herweh et al. (19) presented the results of
studies of 15 and 23 patients with isolated PPCA occlusion,
respectively, who were treated with EVT. The successful
recanalization rates were 80% and 54%, respectively. The
proportions of patients with good outcomes at 90 days were
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Program Early CT Score; mRS, modified Rankin Scale.

FIGURE 2 | Case 1. (A,B) Baseline CT indicated pc-ASPECTS score was 9. (C) Anterior-posterior angiogram revealed an occlusion of right PPCA.
(D) Post-thrombectomy angiogram indicated the mTICI score was 2b. (E) Post-procedural DWI showed acute bilateral thalamic infarction. (F) MRA showed
successful recanalization of right PPCA at 48 h after procedural. PPCA, proximal posterior cerebral artery; pc-ASPECTS, posterior circulation Alberta Stroke

60% and 43.5%, respectively. Memon et al. reported that three
patients (20%) experienced hemorrhage after the procedure,
and one (6%), who had symptomatic hemorrhage, died.
Herweh et al. reported a complication rate of 26% and a
mortality rate of 13% within 90 days. In our study, we found
one patient with asymptomatic subarachnoid hemorrhage, one
patient with an embolism in a new territory, and one patient
with vessel dissection, indicating the safety of EVT involving
the PPCA.

In our study, we summarized the data of patients with PPCA
occlusion who had undergone EVT in a single center. After
evaluating the feasibility of EVT, we observed that all patients
achieved successful reperfusion. Although one patient had an
embolism in the basilar artery, the patient finally achieved
complete reperfusion. Patient 1 received bridge therapy and
died of severe upper gastrointestinal bleeding at 24 h after
EVT. The patient received 0.9 mg/kg rt-PA for intravenous
thrombolysis, followed by EVT. Systemic heparinization was
not performed during the procedure, and as the reason for

stroke was not large artery atherosclerosis, tirofiban or other
antiplatelet agents were not administered during and after the
procedure. Therefore, we speculated that the reasons for severe
upper gastrointestinal bleeding included older age, poor
general condition, and coagulopathy caused by the use of rt-
PA. In the remaining six patients, no operation-related
complications were observed during hospitalization or follow-
up. Although our study had a high rate of successful
recanalization, our good clinical outcomes were worse than
those of other studies. This was because most of our patients
were in coma and their baseline NIHSS scores were much
higher than those of patients in the previous studies, although
the neurological deficits improved in most patients after EVT.

The present study has some limitations, including its small
sample size. In addition, although we extracted data from a
prospective database, the case series was retrospective in
nature. Third, we only analyzed patients with ischemic stroke
involving PPCA occlusion who accepted EVT; i.e., those who
accepted only medicine were not included in our study. Forth,
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FIGURE 3 | Case 2. (A) Baseline CT indicated pc-ASPECTS score was 10, (B) Anterior-posterior angiogram revealed an occlusion of left PPCA.
(C) Post-thrombectomy angiogram indicated the mTICI score was 2b. (D) Post-procedural DWI showed acute left thalamic infarction. PPCA, proximal posterior
cerebral artery; pc-ASPECTS, posterior circulation Alberta Stroke Program Early CT Score; mRS, modified Rankin Scale.

patients with PPCA occlusion but who had mild symptoms
might not undergo angiographic evaluation and may thus not
have undergone EVT. Finally, we missed the details of these
thrombus, such as thrombus length, pathologic information
which potentially help to understand the etiology of PPCA
occlusion.

In conclusion, our study suggests that EVT may represent an
alternative treatment strategy for patients with AIS caused by
PPCA occlusion. Nevertheless, further randomized studies are
urgently required to verify our findings.
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Introduction: Surgical clipping of superior hypophyseal artery (SHA) aneurysms is a
challenging task for neurosurgeons due to their close anatomical relationships. The
development of endovascular techniques and the difficulty in surgery have led to a
decrease in the number of surgical procedures and thus the experience of
neurosurgeons in this region. In this study, we aimed to reveal the microsurgical
anatomy of the ipsilateral and contralateral approaches to SHA aneurysms and define
their limitations via morphometric analyses of radiological anatomy, three-dimensional
(8D) modeling, and surgical illustrations.

Method: Five fixed and injected cadaver heads underwent dissections. In order to make
morphometric measurements, 75 cranial MRI scans were reviewed. Cranial scans were
rendered with a module and used to produce 3D models of different anatomical
structures. In addition, a medical illustration was drawn that shows different sizes of
aneurysms and surgical clipping approaches.

Results: For the contralateral approach, pterional craniotomy and sylvian dissection were
performed. The contralateral SHA was reached from the prechiasmatic area. The
dissected SHA was approached with an aneurysm clip, and maneuverability was
evaluated. For the ipsilateral approach, pterional craniotomy and sylvian dissection
were performed. The ipsilateral SHA was reached by mobilizing the left optic nerve
with left optic nerve unroofing and left anterior clinoidectomy. MRI measurements
showed that the area of the prechiasm was 90.4 +36.6 mm?® (prefixed: 46.9 +
10.4 mm?, normofixed: 84.8 + 15.7 mm?, postfixed: 137.2 + 19.5 mm?, p <0.001), the
distance between the anterior aspect of the optic chiasm and the limbus sphenoidale
was 10.0+3.5mm (prefixed: 5.7+0.8 mm, normofixed: 9.6 +1.6 mm,
postfixed:14.4 £ 1.6 mm, p <0.001), and optic nerves’ interneural angle was 65.2° +
10.0° (prefixed: 77.1° £ 7.3, normofixed: 63.6° + 7.7°, postfixed: 57.7° +5.7°, p: 0.010).

94 2022 | Volume 9 | Article 915310


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fsurg.2022.915310
https://www.frontiersin.org/articles/10.3389/fsurg.2022.915310/full
https://www.frontiersin.org/articles/10.3389/fsurg.2022.915310/full
https://www.frontiersin.org/articles/10.3389/fsurg.2022.915310/full
https://www.frontiersin.org/articles/10.3389/fsurg.2022.915310/full
https://www.frontiersin.org/journals/Surgery
https://www.frontiersin.org/journals/behavioral-neuroscience#editorialoard
https://www.frontiersin.org/journals/behavioral-neuroscience#editorialoard
https://doi.org/10.3389/fsurg.2022.915310
http://crossmark.crossref.org/dialog/?doi=10.3389&sol;fsurg.2022.915310&domain=pdf&date_stamp=2020-03-12
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org

Sahin et al.

Surgical Approaches to SHA Aneurysms

Conclusion: Anatomic dissections along with 3D virtual model simulations and
illustrations demonstrated that the contralateral approach would potentially allow for
proximal control and neck control/clipping in smaller SHA aneurysm with relatively
minimal retraction of the contralateral optic nerve in the setting of pre- or normofixed
chiasm, and ipsilateral approach requires anterior clinodectomy and optic unroofing
with considerable optic nerve mobilization to control proximal ICA and clip the

aneurysm neck effectively.

Keywords: superior hypophyseal artery, aneurysm, contralateral, ipsilateral, approach, microsurgical anatomy

INTRODUCTION

The superior hypophyseal artery (SHA) arises from the
posteromedial surface of the internal carotid artery just distal
to the distal dural ring. This terminology was first used by
Day (1, 2). The SHA is responsible for the arterial supply of
the pituitary stalk, optic nerves, and optic chiasm (2).

SHA aneurysms, together with carotid cave, posterior carotid
wall, and carotid-ophthalmic aneurysms, are referred to as
paraclinoid aneurysms (3, 4). Although SHA aneurysms are
rare, they cause subarachnoid hemorrhage due to their
intradural localization. Although the surgical treatment of
SHA aneurysms has decreased with the development of
endovascular treatment techniques, it still seems difficult to
treat patients with low dome-to-neck ratios endovascularly.

First, the contralateral approach to bilateral carotid-
ophtalmic aneurysms was defined by Yasargil, and then, case
series in the literature were shared by many authors (5-11).
The surgical approach and clipping of SHA aneurysms are
challenging for many reasons such as close proximity to
important neurovascular structures, narrow surgical corridor,
and difficulty in proximal control. Literature is scarce
regarding the conditions and limits of the ipsilateral and
contralateral approach for SHA aneurysms.

In this study, we aimed to reveal the microsurgical anatomy
of the ipsilateral and contralateral approaches to SHA
aneurysms and define their limitations via morphometric
analyses of radiological anatomy, three-dimensional (3D)
modeling, and surgical illustrations.

MATERIALS AND METHODS

Preparation of Specimens

In this study, five silicone-injected cadaver heads were used.
Cadavers were fixed with a 10% formalin solution for at least
3 weeks. Silicone injection in all whole-head specimens was
performed using the technique described by Shimizu et al
(12). Dissections were performed under x6-40 magnification
using a Zeiss Surgical Microscope (Carl Zeiss AG,
Oberkochen, Germany). During the study period, all
specimens were kept in a 75% alcohol solution. Three-
dimensional images of each step of the dissection were obtained.
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Radiological Examinations

In order to make morphometric measurements (perchiasmatic
area, interneural angle, interneural length, etc.) in prefixed,
normofixed, and postfixed chiasm types, we performed a
thorough retrospective search on the institutional PACS for
scans of patients 18-65 years who underwent any magnetic
resonance imaging (MRI) of the head. We then reviewed
patient charts and applied the following exclusion criteria:
history of any brain or orbit tumor, enucleation of eye, optic
nerve lesions, enlargement or atrophy of the optic nerve,
raised intracranial pressure (treated or not), and ischemia,
hemorrhage, or atrophy along the optic pathway. We included
patients who had indications for MRI other than optic nerve
lesions or any cranial mass effect lesions. Scans with poor
visualization of the optic nerve were excluded.

A total of 75 MRIs with 18 prefixed, 36 normofixed, and 21
postfixed chiasms that met the eligibility criteria were selected.
Retrospectively evaluated studies included MRI images from a
15T MRI system (Magnetom Siemens Altea, Germany).
Imaging parameters included FOV180, slice thickness of 0.8,
TR-5.83, TE-2.53, frequency of 63.68 MHz, NEX-1, bandwidth
of 399 Hz/Px, and measurements were done using a 64-bit
medical image viewer for OS X. Horos DICOM viewer, an
open-source software based upon OsiriX, was used to view the
sectional MRI images and perform morphometric measurements.

In sagittal images evaluated for the location of the optic
chiasm, the optic chiasm overlying the tuberculum sellae was
termed as prefixed, the optic chiasm overlying the diaphragm
sellae was termed as normal, and the optic chiasm overlying
the dorsum sellae was termed as postfixed chiasm
(Figure 1A). The angle between the medial (inner) border of
the intracranial portion of bilateral optic nerves, termed the
interneural angle, and between the medial aspect of the optic
tracts, termed the optic tract angle, were calculated from the
axial reformatted images along the intracranial optic nerves
and optic tracts (Figure 1B). Parameters h, A, and B were
defined to estimate the size of the prechiasmatic cistern.
Parameter h (mm) is the distance between the anterior margin
of the optic chiasm and the limbus sphenoidale, parameter A
(mm) is the distance between the bilateral optic nerves at the
entrance to the optic canal, and parameter B (mm) is the
distance between the bilateral optic nerves forming the optic
chiasm. Parameters h, A, and B were measured on an MRI
slice made parallel to the long axis of the optic nerves
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FIGURE 1 | (A) Sagittal MRI image showing a prefixed chiasm—overlying tuberculum sella. (B) Measurement of the interneural angle on axial reformatted images
along the intracranial optic nerves. (C) Upper dashed yellow line shows the distance between the bilateral optic nerves at the entrance to the optic canal. The lower
dashed yellow line shows the distance between the optic nerves just before they form the optic chiasm. The dashed red line shows the distance from the anterior
aspect of the optic chiasm to the limbus sphenoidale.

Area: (A+B)xh/2

y \
\ \

A : » A }

FIGURE 2 | Graphic representation of the prechiasmatic space. h, the distance from the anterior aspect of the optic chiasm to the limbus sphenoidale; A, the
distance between the bilateral optic nerves at the entrance to the optic canal; B, the distance between the optic nerves just before they form the optic chiasm.
Prechiasmatic area (scanned area) calculated by using the trapezoid area formula: [(A + B) x h)/2.

(Figure 1C). The estimated size of the prechiasmatic area was  tomography (CT) scans were imported into Mimics. Radiological
calculated using the following formula: (A + B) x h/2 (Figure 2).  images were visualized on axial, coronal, and sagittal planes. The

masking process was undertaken using hounsfield unit (HU)

values on two-dimensional radiological images. Segmentation of
Reconstruction of the Virtual 3D Simulation  various structures was done according to anatomical borders.
Model Different imaging sequences were used for the segmentation of
All 3D planning and modeling studies were carried out with  different intracranial structures: CT for bone, time of flight
Mimics Innovation Suite 22.0 software (Materialise, Leuven, (TOF) MR angiography for arteries, and T2-weighted MRI for
Belgium). Briefly, DICOM files of MRI or computed the optic nerve. All CT and MRI scans were merged and aligned
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with the Align Global Registration module. Surface rendering was
used to produce 3D models of different anatomical structures.
Then, a design module (3-matic 14.0, Materialise, Leuven,
Belgium) was used for fine-tuning and detailed modeling. For
this specific study, we artificially created variations to the
existing anatomy (pre- and postfixed optic nerve, addition of
SHA, addition of aneurysms of different sizes). This allowed us
to simulate a surgical scenario by freely rotating, positioning,
and trimming the model virtually. The optic nerve was made
transparent to visualize the underlying SHA.

Statistical Analysis

The Statistical Package for the Social Sciences for Windows
(version 15.0; IBM Corporation, Armonk, NY, USA) was used
for statistical analysis. Results were expressed as mean,
standard deviation, and percentage scores wherever
appropriate. Measurements were compared in the prefixed,
normofixed, and postfixed chiasms using a one-way ANOVA
test. A p-value <0.05 was used to denote statistical significance.

RESULTS

Anatomical Aspects of the Ipsilateral and
Contralateral Approach

Contralateral Approach

The right pterional approach was used in the first stage of
dissection. After dural opening, proximal sylvian dissection
was performed. MCA bifurcation, M1, lenticulostriate arteries,
early temporal branch, ipsilateral and contralateral ICA,
carotid bifurcation, Al, anterior clinoid process, ipsilateral and
contralateral optic nerves, prechiasmatic area, and optic
chiasma were identified (Figures 3A,B). The SHA originating
from the medial surface of the ophthalmic segment of the
ICA was identified by a slight elevation of the left optic nerve
with the opening of the prechiasmatic cistern. Again, in the
same exposure, the left PComA was in the field of view. It
was observed that the SHA extended toward the pituitary
gland, pituitary stalk, and optic nerve. Terminal branches
from the artery were seen to extend from below the chiasm to
the floor of the third ventricle (Figures 3C,D).

Ipsilateral Approach

In the left pterional approach to a different specimen, following
sylvian dissection, MCA bifurcation, superior and inferior trunk,
anterior clinoid process, carotid artery, and optic nerve were
revealed (Figure 4A). When the dissection was extended, the
SHA was identified in the left opticocarotid triangle.
Subsequently, intradural anterior clinoidectomy  was
performed. The falciform ligament is defined and incised.
Cutting the falciform ligament was beneficial for mobilizing
the optic nerve. The optical canal is defined, and the optic
roof is removed (Figures 4B,C). After optic unroofing, the
optic nerve was mobilized. After mobilization, it was observed
that the SHA originated from the medial of the ICA-
ophthalmic segment, extended medially and posteriorly, and a
surgical corridor was created (Figure 4D).
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Figures 5, 6 show the 3D model and artistic depiction of the
ipsilateral and contralateral approaches. Virtual 3D model
simulations included bilateral SHA aneurysm scenarios and
represented three different chiasm variations based on real
measurements (mean values obtained in the following section
were used for simulations).

Anatomic dissections along with 3D virtual model
simulations and illustrations demonstrated that (i) the
contralateral approach would potentially allow for proximal
control and neck control/clipping in smaller SHA aneurysm
with relatively minimal retraction of the contralateral optic
nerve in the setting of pre- or normofixed chiasm and (ii) the
ipsilateral approach requires anterior clinodectomy and optic
unroofing with considerable optic nerve mobilization to
effectively control proximal ICA and clip the aneurysm neck.

Morphometric Analysis

A total of 75 patients [37 males (49.3%) and 38 females (50.7%)]
were included in the study. Chiasm types were 18 (24%)
prefixed, 36 (48%) normofixed, and 21 (28%) postfixed.
Prefixed chiasm group’s age was 41.8 £ 10.6 years, normofixed
chiasm group’s age was 37.9+13.9 years, and postfixed
chiasm group’s age was 38.9+12 vyears. There was no
significant difference in sex and age distribution groups.

The distance between the bilateral optic nerves at the
entrance to the optic canal in all patients was 14.7 + 1.9 mm,
in the prefixed group was 12.8 £ 1.6 mm, in the normofixed
group was 14.8 £ 1.5 mm, and in the postfixed group was 16 +
1.4 mm, and there was no significant difference (Figures 1, 2).

The distance between bilateral optic nerves where they form
the optic chiasm in all patients was 13.1+0.9 mm, in the
prefixed group was 3.5+0.9 mm, in the normofixed group
was 2.9+0.8mm, and in the postfixed group was 3.1+
1.0 mm, and there was no significant difference (Figures 1, 2).

The distance between the anterior aspect of the optic chiasm
to the limbus sphenoidale in all patients was 10.0 £ 3.5 mm, in
the prefixed group was 5.7 £ 0.8 mm, in the normofixed group
was 9.6+ 1.6mm, and in the postfixed group wasl4.4+
1.6 mm, and there was no significant difference between
distribution groups (Figures 1, 2) (p <0.001).

The optic nerves’ interneural angle in all patients was 65.2° +
10.0° in the prefixed group was 77.1° £ 7.3°, in the normofixed
group was 63.6 °+7.7° in the postfixed group was 57.7° + 5.7°,
and there was no significant difference between distribution
groups (Figure 7) (p=0.010).

The length of the medial side of the right optic nerve in all
patients was 11.3+3.0 mm, in the prefixed group was 8.0 =
1.1 mm, in the normofixed group was 10.8 + 1.5 mm, and in
the postfixed group was 15.1+1.5mm, and there was no
significant difference between distribution groups (p < 0.001).

The length of the medial side of the left optic nerve in all
patients was 11.2+2.8 mm, in the prefixed group was 7.9 =
1.0 mm, in the normofixed group was 10.9 + 1.6 mm, and in
the postfixed group was 14.7+ 1.2 mm, and there was no
significant difference between distribution groups (p < 0.001).

The area of the prechiasm in all patients was 90.4 +
36.6 mm’, in the prefixed group was 46.9 + 10.4 mm?, in the

2022 | Volume 9 | Article 915310


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org

Sahin et al.

Surgical Approaches to SHA Aneurysms

iale, Lig,

Cari Ay
ChiRSInatie:
(c]r00Va

iale, Lig,

Ani, Slin,

Lent. St. A.——
M1

FIGURE 3 | Right pterional exposure of the preoptic chiasm and circle of Willis, contralateral approach to the left superior hypophyseal artery. (A) Right
frontotemporal bone flap is elevated, and the dura is opened. The right frontal and temporal lobes have been retracted to expose the right carotid artery entering
the dura medial to the anterior clinoid process. Right-left optic nerves, optic chiasma, prechiasmatic area, left carotid artery, and left superior hypophyseal artery
are visible. (B) Exposure has been extended between the chiasm and frontal lobe to the left posterior communicating artery (PCoA) left superior hypophyseal
artery arising from the ophthalmic segment. (C) PCoA, the course of the left superior hypophyseal artery, is exposed through left optic nerve mobilization. (D)
Aneurysm of the left superior hypophyseal has been illustrated and approached with an aneurysm clip to mimic the contralateral surgical approach.
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normofixed group was 84.8 + 157 mm?, and in the postfixed

group was 137.2+19.5mm?’ and there was no significant
difference between distribution groups (Figure 8) (p < 0.001).

DISCUSSION

This study is the first investigation to combine cadaveric
dissections with morphometric radiologic analyses and 3D

simulations to examine the superior hypophysial artery with a
focus on its aneurysms. Here, we first described relevant
anatomy using cadaveric dissections. Then, we presented
morphometric measurements appropriate for ipsilateral and
contralateral approaches for SHA aneurysms. Finally, we
provided virtual 3D simulations of surgical scenarios using
morphometric data to inform surgical decision-making.

The superior pituitary artery was first described by von
Lusckha (13). Dawson (14) detailed information on the SHA
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FIGURE 4 | Left pterional exposure of the preoptic chiasm and circle of Willis, the ipsilateral approach to the left superior hypophyseal artery. (A) Left frontotemporal
bone flap is elevated, and the dura is opened. The left frontal and temporal lobes have been retracted to expose the left carotid artery entering the dura medial to the
anterior clinoid process. The left optic nerve, anterior clinoid process, and prechiasmatic area are seen. (B) Exposure has been extended between the chiasm and the
frontal lobe. Pituitary stalk and left superior hypophyseal artery are seen between the left optic nerve and left carotid artery. The optic canal roof is depicted by a
dashed yellow line. (C) Optic canal roof, depicted by a dashed white line, is removed. The anterior clinoid process is depicted by a dashed yellow line. (D)
Anterior clinoid process, depicted by a dashed white line, is removed and the left optic nerve is mobilized. The corridor for the ipsilateral approach to the left
superior hypophyseal artery is seen (dashed yellow line) between the left optic nerve and the mobilized left carotid artery.
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anatomy and reported that it originated from the ICA. Over
time, information has revealed that SHA is actually a vascular
complex originating from the medial aspect of the segment of
the ICA between the ophthalmic artery and the posterior
communicating artery (15-17). Recently, the term primary
and secondary SHA was used for the first time in the study of
Truong et al. (18), in which 110 SHAs originating from 60
ICAs were examined in the endoscopic study in which they

examined the surgical anatomy of SHA. According to their
findings, two SHAs, proximal and distal, were detected at a
rate of 70%. The primary term was used for proximal SHA
that feeds the optic nerve, optic chiasm, and infundibulum
and travels in the preinfundibular space; the secondary term
for SHA that feeds the infundibulum, tuber cinereum, optic
tracts, and mammillary bodies and extends in the
retroinfundibular or parainfundibular space. Moreover, they
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Prefixed chiasm Normofixed chiasm Postfixed chiasm

FIGURE 5 | 3D models of chiasm types and the relationship of the prechiasmatic area — aneurysms. (A) Prefixed chiasm type, regardless of its size and shape, the
aneurysm remains below the optic chiasm. Consequently, there is not enough space for the contralateral approach. (B) Normofixed chiasm type provides sufficient
space for the contralateral approach, depending on the shape and size of the aneurysm. (C) Postfixed chiasm type provides sufficient space for the contralateral

approach, more than the normofixed chiasm type, depending on the shape and size of the aneurysm.

stated that there is a single SHA of 18.3% and a third SHA
of 83%. In addition, they stated that the primary SHA
originates from the ophthalmic segment of the ICA at a rate
of 1/3 and the clinoidal segment of the ICA at a rate of 2/3
from the distal of the distal dural ring and from the proximal
of the distal dural ring, and even half of them originate from
the carotid cave. They showed that it has complicated and
variational anatomy (18).

The complicated anatomy of SHA is a factor that makes
surgery challenging. Complex procedures such as the
complexity of the surgical anatomy of the area of SHA,
the proximity of SHA to important neurovascular structures in
the suprasellar area (optic nerve, chiasm, pituitary stalk, other
arterial branches), the need for anterior clinoidectomy to
provide proximal control of the ICA and to define the proximal
aspect of the aneurysmal neck, optic nerve decompression and
mobilization, and opening of the carotid collar are the factors
that increase the degree of surgical difficulty in aneurysms (19).
In addition, the authors mentioned the problem of accessing
the infrachiasmatic space and the difficulty in dissection of
SHA (14, 17). In our study, similar to the literature, it was
found that it was not possible to provide proximal control in
large aneurysms, especially in the contralateral approach.

One of the most important complications that develop due to
these difficulties is visual deficits. In two cases presented by El
Refaee et al. (20), SHA was occluded during SHA aneurysm
surgery, and it was reported that superior quadranopsia
developed in one of the patients. Johnson et al. (21) stated
that homonymous hemianopsia developed after the operation
in a patient who underwent SHA aneurysm embolization.
Horiuchi et al. (22) stated that a visual deficit of 13% was
observed in a series of 70 patients with SHA aneurysms, and
it was commented that unilateral sacrification could not
always be performed in SHA aneurysms.

Another problem in SHA aneurysms is the direction of the
surgical approach. The common approach in ophthalmic
segment aneurysms of the ICA is the ipsilateral pterional
approach (23, 24). On the contrary, some authors suggest that
surgery should be performed from the contralateral side in
paraclinoid and ophthalmic ICA, especially in the ophthalmic
segment and SHA aneurysms, since the aneurysm originates
from the medial wall of the ICA, but they state that the
problem of proximal control also poses a serious disadvantage
(10, 11, 25, 26). In the presence of a bilateral aneurysm, a
bilateral approach with unilateral craniotomy is recommended
(11, 26-28). Finally, another type of surgical approach used in
ophthalmic ICA aneurysms is the subfrontal interhemispheric
approach (10).

The distance to the lesion and the prechiasmatic space are
very important in the contralateral approach. We think that
the type of chiasm is one of the most important points in the
contralateral approach. In the study of de Oliveira et al. (25)
on the contralateral approach to aneurysms, it was stated that
the preference for the contralateral approach in ophthalmic
ICA aneurysms depends on the size and projection of the
aneurysm and its relations with the optic nerve, carotid artery,
and anterior clinoid process. It has been stated that
anatomical variations of the chiasm, such as the prefix chiasm,
may interfere with the contralateral approach since access to
the aneurysm is made between the optic nerves. Ophthalmic
ICA aneurysms are divided into four types according to their
projections, and the most common type is the subchiasmal
type that projects medially and originates from the medial
surface, but Nishio et al. (10) also drew attention to the effect
of the proximity of the neck of the aneurysm to the exit point
of the ophthalmic artery on surgery. They stated that the
inability to see the origin of the ophthalmic artery in
ipsilateral surgery complicates the ipsilateral approach. Since

Frontiers in Surgery | www.frontiersin.org

2022 | Volume 9 | Article 915310


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org

Sahin et al.

Surgical Approaches to SHA Aneurysms

Pressure on
optic nerve

Vascular
clip

contralateral approach. Printed with permission from Ufuk Kdse.

Superior hypophyseal

FIGURE 6 | lllustration of superior hypophyseal artery aneurysms, contralateral-ipsilateral aneurysm clipping. The right superior hypophyseal artery has aneurysms
that are not suitable for the contralateral approach because of the aneurysm size and the challenge of reaching the aneurysm dome. Also, this aneurysm’s pressure
on the optic nerve has been illustrated. This aneurysm is suitable for the ipsilateral approach. On the other hand, the illustrated left superior hypophyseal artery
aneurysm is suitable for the contralateral approach because of the aneurysm size (small). Also, this aneurysm allows reaching the aneurysm dome by the
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the ipsilateral optic nerve blocks the view of the origin of the
ophthalmic artery and the medial aspect of the ipsilateral ICA,
mobilization of the optic nerve is necessary to view these
areas. For this reason, it has been reported that it is necessary
to open the roof of the optic canal, remove the anterior
clinoid process and tuberculum sella, and in some cases even
a part of the optic nerve. Because of these maneuvers,
postoperative visual impairment may be a serious problem in
the ipsilateral approach (10). In the contralateral approach, the
medial and inferior aspects of the ophthalmic segment of the
ICA and the origin of the contralateral ophthalmic artery can
be seen without the need for manipulation of the optic nerve;
therefore, the aneurysm originating from the anterior, medial,
and inferior of the ophthalmic ICA can be reached without
causing visual impairment with a contralateral approach (10).
Despite these advantages, the contralateral approach may not
be suitable for large and ruptured aneurysms. Another
handicap of the contralateral approach is that it can cause
bilateral olfactory nerve damage and develop a permanent

sense of smell (10). In the setting of large and anteromedially
protruding aneurysms and prefixed chiasm, which prevents a
contralateral approach, a combined contralateral pterional and
interhemispheric approach has also been proposed (29).
However, if the aneurysm neck is small and there is a space
between the anterior wall of the aneurysm and tuberculum
sellae, it might be possible to clip even giant aneurysms
through a contralateral approach without optic injury (30).
Carotid cave aneurysms, one of the segments where SHA can
originate, can be given as an example of a special type of
intracranial aneurysm where the surgical approach is the most
challenging. In the carotid cave aneurysm series of 31 cases by
Sheikh et al. (28), the contralateral approach was applied to
four patients, and the contralateral approach was
recommended in this type of aneurysm because it does not
cause optic damage and can be easily applied in multiple and
bilateral aneurysms. Kakizawa et al. (7) reported the necessary
parameters for the contralateral approach for ICA-ophthalmic
aneurysms. They identified that the direction of the aneurysm
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from ICA on the anteroposterior angiogram and the distance
between the medial aspect of the distal dural ring and the
proximal aneurysm neck on the lateral angiogram were two
important factors in predicting the difficulty in the
contralateral approach.

Although there are many studies on ophthalmic ICA
aneurysms in the literature, there are limited studies on
isolated SHA aneurysms. Although it has been stated that
most paraclinoid aneurysms are associated with SHA,
occlusion may not cause any deficit during the treatment of
SHA aneurysm, and therefore, SHA can occasionally be
sacrificed in some cases; there is no way to predict whether or
not an obliteration of SHA would cause visual deficits (31).
Despite the peculiarities of SHA aneurysms and their
differences from other ophthalmic segment aneurysms, there

Frontiers in Surgery | www.frontiersin.org

complex anatomy of SHA and the expectation of no deficits
in the postoperative period in unruptured aneurysms. Most of
the available studies on isolated SHA aneurysms are clinical
series presentations. In the series of eight cases by Chen et al.
(32), surgery was performed with the contralateral approach
in nonruptured SHA aneurysms, and it was stated that no
complications, including the optic deficit, developed and the
contralateral approach was safe and technically possible in
unruptured aneurysms. Godbole et al. (19) presented a new
classification based on parameters such as aneurysm size,
origin, relationship with important structures, and type
(saccular, fusiform) over 14 disease series including ruptured
and unruptured SHA aneurysms. They argued that detailed
information about anatomical variations is necessary in order
to achieve satisfactory results in their study, where they stated
that, according to their results, there was no interpretation of
the optic deficit in five patients, optic deficit was absent in
seven patients, and optic deficit occurred in two patients (19).
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In parallel to Godbole et al. (19), we identified conditions and
limitations of ipsilateral and contralateral approaches to SHA
aneurysms combining anatomical study with morphometric
analyses and 3D simulations. The findings of the study may
aid neurosurgeons in choosing the proper approach for SHA
aneurysms. Hereby, we stress the utmost importance of
patient-specific radiological anatomy. Indeed, even the
intraoperative monitoring of visual evoked potentials might
not be sufficient to prevent visual deficits in these surgeries
(33-36).

Strengths and Limitations

This study combined different methodologies to study the
microsurgical anatomy of SHA and its aneurysms. Robust
morphometric analysis and its integration with the 3D virtual
model simulation are its strengths. However, it has certain
limitations, too. First, we did not study anatomic variations of
SHA. Second, we did not examine angiographic variations
related to SHA aneurysms. Third, although simulations can be
potentially enriched by introducing endless variations, they
only provide anatomic relationships but do not inform about
the challenges faced in real-world settings such as adherence
of aneurysm wall to adjacent structures and the extent to
which optic nerves can be mobilized. Further studies with the
incorporation of angiographic images into simulations can
better inform decision-making processes.

CONCLUSION

This study is the first investigation to combine cadaveric
dissections with morphometric radiologic analyses and 3D
simulations to examine superior hypophysial artery with a
focus on its aneurysms. Anatomic dissections along with 3D
virtual model simulation and illustrations demonstrated that
(i) the contralateral approach would potentially allow for
proximal control and neck control/clipping in smaller SHA
aneurysm with relatively minimal retraction of the
contralateral optic nerve in the setting of pre- or normofixed
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Tumors of the IV ventricle represent 1-5% of all intracranial lesions; they are implicated in
2/3 of the tumors of the ventricular system. According to modern standards, the first
treatment stage for this pathology is microsurgical removal. Currently, for the removal
of neoplasms of the IV ventricle and brainstem, the median suboccipital approach is
widely used, followed by one of the microapproaches. Moreover, with the development
of microsurgical techniques, keyhole approaches are now beginning to be utilized.
However, surgical treatment of these tumors remains a challenge for neurosurgeons
due to the proximity of functionally important anatomical structures (the brainstem, the
cerebellum, pathways, vessels, etc.) of the posterior cranial fossa. Therefore, surgery in
this area is associated with the possible occurrence of a wide range of postoperative
complications. The authors provide a review of series of fourth ventricle tumors treated
with microsurgical technique.

Keywords: IV ventricle, tumors of the IV ventricle, median suboccipital approach, minimally invasive suboccipital
approach, posterior fossa, keyhole approach, brainstem

INTRODUCTION

Tumors of the IV ventricle represent 1-5% of all intracranial lesions (1-4); among tumors of the
ventricular system, they are diagnosed in 2/3 of cases (3). According to the modern standards, the
first stage of treatment for this pathology is microsurgical removal (5). However, surgical treatment
of these tumors remains a challenge for neurosurgeons due to the proximity of functionally
important anatomical structures (the brainstem, the cerebellum, pathways, vessels, etc.) of the
posterior cranial fossa. Therefore, surgery in this area is associated with the possible occurrence
of a wide range of postoperative complications. To date, despite the general trend toward
minimally invasive surgery, the standard median suboccipital approach is commonly used for
removing tumors of the IV ventricle and brainstem. According to the literature, a median
suboccipital approach to the posterior cranial fossa is associated with a high risk of CSF leakage
(up to 27% of cases) and pseudomeningocele (up to 23% of cases) (6). The goal of this paper is
to review the different variations of the median suboccipital approaches used to surgically treat
fourth ventricular pathologies. A summary of the analyzed articles can be seen in Table 1.
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Main Surgical and Anatomical Landmarks
of the Suboccipital Cerebellar Surface
When removing tumors of the IV ventricle, it is essential to
know the anatomical structures and landmarks of the
suboccipital surface of the cerebellum, especially its fissures.
The tonsillobiventral fissure is located between the upper-
lateral border of the tonsil and the biventral lobule. During
surgery, the dissection of this fissure is performed via the
supratonsillar approach (7, 8).

The lower-medial surface of the tonsil is divided from the
medulla and the uvula by the cerebellomedullar fissure, which
consists of the tonsillomedullar and tonsillouvular fissures.
The anterior wall of the cerebellomedular fissure is formed by
the posterior surface of the medulla, the inferior medullary
velum, and the tela choroidea. The posterior wall is formed by
the uvula, the tonsil, and the biventral lobule laterally (9-11).

The floor of the tonsillouvular fissure is adjacent to the
inferior half of the IV ventricular roof. The inferior half of the
roof is formed by the inferior medullary velum, the tela
choroidea, the nodule and the uvula. The inferior medullary
velum is a butterfly shaped structure that blends into the
ventricular surface of the nodule medially (12). It is a
membranous layer and does not contain eloquent nervous
tissue (13, 14). At the fastigium, it bends inferiorly from the
superior medullary velum and blends with the tela choroidea
at the level of the lateral recesses. The tela choroidea is a
triangular fold of the pia mater (13, 15-17).

Different Approaches to Classifying Fourth
Ventricular Tumors

To date, there is no commonly accepted classification system for
fourth ventricular tumors. The main controversy is whether to
classify tumors that spread secondary to the ventricular cavity
and deform the it as tumors of the IV ventricle. In almost half
of the cases, the origin site of tumor growth is the floor of the
IV ventricle (3).

In the publications from the beginning of the 20th century,
the prevailing opinion was that, from an anatomical point of
view, IV ventricle tumors should include only those located in
its cavity, ie., growing from its floor or ependyma of the
vascular plexus, according to articles of M. Yu Rappoport,
I. Ya Razdolsky, Hennenberg, Cushing, O. Marburg, and
Lerrebuhle (18, 19).

The majority of contemporary authors expand the concept of
the term “tumor of the IV ventricle”. For instance, Yasargil in
his seminal work in 1994 classified both those tumors that
develop primarily in its cavity (subependymoma, ependymoma,
choroidpapilloma) and those tumors that grow secondarily to its
cavity (astrocytomas, medulloblastomas, etc.) as IV ventricular
tumors (20). Karakhan (3) and Tomasello (21) built their
classifications of IV ventricular tumors according to the same
principle (intraventricular filling and subependymal protrusion).

Yasargil distinguishes tumors of the IV ventricle according to
the topographic localization of the tumors, which occupy the
upper-median/paramedian, lower-median/paramedian, posterior,
and lateral locations (20).
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In their publications, Ferguson and Babichev divided IV
ventricular tumors into those with central, caudal, lateral, and
oral brainstem distributions (2, 22). Karakhan divided IV
ventricular neoplasms into intraventricular, with supra-, retro-,
infra- and latero-compression (3) (Table 2).

The most common tumor types in the IV ventricle and
brainstem are medulloblastomas (2, 10, 15, 21-26) (7-93.3%),
metastases (2, 3, 21, 25, 27, 28) (4.8-46.4%), ependymomas
(2, 3, 9, 15, 21-30) (6.7-38%), astrocytomas (grade I-IV)
(2, 3, 9, 21-26, 28, 30) (7.3-33%), subependymomas (2, 22)
(9-19.5%), chorioidpapillomas (2, 9, 21-23, 26, 30)
(2.2-14.6%), and hemangioblastomas (2, 3, 9, 15, 21-23, 25)
(4.9-14.3%).

TABLE 2 | IV ventricle tumor classifications.

Year Author IV ventricle tumor classification

1935 M.Y. Rappoport Lesion located in the IV ventricular cavity, growing

(18) from its floor, ependyma of the choroid plexus

1.Y. Razdolsky Lesion developed from the walls of the IV ventricle

(19) (ependyma and subependymal glia), endothelium,
stroma, blood vessels, choroid plexus, ventral
cerebellar vermis.

1940

1994 M.G. Yasargil (20) I Lesions grow primarily within the IV ventricle
IL.II Lesions secondarily spread into the IV

ventricular cavity

Topographically:

1)Upper median and paramedian location
2)Lower median and paramedian location
3)Posterior (fastigial) location

4)Lateral location

2018 K.N.Babichev In relation to the floor of the IV ventricle:

(22) 1)Central extension
2)Caudal extension (through the median aperture)
3)Lateral extension (through the lateral aperture
into the cerebellar-pontine cistern)
4)Oral-brainstem extension (infiltrating the
brainstem)
5)Mixed

2015 V.B. Karakhan (3) In relation to the IV ventricular cavity:
1)Intraventricular filling
2)Extraventricular compression (subependymal

protrusion)

Topographic variants:

1)Intraventricular

2)Supraventricular compression (from the superior
medullary vellum)

3)Retroventricular compression (from the inferior
medullary vellum)

4)Infraventricular compression (from the
brainstem)

5)Lateroventricular compression (from the lateral
aspects of the medulla)

2018 S.D. Ferguson (2) 1)No extension beyond the 4th ventricle

2)Caudal extension (into the foramen of Magendie)
3)Lateral extension (into the foramen of Luschka)
4)Anterior extension (invasion of the brainstem)

5)Extension in multiple directions
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The Clinical Picture of Tumors of the IV
Ventricle

The symptoms that occur in patients with tumors of the fourth
ventricle are either a consequence of an increase in intracranial
pressure due the restriction in the outflow of cerebrospinal fluid
through the cavity of the 4th ventricle or the compression of the
walls of the 4th ventricle by the tumor (4).

For this reason, tumors of the IV ventricle are characterized
by symptoms of increased ICP (headache, nausea, vomiting);
symptoms of cerebellar damage, in particular, ataxia,
intentional tremor, cerebellar dysarthria; and dysfunction of
the cranial nerves (from V to XII). Motor and sensory
disorders are less common and occur in cases where there is
significant size and spread of the tumor (19).

According to the analyzed series, the most common
symptoms were headache (2, 22, 28, 30, 31) (33-100%),
nausea, vomiting (2, 22, 28, 31) (38-100%), diplopia (27, 28, 31)
(26.9-33.3%), gait disturbance (2, 22, 27, 28, 30) (33-100%),
visual impairment (2, 22) (9.8-29%), dizziness (2, 22, 28, 31)
(15.4-66.7%), bulbar syndrome (22, 27, 28, 31) (17, 1-50%),
sensory and pyramidal disorders (2, 22, 23, 31) (7-69.2%) and
changes in mental status (2, 22, 31) (2-17.2%).

Surgical Treatment of Tumors of the IV
Ventricle

In the 1920s, the only methods of surgical intervention for
tumors of the fourth ventricle were punctures of the lateral
ventricles, punctures of the corpus callosum, and subtemporal
decompressive  trepanations. These manipulations were
palliative and did not produce favorable results.

The first surgical operation for a tumor of the IV ventricle
was performed by Germanides (1894), and the first successful
surgical interventions were performed by Oppenheim (1912)
and Krause (1913). Cushing developed a surgical technique
for these pathologies, which consisted of a wide exposure of
both halves of the posterior cranial fossa. Martel began to
operate on such patients while they were sitting and with
drainage of the surgical wound (19). However, the overall
mortality in pathologies of the fourth ventricle at the
beginning of the 20th century remained high. For example, in
the work of Razdolsky 1.Ya, the postoperative mortality was
31% (19).

To date, along with the development of microsurgical
techniques, anesthesia, new methods of intraoperative
neurophysiological monitoring, and a detailed study of the
anatomy of the 4th ventricle, the results of surgical treatment
have improved significantly, but nevertheless, treating this
pathology is a difficult task for modern neurosurgeons.

Variants of the Neurosurgical Approaches
to Tumors of the 4th Ventricle

Craniotomy Stage

The classic approach to tumors of the 4th ventricle is the
suboccipital approach (32). After the abovementioned
approach is performed, the cerebellar hemispheres, vermis and
medulla are exposed. Compared to keyhole approaches, this
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technique has advantages and disadvantages. The advantages
are that there is exposure of more anatomical structures and,
thus, better orientation in the surgical wound and freedom of
manipulation. However, this approach is associated with large
muscle and soft tissue incisions, large exposure of the brain
tissue to environmental influences (microscope light, etc.) and
an increased risk of sinus damage. The authors prefer both
resection (21, 29) and osteoplastic (23, 24, 26) craniotomy.
Both options have advantages and disadvantages; however,
according to Gnanalingham’s study that compared the
complications of craniotomy and craniectomy, the number of
CSF leaks and pseudomeningoceles was significantly higher in
the craniectomy group of patients (27 vs. 4% and 23 vs. 9%,
respectively) (6).

The literature also describes a suboccipital median approach
with an attached flap (33). The essence of the method lies in the
fact that when performing a craniotomy, a bone flap is left on
the atlantooccipital membrane. When the wound is closed, the
bone is fixed into place more easily and is more stable.
According to the authors, this technique reduces the risk of
CSF leakage and postoperative headaches due to better
preservation of the anatomy of the atlantooccipital joint and
the natural soft tissue layers.

If the tumors are located below the Chamberlain line, it is
possible to perform a resection of the C1 arch (13, 15, 22, 23).

When analyzing the latest published works, one can note a
clear trend toward an increase in the use and indications for
minimally invasive approaches (34-36).

Several clinical cases of median keyhole approaches to the IV
ventricle have been described. Among them, depending on the
“entrance gate” to the IV ventricle, two types of surgeries are
distinguishable: a) the median suboccipital approach (34-37)
and b) the approach through the posterior atlanto-occipital
membrane without bone resection (38).

Some authors believe that in the absence of tumor spread to
the cranial parts of the IV ventricle at the micro stage, it is
possible to apply an approach through the median aperture by
cutting the tela choroidea from the foramen of Magendie
laterally without cutting the inferior medullary velum upward.

Bo Qiu’s article described the removal of the ependymomas
of the IV ventricle in several cases, and in 80.8% of the cases, it
was enough to cut the tela choroidea for adequate removal of the
tumors. He also believes that with an approach through the
median aperture, with proper retraction of the tonsils and
uvula, one can clearly visualize the lateral recess and the lower
% of the cavity of the IV ventricle (31). Due to the uselessness
of performing an upward incision of the inferior medullary
velum and the choice of the optimal trajectory, the size of the
craniotomy can be significantly minimized.

Suboccipital keyhole approaches allow the exposure of the
tonsils, vermis and medulla. They provide a smaller soft tissue
incision, less risk of traction of the cerebellum and other
anatomical structures, less environmental impact (microscope
light) and less risk of sinus damage. At the same time, when
performing a keyhole approach, the surgeon is limited in
manipulations and is required to have high qualification and
experience.
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In his monograph “Keyhole approaches in neurosurgery” in
2008 (34), Perneczky described a midline suboccipital keyhole
technique with a working corridor diameter of 3 cm, including
the space above the posterior atlantooccipital membrane.
Perneczky also proposed variations of the suboccipital
approach depending on the localization of the tumor in the
cavity of the IV ventricle (34).

Charlie Teo described a keyhole approach to the IV ventricle
using a mini-telovelar approach, suggesting that the cerebellar
hemispheres do not always need to be fully exposed and that
reducing the size of the craniotomy reduces the amount of
laterally dissected muscles. In his opinion, the bone should
only be resected until the border of trepanation is level with
the upper pole of the tumor of the IV ventricle (35).

In 2019, David Pitskhelauri published a series of 200 patients
who had surgery using the burr-hole technique, and a minimally
invasive suboccipital approach was used in 17 patients. The size
of the craniotomy was 14 mm, and the length of the incision was
3-4 cm (36).

In 2020, Corniola described a clinical case of microsurgical
removal of a small subependioma of the caudal parts of the
IV ventricle using a 1 cm resection of the occipital bone (37).

The median minimally invasive suboccipital approach, in
addition to being used for the removal of tumors of the
posterior cranial fossa with a median localization, is also used
for the treatment of other pathologies of the central nervous
system.

Hamada (39) used a small craniotomy, and Rauf (40)
performed an endoscopic aqueductoplasty in an isolated IV
ventricle through a suboccipital burr hole, 2-3 cm below the
superior nuchal line. Toyota (41), with a small craniotomy,
and Gallo, using a 4 cm incision and minimal resection of the
occipital bone (42), used an endoscopic approach into the
isolated IV ventricle to perform aqueductoplasty.

It is worth noting the work of Bergsneider (38), which
described an endoscopic approach to the IV ventricle through
the foramen magnum without bone resection. The author
successfully used a flexible endoscope to remove cysticercus
cysts in the IV ventricles of 5 patients.

Micro Stage

The first approach to the IV ventricle is considered to be the
transvermian approach, which was described by Walter
Dandy. It consisted of dissection of the cerebellar vermis (43).
However, its application is currently limited due to the
significant neurological deficits that are caused by this
approach (44).

Currently, different variations of the approach to tumors of
the IV ventricle through the cerebellar-medullar fissure, as
described by Matsushima et al., have been generally accepted
(16). In terms of surgical significance, he compared the
cerebellomedullar fissure in the subtentorial space with
the Sylvian fissure in the supratentorial space. Depending
on the location of the tumor in the IV ventricle, Matsushima
et al. subdivided the approach through the cerebellomedullary
fissure into several methods. The “extensive opening method”
is used when tumors are localized deep in the cavity of the IV
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ventricle or are paramedian near the cerebral aqueduct. In this
case, both the uvulotonsillar and medullotonsillar spaces are
dissected bilaterally. The “lateral wall opening method”
involves a unilateral dissection of the cerebellomedullar fissure
to access the central areas of the IV ventricle. In the case of
lateralization of a mass lesion, the authors recommended
dissecting the contralateral fissure. With the “lateral recess
opening method”, in cases where the tumor is located in the
most distal parts of the lateral recess, a unilateral dissection of
the tonsillomedullar fissure is used (9).

Additionally, one of the approaches to the IV ventricle is
through the foramen of Magendie, which is often enlarged by
the tumor, and with situational dissection of the tela
choroidea (22).

There is also a transcortical approach to the IV ventricle
through the cerebellar hemisphere using a tubular retractor,
which was described by Jamshidi et al. in a series of
3 patients. Taking into account the data of the navigation
system, the surgical corridor is built in such a way as not to
damage the deep nuclei of the cerebellum (45).

Most  authors  currently use variations of the
cerebellomedullar fissure approach (3, 9, 21, 23, 24, 27, 29, 30,
46). In some series, the authors have used both of the
approaches through the cerebellomedullar fissure and through
the foramen of Magendie with dissection of the choroid
plexus (15, 22, 31). Ferguson et al. published a series of
patients who had surgery that utilized the telovelar and
transvermian approaches (2). It can be noted that there is a
growing trend toward the use of approaches through the
cerebellomedullar fissure and a departure from the
transvermian approach, which is used situationally for tumors
originating from the cerebellar vermis.

Complications of Surgical Treatment

In most of the described case series, the symptoms of
neurological status deterioration in the postoperative period
have included the following: general worsening of neurological
symptoms (2, 21-23, 29) (4.5-46.7%), cerebellar mutism (2,
15, 21, 23, 24, 29-31) (0-38%), worsening of bulbar disorders
(2, 21-23, 25, 28) (2.2-38%), oculomotor disorders (21, 23,
25, 27, 29, 46) (4.5-20%), gait disturbances (2, 22, 28-30)
(25-56%), and facial nerve deficits (23, 25, 27, 29, 46) (3-
18.2%).

Postoperative hematomas have been described in 2-4.8% of
cases (2, 23, 25, 26).

The incidence of CSF leakage in the analyzed series varied
from 0 to 27% (2, 6, 22-24, 26, 47), and the incidence of
postoperative meningitis was noted in 0.47% - 20% of the
cases (2, 6, 22, 26).

During the perioperative period, intraoperative air embolism
occurred as a complications in 9.5% of patients who had surgery
while sitting in the study by Gok et al. (25). Symptomatic
pneumocephalus was observed in two series of patients with
an incidence of 4 and 0.95%, where the position of the
patients was predominantly on their side and when sitting,
respectively (2, 26).
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In the analyzed series, postoperative CSF shunting operations

due to unresolved occlusive hydrocephalus were needed in
0-50% of the cases (2, 6, 15, 21, 23, 24, 26, 27, 31, 47).

CONCLUSION

Despite the complexity of the anatomy of the fourth ventricle of
the brain, recent studies have shown that microsurgical removal
of tumors of this localization is feasible with an acceptable
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Beyond Placement of Pedicle

Screws - New Applications for
Robotics in Spine Surgery: A Multi-
Surgeon, Single-Institution Experience

Troy Q. Tabarestani', David Sykes', Kelly R. Murphy’, Timothy Y. Wang’,
Christopher I. Shaffrey’, C. Rory Goodwin®, Phillip Horne’, Khoi D. Than®
and Muhammad M. Abd-El-Barr’*

"Duke University School of Medicine, Duke University Hospital, Durham, Durham, NC, ?Department of Neurosurgery, Duke
University Hospital, Durham, Durham, NC, *Department of Orthopedic Surgery, Duke University Hospital, Durham, Durham, NC

Interest in robotic-assisted spine surgery has grown as surgeon comfort and technology
has evolved to maximize benefits of time saving and precision. However, the Food and
Drug Administration (FDA) has currently only approved robotics to assist in determining
the ideal trajectory for pedicle screw placement after extensive research supporting its
efficacy and efficiency. To be considered a durable and effective option, robotics need
to expand beyond the indication of just placing pedicle screws. This article aims to
illustrate a multi-surgeon, single-institution experience with unique applications of
robotic technologies in spine surgery. We will explore accessing Kambin’s Triangle in
percutaneous transforaminal interbody fusion (percLIF), iliac fixation in metastatic
cancer, and sacroiliac (Sl) fusions. Each of these topics will be covered in depth with
associated background information and subsequent discussion. We show that with
proper understanding of its limitations, robots can help surgeons perform difficult
surgeries in a safe manner.

Keywords: robotic-assisted, spine surgery, neurosurgery, kambin’s triangle, pedicle screw, percLIF, iliac screw,
sacroiliac joint fusion

INTRODUCTION

From 2012 to 2018, the use of robotic-assisted (RA) surgeries has increased in incidence from 1.8%
to almost 15% for all general surgeries (1). Specifically in the realm of spine surgery, RA procedures
have been examined extensively for use in pedicle screw placement during minimally-invasive
spine surgery (2, 3). With decreased muscle retraction and dissection, RA screw placement has
not only improved post-operative outcomes for patients but has also assisted with the safety
and accuracy of pedicle screw placement (4-6). With the combination of 3-dimensional (3D)
imaging techniques, higher resolution MRIs, and more advanced robotic function, RA surgeries
are primed for a rapid expansion throughout the field.
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New Robotic Applications - Spine Surgery

One of the main advantages of RA surgeries is the ability of
the robotic arm to guide the surgeon to a predefined location in
3D space and allow for specific trajectories. The application of
this ability to place pedicle screws under image navigation is
well-studied in the current literature (7). However, as surgeons
have become more comfortable with robotic assisted surgery,
they have begun using the robot for other ‘off-label’
applications such as planning and executing osteotomies,
decompressions, and interbody fusions (8-10).

In this paper, we review a multi-surgeon, single-institution
experience of unique applications of robotics as it pertains to
spine surgery. We aim to exemplify three types of procedures
to illustrate the expanded applications of RA surgeries: (1)
accessing Kambin’s Triangle in percutaneous lumbar
interbody fusion (percLIF), (2) percutaneous iliac screw
fixation, and (3) sacroiliac (SI) joint fusions. We highlight the
advantages and disadvantages of robotic assistance in these
cases, discuss their prevalence in the literature, and speak on
the future directions for RA surgeries.

Application 1: Robotic-Assisted Access
into Kambin’s Triangle During percLIF

A procedure that has gained popularity in the care of patients
with degenerative spondylolisthesis or disc disease is percLIF
through Kambin’s triangle (11, 12). Kambin’s triangle is
defined as the exiting nerve root, superior endplate of the
caudal vertebral body, and superior articulating process (SAP)
(13). The triangle allows surgeons to avoid a facetectomy
when attempting to access the disc space, however, the space
has wide variety depending on the level, ranging from 60 mm?*
at levels L1-L2 to 108 mm? at levels L4-L5 (13-15).
Traditionally, biplanar fluoroscopy is used for localization in
spine surgery, but its application might be limited in smaller
areas such as Kambin’s triangle. We have recently shown that
robotic entrance into the disc space and interbody placement
is a feasible alternative as demonstrated in a single-center,
retrospective review of ten patients with spondylolisthesis who
underwent RA percLIF using robot-guided trajectory to access
Kambin’s triangle for cage placement (16).

In these cases, the robot utilized CT anatomy to plan a
trajectory into the intervertebral space through Kambin’s
triangle (Figure 1). As this trajectory enters the disc space
from the inferior-most corridor through Kambin’s triangle,

traversing neural anatomy is safely avoided. The trajectory is
then backpropagated to the skin to ensure no structures would
impede entrance into the disc space. Using the robotic arm as
a guide, a stab incision is made in the skin and dilators were
used to widen the fascia and subcutaneous tissue until right
before entering Kambin’s triangle. Then, a k-wire is passed
through the end effector of the robot and entered the disc
space through Kambin’s triangle. The k-wire is maintained,
and the robot is moved out of the way. Further dilation is
done until an 8 mm portal is placed, followed by adequate
discectomy. Adequate discectomy was confirmed by inserting
a balloon into the disc space and filling it with contrast agent
which could subsequently be visualized to confirm contact
with the inferior endplate of the superior vertebral body and
the superior endplate of the inferior vertebral body. A k-wire
was again placed through Kambin’s triangle which was used
to guide an obturator into the disc space. Bone morphogenetic
protein (BMP) was placed in the anterior disc space, followed
by implantation of the ELITE (Spineology, Minneapolis, MN)
expandable interbody fusion device.

This study showed an average estimated blood loss with
68 mL compared to average ranges of 360-7,000 mL for
instrumented fusions (17). For the post-operative results, no
patients were lost to follow-up, no patients were readmitted,
and disc heights for all the patients showed statistically
significant increases with the expandable cage. More
importantly, no patients experienced post-operative motor or
sensory deficits. To add to the impressive precision of this RA
technique, each of the patients had a smaller Kambin’s
triangle than the average typically reported size. Patients who
underwent RA percLIF were discharged on average after
1.8 days, which compares favorably to an average LOS of
3.6 days for elective spine fusion (18). The LOS of 1.8 days
remained lower in comparison to other minimally-invasive
spine surgery LOS averages (19). Without the need for
laminectomies or facetectomies, minimal tissue disruption was
attained by using RA instrumentation finely tuned to each
patient’s unique spinal landscape.

Application 2: Robotic-Assisted
Percutaneous lliac Screw Fixation

Robotic assistance can also be useful for iliac screw fixation in
the presence of destructive lesions of the pelvis and sacrum.

FIGURE 1 | Preoperative plan (A) Pedicle screws and bilateral projections into Kambin's triangle were planned. (B) The right projection is highlighted in green. (C)
Coronal plan shows entrance into disc at the mid-pedicle point, which is the largest area of the safe zone within Kambin’s triangle (from (16), used with permission).
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Over the past years, there has been a general trend away from
the Galveston rod technique/iliac screws and towards the
S2-alar-iliac screw (S2AI) (20). The S2AI screw provides
similar stability for the patient without the need for side
connectors. However, in the presence of a more destructive
and expansive sacral lesion, S2-Al screws may not be optimal
(21). We have recently published our early experience of RA
iliac fixation for patients with destructive sacral lesions (22).
For the two cases presented here, both patients underwent
percutaneous iliac screw fixation without the need for side
connectors. RA navigation allowed the surgeon to plan a
modified screw trajectory and entry site in line with the
lumbar pedicle screws under the skin, eliminating the need for
3-D rod contouring or connectors (Figures 2, 3).

The operative plan was very similar in both cases:
intraoperative anterior—posterior and lateral fluoroscopic
images of L4-S2 were merged with preoperative CT, Globus
ExcelsiusGPS® was positioned correctly, and the screws were
placed. Bilateral fluoroscopic “teardrop/outlet-oblique” views
and an intraoperative CT confirmed proper alignment and
placement of all screws (Figure 4); however, the screw
positions were not assessed using any form of grading system.
Neither patient had post-operative complications or
instrumentation failure at their respective follow-ups.

In both cases presented, the use of S2AI screws was
precluded by the extensive damage to the sacrum. Therefore, a
modified iliac screw entry point was utilized with entry point
slightly more medial than the traditional method, with a pre-
planned trajectory of the screws using robot assistance (23, 24).

FIGURE 2 | Globus ExcelsiusGPS® preoperative planning phase showing
the placement of the iliac screws prior to their insertion (from (22), used
with permission).
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Application 3: Robotic-Assisted Sl Joint
Fusion

Open SI joint fusions began in the 1920s, progressed with
sacroiliac screw fixations in the 1980s, and eventually joined
the minimally invasive field in 2004 (25-28). Prior to this
hallmark, there were not many reports of standalone SI joint
fusions, but rather mentions of them in larger instrumented
spine procedures. While there was still doubt regarding the
long-term efficacy, randomized clinical trials and patient
follow-up studies began revealing that minimally invasive SI
fusion surgery was safer and more efficacious than the usual
conservative management (29, 30). As with the other
minimally invasive surgeries, the fusions showed promise by
reducing operative time, blood loss, and LOS (31). Even
though short-term fusion rates were low, long-term
radiographic analysis revealed high rate of successful bone
apposition to implants (32).

The current literature supports two main approaches for SI
joint fusion: dorsal or lateral transarticular, with the latter
being more commonly used. In the lateral technique, screws
are packed with graft materials to promote bony growth
across the joint. In the dorsal approach, the implant is placed
obliquely through the SI joint space (33). Both techniques
have shown to be equally beneficial for post-operative fusion
rates and range of motion (34). However, just as with the
other techniques described, robotic assistance for SI joint
fusion has yet to be fully documented in the literature. In
2021, Piche et al. provided the first known technical guide
with specific case reports to describe their methodology (35).
In 2022, our group at Duke University published a case series
displaying this “off-label” use of the robot implementing a
similar surgical technique (36).

Across all 9 patients in the cohort, three implants were planned
with trajectories designed to traverse the SI joint (Figure 5). After
general anesthesia was obtained, dynamic reference bases were
placed in the contralateral posterior superior iliac crest. Anterior-
posterior and lateral x-rays were then taken of the L5 vertebral
body and sacrum, which were merged with a preoperative CT
scan containing the pre-planned trajectories. Once the surgeon
confirmed the image fusion accuracy, the robot was wheeled into
the operative field until the end-effector could reach the entire
work zone. The end effector was placed in the starting location
and, using the robot as a guide, a high-speed drill burred a
pathway for the SI screws following each respective trajectory.
Intraoperatively, three screws (one above, the second short, and
the third below the S1 foramen) were placed under the
navigational guidance of the Globus robot. No EMG monitoring
leads were placed during the procedure, but confirmatory X-rays
were taken to ensure the screws remained lateral to the sacral
foramina and superior to the acetabulum (Figure 6). Post-
operatively, the patients were immediately allowed to weight-bear
as-tolerated. The average operative time was 55 min, which
decreased over the course of this case series. The average
intraoperative radiation exposure was 13.2 mGy, average length
of stay was 04 days, and there were no intraoperative
complications or conversions.
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FIGURE 3 | Navigated placements of the right (A) and left (B) iliac bolts (8.5 x 100 mm) (from (22), used with permission).

FIGURE 4 | Postoperative upright x-rays for Cases 1 ((A) AP; (B) lateral) and 2 ((C) AP; (D) lateral) of the fixation construct demonstrating good screw placement
(from (22), used with permission).
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FIGURE 5 | Screw entrance plans designed on the ExcelsiusGPS interface, which requires bilateral trajectories to be mapped (from (36), used with permission).

with permission).

FIGURE 6 | Post-implantation X-rays demonstrating appropriate placement of the hydroxyapatite-coated titanium implants through the right Sl joint (from (36), used

DISCUSSION

The history of robotics, as it relates to spine surgery, extends back
almost 30 years. Since then, the dual excitement for both

Frontiers in Surgery | www.frontiersin.org

minimally invasive surgeries (MIS) and robotics has grown
exponentially together for a multitude of reasons. As
demonstrated through the applications reviewed in this article,
the combination of MIS and robotic assistance into one
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procedure can improve various outcomes for the patient and
surgeon alike. With its ability to precisely guide the surgeon to
a predefined location in 3D space and allow for specific
trajectories, the applications of RA spine surgery will extend
beyond the placement of pedicle screws in the near future. Use
of the RA method has allowed for iliac fixation in destructive
sacral lesions, sacroiliac fusions, and percLIF through Kambin’s
Triangle. In addition to improving safety and accuracy, RA
technology has allowed for faster recovery, same day discharges,
minimal blood loss obviating transfusions, decreased radiation
exposure, and shorter lengths of stay (16, 37).

A similar history can be traced back to the introduction of the
da Vinci robot® (Intuitive Surgical; Sunnyvale, California). The
first ever use of the robot was in 1997 where it assisted during
a cholecystectomy. However, the skepticism of the da Vinci
robot was prominent at the start of its widespread usage.
Doctors complained of learning a brand-new propriety
software, patients filed lawsuits for medical damages that
occurred during surgeries, and hospitals were averse to the
extremely high equipment prices. Slowly, as companies
improved both the user interface and hardware of each
product, there was increased acceptance of this technology. In
2000, the FDA approved the usage of the da Vinci robot for
general laparoscopic surgeries (38). These procedures led to less
blood loss, less need for blood transfusion, lower mean pain
score, and shorter LOS when compared to patients undergoing
the comparable open procedure (39). Just like with the da Vinci
robot, the new RA techniques in spine surgery are following a
similar path in their technological life cycle.

In the percLIF application, for example, we acknowledge that
the technique itself is only semi-autonomous, which further
indicates that the future applications for RA spine surgery
should revolve around the autonomous performance of
surgical actions rather than robotic localization. This will
depend on research that provides haptic feedback, feedback
loops, and greater robotic arm precision to perform the
operator actions that spine surgery requires. This also
introduces the potential for the robot to have an MIS retractor
tube to dock through the system itself to provide robotic
assistance in resection capabilities beyond simple localization.
Recently, researchers have examined robotic lumbar facet
decortication. Utilizing a preoperative plan similar to that
used in percLIF, the robotic arm swings into position. Rather
than placing a pedicle screw or tap, a large burr is inserted
through the guide to facilitate facet decortication (40, 41). Yet
another advancement was shown in the cases of iliac fixation,
where we were able to successfully perform iliolumbar fixation
percutaneously without the need for a side connector, which
is a potential place of weakness and failure (42). Of note, this
technique has been implemented by various other groups in
the literature and is currently expanding its usage (43-45).
Likewise, in the case of sacroiliac fusion, the robot’s ability
to accurately place instrumentation without soft tissue
destruction is an advantage compared to traditional methods.

As discussed throughout this paper, there are a multitude of
advantages to using RA technology in the realm of spine surgery.
However, it remains important to also discuss the potential
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disadvantages as we use the robot for increased indications. The
most common of these being the increased cost and subsequent
decreased accessibility. These technologies are undoubtedly more
expensive than the prior standard navigation platforms, but over
the past few years, mass production has cut costs nearly in half as
seen with the recently launched third generation Mazor X™ system
(46). In terms of cost-effectiveness, there continues to be a lack of
broad studies on this topic. Having said that, researchers have
started comparing RA to standard technology in key variables that
make up the cost-effective category including fluoroscopy time,
revision rate, operative room time, and LOS. Fiani et al. reported
in their systematic review paper that RA technology improved
cost-effectiveness in all of these key subcomponents (46).

Further evaluating the safety, efficiency, cost, and learning
curve timeline are all crucial for understanding the true benefits
of RA technology versus standard navigation tools. Some of the
challenges to proving these benefits include the small sample
sizes of previous works thereby making randomized control
studies difficult to create (47). Additionally, it is also important
to look at the horizon of RA technology - augmented reality
(AR). Only a few studies have examined its use in a patient
model due to its higher costs and steep learning curve (48, 49).
On the other hand, AR has the potential to solve a variety of
the current limitations with both RA and traditional navigation
technologies including line-of-sight errors, an external camera
system, and surgeon attention shift (48, 50, 51). These future
innovations will most likely follow the same path RA has:
inception, growth, hesitance, and incremental improvement
towards large-scale implementation.

CONCLUSIONS

With constant advancements in imaging, navigation, and
robotics, surgeons now have even more access to tools that can
improve preoperative planning, intraoperative visualization, and
postoperative outcomes. Early work in spine surgeries has
shown the possible applications of RA procedures beyond
pedicle screw placement, but as noted in each application,
further studies are needed to demonstrate the long-term clinical
benefit for widespread adoption. There are numerous obstacles
with integrating new technologies in the operating room
including cost, learning curves, and general hesitance towards
new methodologies. To begin chipping away at this tentative
opinion regarding robotics, more work will need to be done on
larger patient populations to continue optimizing the safety and
accuracy of robotic-assisted spine surgery.

AUTHOR CONTRIBUTIONS

All authors contributed to the article conception and design.
Data/literature collection and analysis were performed by
TQT, DS, KM, TW and MA-E-B. The first draft of the
manuscript was written by TQT and all authors critically
revised previous versions of the manuscript. All authors
contributed to the article and approved the submitted version.

2022 | Volume 9 | Article 889906


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org

Tabarestani et al.

New Robotic Applications - Spine Surgery

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Sheetz KH, Claflin J, Dimick JB. Trends in the adoption of robotic surgery for
common surgical procedures. JAMA Netw Open. (2020) 3(1):e1918911.
doi: 10.1001/jamanetworkopen.2019.18911

. Verma R, Krishan S, Haendlmayer K, Mohsen A. Functional outcome of

computer-assisted spinal pedicle screw placement: a systematic review and
meta-analysis of 23 studies including 5,992 pedicle screws. Eur Spine J.
(2010) 19(3):370-5. doi: 10.1007/s00586-009-1258-4

. Bai JY, Zhang W, An JL, Sun YP, Ding WY, Shen Y. True anteroposterior

view pedicle screw insertion technique. Ther Clin Risk Manag. (2016)
12:1039-47. doi: 10.2147/TCRM.S99362

. Perdomo-Pantoja A, Ishida W, Zygourakis C, Holmes C, Iyer RR, Cottrill E,

et al. Accuracy of current techniques for placement of pedicle screws in the
Spine: a comprehensive systematic review and meta-analysis of 51,161 screws.
World Neurosurg. (2019) 126:664-78.e3. doi: 10.1016/j.wneu.2019.02.217

. Zhang Q, Xu YF, Tian W, Le XF, Liu B, Liu YJ, et al. Comparison of superior-

level facet joint violations between robot-assisted percutaneous pedicle screw
placement and conventional open fluoroscopic-guided pedicle screw
placement. Orthop Surg. (2019) 11(5):850-6. doi: 10.1111/0s.12534

. Fan Y, Du JP, Liu JJ, Zhang JN, Qiao HH, Liu SC, et al. Accuracy of pedicle screw

placement comparing robot-assisted technology and the free-hand with
fluoroscopy-guided method in spine surgery: an updated meta-analysis.
Medicine (Baltimore). (2018) 97(22):¢10970. doi: 10.1097/MD.000000000001
0970

. Venier A, Croci D, Robert T, Distefano D, Presilla S, Scarone P. Use of

intraoperative computed tomography improves outcome of minimally
invasive transforaminal lumbar interbody fusion: a single-center retrospective
cohort study. World Neurosurg. (2021) 148:¢572-80. doi: 10.1016/j.wneu.
2021.01.041

. Bederman SS, Lopez G, Ji T, Hoang BH. Robotic guidance for en bloc

sacrectomy: a case report. Spine (Phila Pa 1976). (2014) 39(23):E1398-401.
doi: 10.1097/BRS.0000000000000575

. Li Y, Wang MY. Robotic-assisted endoscopic laminotomy: 2-dimensional

operative video. Oper Neurosurg (Hagerstown). (2021) 20(5):E361. doi: 10.
1093/ons/opaad41

Liounakos JI, Wang MY. Lumbar 3-lumbar 5 robotic-assisted endoscopic
transforaminal lumbar interbody fusion: 2-dimensional operative video.
Oper Neurosurg (Hagerstown). (2020) 19(1):E73-4. doi: 10.1093/ons/opz385
Wang TY, Mehta VA, Gabr M, Sankey EW, Bwensa A, Rory Goodwin C,
et al. Percutaneous lumbar interbody fusion with an expandable titanium
cage through Kambin’s triangle: a case series with initial clinical and
radiographic results. Int ] Spine Surg. (2021) 15(6):1121-9. doi: 10.14444/
8144

Wang MY, Grossman J. Endoscopic minimally invasive transforaminal
interbody fusion without general anesthesia: initial clinical experience with
1-year follow-up. Neurosurg Focus. (2016) 40(2):E13. doi: 10.3171/2015.11.
FOCUS15435

Fanous AA, Tumialin LM, Wang MY. Kambin’s triangle: definition and new
classification schema. ] Neurosurg Spine. (2019) 32(3):1-9. doi: 10.3171/2019.
8.SPINE181475

Hoshide R, Feldman E, Taylor W. Cadaveric analysis of the Kambin’s
triangle. Cureus. (2016) 8(2):e475. doi: 10.7759/cureus.475

Hardenbrook M, Lombardo S, Wilson MC, Telfeian AE. The anatomic
rationale for transforaminal endoscopic interbody fusion: a cadaveric analysis.
Neurosurg Focus. (2016) 40(2):E12. doi: 10.3171/2015.10.FOCUS15389
Dalton T, Sykes D, Wang TY, Donnelly D, Than KD, Karikari IO, et al.
Robotic-assisted trajectory into Kambin’s triangle during percutaneous
transforaminal lumbar interbody fusion-initial case series investigating
safety and efficacy. Oper Neurosurg (Hagerstown). (2021) 21(6):400-8.
doi: 10.1093/ons/opab325

Moller H, Hedlund R. Instrumented and noninstrumented posterolateral
fusion in adult spondylolisthesis—a prospective randomized study: part 2.
Spine (Phila Pa 1976). (2000) 25(13):1716-21. doi: 10.1097/00007632-
200007010-00017

Gruskay JA, Fu M, Bohl DD, Webb ML, Grauer JN. Factors affecting length
of stay after elective posterior lumbar spine surgery: a multivariate analysis.
Spine ]. (2015) 15(6):1188-95. doi: 10.1016/j.spinee.2013.10.022

Frontiers in Surgery | www.frontiersin.org

19.

20.

21.

22.

23.

24,

25.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Skovrlj B, Belton P, Zarzour H, Qureshi SA. Perioperative outcomes in
minimally invasive lumbar spine surgery: a systematic review. World
J Orthop. (2015) 6(11):996-1005. doi: 10.5312/wjo.v6.i11.996

Feiz-Erfan I, Fox BD, Nader R, Suki D, Chakrabarti I, Mendel E, et al.
Surgical treatment of sacral metastases: indications and results. ] Neurosurg
Spine. (2012) 17(4):285-91. doi: 10.3171/2012.7.SPINE09351

Sutterlin 3rd CE, Field A, Ferrara LA, Freeman AL, Phan K. Range of motion,
sacral screw and rod strain in long posterior spinal constructs: a biomechanical
comparison between S2 alar iliac screws with traditional fixation strategies.
J Spine Surg. (2016) 2(4):266-76. doi: 10.21037/js5.2016.11.01

Park C, Crutcher C, Mehta VA, Wang TY, Than KD, Karikari IO, et al.
Robotic-assisted  percutaneous screw fixation for destructive
lumbosacral metastatic lesions: an early single-institution experience.
Acta Neurochir (Wien). (2021) 163(11):2983-90. doi: 10.1007/s00701-021-
04894-0

von Glinski A, Yilmaz E, Ishak B, Hayman E, Ramey W, Jack A, et al. The
modified iliac screw: an anatomic comparison and technical guide. World
Neurosurg. (2020) 136:e608-e13. doi: 10.1016/j.wneu.2020.01.091

Quraishi NA, Giannoulis KE, Edwards KL, Boszczyk BM. Management of
metastatic sacral tumours. Eur Spine J. (2012) 21(10):1984-93. doi: 10.
1007/500586-012-2394-9

Stark JGF, Abner; Fuentes J, Tania I, Idemmili C. The history of sacroiliac
joint arthrodesis: a critical review and introduction of a new technique.
Current Orthopaedic Practice. (2011) 22(6):545-57. doi: 10.1097/BCO.
0b013e31823563d3

iliac

. Waisbrod H, Krainick JU, Gerbershagen HU. Sacroiliac joint arthrodesis for

chronic lower back pain. Arch Orthop Trauma Surg. (1987) 106(4):238-40.
doi: 10.1007/BF00450461

Lippitt A. Recurrent subluxation of the sacroiliac joint: diagnosis and
treatment. Bull Hosp Jt Dis. (1995) 54(2):94-102. PMID: 8770450
Giannikas KA, Khan AM, Karski MT, Maxwell HA. Sacroiliac joint fusion for
chronic pain: a simple technique avoiding the use of metalwork. Eur Spine J.
(2004) 13(3):253-6. doi: 10.1007/s00586-003-0620-1

Dengler JD, Kools D, Pflugmacher R, Gasbarrini A, Prestamburgo D, Gaetani
P, et al. 1-year results of a randomized controlled trial of conservative
management vs. minimally invasive surgical treatment for sacroiliac joint
pain. Pain Physician. (2017) 20(6):537-50. doi: 10.36076/pp;j.20.5.537

Polly DW, Swofford J, Whang PG, Frank CJ, Glaser JA, Limoni RP, et al.
Two-year outcomes from a randomized controlled trial of minimally
invasive sacroiliac joint fusion vs. non-surgical management for sacroiliac
joint dysfunction. Int J Spine Surg. (2016) 10:28. doi: 10.14444/3028

Smith AG, Capobianco R, Cher D, Rudolf L, Sachs D, Gundanna M, et al.
Open versus minimally invasive sacroiliac joint fusion: a multi-center
comparison of perioperative measures and clinical outcomes. Ann Surg
Innov Res. (2013) 7(1):14. doi: 10.1186/1750-1164-7-14

Whang PG, Darr E, Meyer SC, Kovalsky D, Frank C, Lockstadt H, et al.
Long-term prospective clinical and radiographic outcomes after minimally
invasive lateral transiliac sacroiliac joint fusion using triangular titanium
implants. Med Devices (Auckl). (2019) 12:411-22. doi: 10.2147/MDER.
$219862

Rashbaum RF, Ohnmeiss DD, Lindley EM, Kitchel SH, Patel VV. Sacroiliac
joint pain and its treatment. Clin Spine Surg. (2016) 29(2):42-8. doi: 10.1097/
BSD.0000000000000359

Soriano-Baron HE. Sacro-Iliac Joint Fusion with Two Different Minimally
Invasive Techniques: Posterior vs. Trans-Articular, Biomechanical Analysis.
31st Annual Meeting of the Section on Disorders of the Spine and
Peripheral Nerves—Spine Summit. 2015.

Piche JD, Muscatelli SR, Waheed MA, Patel RD, Aleem IS. Robotic
navigation system utilization for percutaneous sacroiliac screw placement:
surgical setup and technique. J Spine Surg. (2021) 7(2):197-203. doi: 10.
21037/jss-20-681

Wang TY, Bergin SM, Murphy KR, Mehta V, Sankey EW, Abd-El-Barr MM,
etal. 313 sacroiliac joint fusion using robotic navigation: technical note and
case series. Neurosurgery. (2022) 68(Supplement_1):69-70. doi: 10.1227/
NEU.0000000000001880_313

Wang TY, Mehta VA, Sankey EW, Than KD, Goodwin CR, Karikari IO, et al.
Awake transforaminal lumbar interbody fusion with
expandable cage and robotic-assisted navigation and instrumentation: case

percutaneous

2022 | Volume 9 | Article 889906


https://doi.org/10.1001/jamanetworkopen.2019.18911
https://doi.org/10.1007/s00586-009-1258-4
https://doi.org/10.2147/TCRM.S99362
https://doi.org/10.1016/j.wneu.2019.02.217
https://doi.org/10.1111/os.12534
https://doi.org/10.1097/MD.0000000000010970
https://doi.org/10.1097/MD.0000000000010970
https://doi.org/10.1016/j.wneu.2021.01.041
https://doi.org/10.1016/j.wneu.2021.01.041
https://doi.org/10.1097/BRS.0000000000000575
https://doi.org/10.1093/ons/opaa441
https://doi.org/10.1093/ons/opaa441
https://doi.org/10.1093/ons/opz385
https://doi.org/10.14444/8144
https://doi.org/10.14444/8144
https://doi.org/10.3171/2015.11.FOCUS15435
https://doi.org/10.3171/2015.11.FOCUS15435
https://doi.org/10.3171/2019.8.SPINE181475
https://doi.org/10.3171/2019.8.SPINE181475
https://doi.org/10.7759/cureus.475
https://doi.org/10.3171/2015.10.FOCUS15389
https://doi.org/10.1093/ons/opab325
https://doi.org/10.1097/00007632-200007010-00017
https://doi.org/10.1097/00007632-200007010-00017
https://doi.org/10.1016/j.spinee.2013.10.022
https://doi.org/10.5312/wjo.v6.i11.996
https://doi.org/10.3171/2012.7.SPINE09351
https://doi.org/10.21037/jss.2016.11.01
https://doi.org/10.1007/s00701-021-04894-0
https://doi.org/10.1007/s00701-021-04894-0
https://doi.org/10.1016/j.wneu.2020.01.091
https://doi.org/10.1007/s00586-012-2394-9
https://doi.org/10.1007/s00586-012-2394-9
https://doi.org/10.1097/BCO.0b013e31823563d3
https://doi.org/10.1097/BCO.0b013e31823563d3
https://doi.org/10.1007/BF00450461
https://pubmed.ncbi.nlm.nih.gov/8770450
https://doi.org/10.1007/s00586-003-0620-1
https://doi.org/10.36076/ppj.20.5.537
https://doi.org/10.14444/3028
https://doi.org/10.1186/1750-1164-7-14
https://doi.org/10.2147/MDER.S219862
https://doi.org/10.2147/MDER.S219862
https://doi.org/10.1097/BSD.0000000000000359
https://doi.org/10.1097/BSD.0000000000000359
https://doi.org/10.21037/jss-20-681
https://doi.org/10.21037/jss-20-681
https://doi.org/10.1227/NEU.0000000000001880_313
https://doi.org/10.1227/NEU.0000000000001880_313
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org

Tabarestani et al.

New Robotic Applications - Spine Surgery

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

report and review of literature. Interdisciplinary Neurosurgery. (2020)
20:100685. doi: 10.1016/j.inat.2020.100685

George EI, Brand TC, LaPorta A, Marescaux J, Satava RM. Origins of robotic
surgery: from skepticism to standard of care. Jsls. (2018) 22(4). doi: 10.4293/
JSLS.2018.00039

Tewari A, Srivasatava A, Menon M. A prospective comparison of radical
retropubic and robot-assisted prostatectomy: experience in one institution.
BJU Int. (2003) 92(3):205-10. doi: 10.1046/j.1464-410X.2003.04311.x

Satin AM, Albano ], Kisinde S, Lieberman IH. Minimally invasive robotic
lumbar facet decortication. Clin Spine Surg. (2021). doi: 10.1097/BSD.
0000000000001248

Staub BN, Sadrameli SS. The use of robotics in minimally invasive spine
surgery. ] Spine Surg. (2019) 5(Suppl 1):531-540. doi: 10.21037/js5.2019.04.16
Nanda A, Manghwani J, Kluger PJ. Sacropelvic fixation techniques - Current
update. J Clin Orthop Trauma. (2020) 11(5):853-62. doi: 10.1016/j.jcot.2020.
07.022

Bederman SS, Hahn P, Colin V, Kiester PD, Bhatia NN. Robotic guidance for
S2-alar-iliac screws in spinal deformity correction. Clin Spine Surg. (2017) 30
(1):E49-E53. doi: 10.1097/BSD.0b013e3182a3572b

Hu X, Lieberman I. Robotic-guided sacro-pelvic fixation using S2 alar-iliac
screws: feasibility and accuracy. European Spine Journal. (2016) 26
(3):720-5. doi: 10.1007/s00586-016-4639-5

Lee NJ, Khan A, Lombardi JM, Boddapati V, Park PJ, Mathew J, et al. The
accuracy of robot-assisted S2 alar-iliac screw placement at two
different healthcare centers. J Spine Surg. (2021) 7(3):326-34. doi: 10.
21037/jss-21-14

Fiani B, Quadri SA, Farooqui M, Cathel A, Berman B, Noel J, et al. Impact of
robot-assisted spine surgery on health care quality and neurosurgical
economics: a systemic review. Neurosurg Rev. (2020) 43(1):17-25. doi: 10.
1007/s10143-018-0971-z

Sorlie A, Gulati S, Giannadakis C, Carlsen SM, Salvesen @, Nygaard @P, et al.
Open discectomy vs microdiscectomy for lumbar disc herniation - a protocol
for a pragmatic comparative effectiveness study. FI000Res. (2016)
5:2170.doi: 10.12688/f1000research.9015.1

Farshad M, Fiirnstahl P, Spirig JM. First in man in-situ augmented reality
pedicle screw navigation. N Am Spine Soc J. (2021) 6:100065. doi: 10.1016/
j.Xnsj.2021.100065

Frontiers in Surgery | www.frontiersin.org

119

49. Elmi-Terander A, Burstrom G, Nachabe R, Skulason H, Pedersen K,
Fagerlund M, et al. Pedicle screw placement using augmented reality
surgical navigation with intraoperative 3D imaging: a first in-human
prospective cohort study. Spine (Phila Pa 1976). (2019) 44(7):517-25.
doi: 10.1097/BRS.0000000000002876

Mehbodniya AH, Moghavvemi M, Narayanan V, Waran V. Frequency and
causes of line of sight issues during neurosurgical procedures using optical
image-guided systems. World Neurosurg. (2019) 122:e449-54. doi: 10.1016/
j-wneu.2018.10.069

Rahmathulla G, Nottmeier EW, Pirris SM, Deen HG, Pichelmann MA.
Intraoperative image-guided spinal navigation: technical pitfalls and their
avoidance. Neurosurg Focus. (2014) 36(3):E3. doi: 10.3171/2014.1.
FOCUS13516

50.

51.

Conflict of Interest: Khoi Than is a consultant for Bioventus, DePuy Synthes, and
Integrity Implants. Than is also an honoraria of Globus and LifeNet Health.
Timothy Wang has received grant funding from AlphaTec. Rory Goodwin has
received grants from the Robert Wood Johnson Harold Amos Medical Faculty
Development Program, the Federal Food and Drug Administration, and the
NIH/NINDS K12 NRCDP Physician Scientist Award. Goodwin is also a
consultant for Johnson & Johnson and Medtronic. Phillip Horne has
consultancy with Globus for navigation applications.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Tabarestani, Sykes, Murphy, Wang, Shaffrey, Goodwin, Horne,
Than and Abd-El-Barr. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

2022 | Volume 9 | Article 889906


https://doi.org/10.1016/j.inat.2020.100685
https://doi.org/10.4293/JSLS.2018.00039
https://doi.org/10.4293/JSLS.2018.00039
https://doi.org/10.1046/j.1464-410X.2003.04311.x
https://doi.org/10.1097/BSD.0000000000001248
https://doi.org/10.1097/BSD.0000000000001248
https://doi.org/10.21037/jss.2019.04.16
https://doi.org/10.1016/j.jcot.2020.07.022
https://doi.org/10.1016/j.jcot.2020.07.022
https://doi.org/10.1097/BSD.0b013e3182a3572b
https://doi.org/10.1007/s00586-016-4639-5
https://doi.org/10.21037/jss-21-14
https://doi.org/10.21037/jss-21-14
https://doi.org/10.1007/s10143-018-0971-z
https://doi.org/10.1007/s10143-018-0971-z
https://doi.org/10.12688/f1000research.9015.1
https://doi.org/10.1016/j.xnsj.2021.100065
https://doi.org/10.1016/j.xnsj.2021.100065
https://doi.org/10.1097/BRS.0000000000002876
https://doi.org/10.1016/j.wneu.2018.10.069
https://doi.org/10.1016/j.wneu.2018.10.069
https://doi.org/10.3171/2014.1.FOCUS13516
https://doi.org/10.3171/2014.1.FOCUS13516
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org

& frontiers | Frontiers in

ORIGINAL RESEARCH
published: 28 June 2022
doi: 10.3389/fsurg.2022.889402

OPEN ACCESS

Edited by:
Philipp Taussky,
The University of Utah, United States

Reviewed by:

Davide Croci,

University of South Florida,

United States

Brandon Sherrod,

The University of Utah, United States

*Correspondence:
Jincao Chen
chenjincao2012@163.com

"The authors have contributed
equally to this work

Specialty section:

This article was submitted to
Neurosurgery, a section of the journal
Frontiers in Surgery

Received: 04 March 2022
Accepted: 09 June 2022
Published: 28 June 2022

Citation:

Jia C, Xu C, Wang M and Chen J
(2022) How to Precisely Open the
Internal Auditory Canal for Resection
of Vestibular Schwannoma via the
Retrosigmoid Approach.

Front. Surg. 9:889402.

doi: 10.3389/fsurg.2022.889402

Frontiers in Surgery | www.frontiersin.org

Check for
updates

How to Precisely Open the Internal
Auditory Canal for Resection of
Vestibular Schwannoma via the
Retrosigmoid Approach

1,2t

Chenguang Jia"*', Chengshi Xu'*", Mengyang Wang"*" and Jincao Chen'**
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Hospital, Wuhan University, Wuhan, China

Objective: The aim of this study was to investigate how to precisely expose the
intrameatal portion of vestibular schwannomas (VSs) without damaging the labyrinth.
Methods: This was a retrospective study of patients who had undergone retrosigmoid
resection of a VS in our institution from April 2018 to December 2021. The patients
were divided into microsurgery (MS) and navigation endoscopic-assisted (combined
surgery, CS) groups and the effects of image guidance and endoscopy evaluated. The
tumors in the CS group were then divided into medial and lateral types by fusion
imaging and the differences between the two types analyzed.

Results: Data of 84 patients were analyzed. Residual tumor was detected by
postoperative MRI at the fundus of the internal auditory canal in 5 of the 31 patients in
the MS group and 1 of the 53 in the CS group. The labyrinth was damaged in four
patients in the MS group but was not damaged in any of the CS group patients. The
CS group included 29 lateral type and 24 medial type schwannomas. Endoscopic-
assisted resection of residual tumor in the IAC was performed significantly more often
on medial than on lateral tumors.

Conclusion: Navigation and endoscopy are useful in assisting the exposure of the
intrameatal portion of VSs. Preoperative MRI/CT fusion imaging is helpful in
preoperative evaluation and surgical planning in patients undergoing VS surgery.
Tumors of the medial type require endoscopic assistance for resection.

Keywords: fusion image, endoscope, vestibular schwannoma, retrosigmoid approach, navigation

INTRODUCTION

Vestibular schwannoma (VS) resection via the retrosigmoid approach (RS) remains challenging.
Although this approach provides excellent visualization, access to the fundus of the internal
auditory canal (IAC) is limited (1-5). Removal of the posterior canal wall is essential to expose
the portion of the tumor residing in the IAC (2, 3, 6-11). In some cases, microscopic exposure
of the tumor is incomplete, even with excessive traction of the cerebellum or extensive drilling
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of the posterior wall of IAC (12). Use of an endoscope may solve
this problem (13-16). However, endoscopic tumor resection is a
skill set that is not necessarily learned quickly, nor are
microscopic skills easily transferable to the technique (17).
Furthermore, numerous reports have indicated that few
tumors have a remnant at the fundus of the IAC that cannot
be seen with the operative microscope (15, 18-22). In the past
few years, we have performed image-guided microsurgery with
endoscopic  assistance  for  patients with  vestibular
schwannoma. Magnetic resonance imaging (MRI) and
computed tomography (CT) fusion images are used for
intraoperative navigation, as either modality alone provides
inadequate  clinical information. Together, they are
complementary, and their data can be easily and accurately
integrated with the navigation system software (23, 24). The
aim of this study was to investigate how to precisely expose
the intrameatal portion of VSs without damaging the labyrinth.

METHODS
Patient Cohort

The cohort of this retrospective study comprised consecutive
patients who had undergone RS resection of VS in our
institution from April 2018 to December 2021. Patients with
recurrent tumors, a history of radiation therapy, high jugular
bulbar, and neurofibromatosis type 2 were excluded. Patients
whose surgery was performed with the assistance of a
microscope only were defined as the microsurgical group (MS
group), whereas those whose surgeries were assisted by
navigation and endoscopy were defined as the combined
surgical group (CS group). Clinical data regarding patient age,
sex, clinical  presentation, neurological  examination,
neuroimaging, surgical findings, tumor size, and treatment
outcomes were recorded and analyzed. The study was
approved by the Medical Ethics Committee of Zhongnan
Hospital of Wuhan University (2021037 K). Patients
underwent routine follow-up every 3 months for 1 year and
then yearly thereafter.

Case Classification

Schwannomas in the CS group were further classified into
medial and lateral types as follows: Digital imaging and
communications in medicine (DICOM) MRI and CT files
were imported into the navigation system station (Medtronic
Planning Station S7, Louisville, KY, USA). StealthMerge®
system software (Medtronic, Dublin, Ireland) was used to
automatically fuse the images. After adjustment, the outline of
the tumor and posterior wall of the IAC could be clearly
displayed. The line between the outermost edge of the tumor
and the medial side of the sigmoid sinus was defined as the
lateral safe line (LSL). Cases were classified as medial or lateral
according to the relationship between the LSL and the
labyrinth. Those in which the labyrinth was located lateral to
the LSL were classified as lateral. Cases in which the LSL
crossed the semicircular canal or crus
classified as medial (Figure 1).

commune were
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Surgical Procedure

Patients underwent CT using a mobile scanner (NL3000
CereTom?®; Neurologica, Danvers, MA, USA) in the operating
room with 8 to 10 markers affixed to the head. DICOM files
were imported into the navigation system station. After
automatic fusion of the CT and MRI sequences and their
verification, the images were used for intraoperative
navigation. All patients were placed in a semi-seated position
for surgery. After the sigmoid and transverse sinuses were
localized using the navigation system, a skin incision was
designed. A 4 cm craniotomy was performed posterior to the
sigmoid sinus and inferior to the transverse sinus. The dura
was incised and the cerebellum retracted. After partial tumor
debulking, the internal acoustic pore was exposed and the
dura over the posterior lip of the IAC was removed. The
extent of TAC removal was determined using intraoperative
image guidance. The navigation optical pointer was used for
positioning, and a projection of 5-10 mm was preset to
represent the predicted resection line. The lead surgeon
focused on the operation under a microscope, while another
neurosurgeon acted as an assistant and made judgments based
on the navigation and live video monitors. The upper, lower,
and outer boundaries of drilling were identified. The
outermost border of the tumor and the locations of the
labyrinth and petrous cells were also considered. Image
guidance was used repeatedly during drilling.

The posterior IAC wall was opened using a high-speed
diamond drill under continuous saline irrigation. Drilling was
considered adequate if the outermost tumor margin could be
exposed by gently pulling the tumor. Regardless, drilling of
the posterior wall of the IAC ceased when intraoperative
image guidance indicated that only 2-3 mm of bone remained
over the labyrinthine structures. Tumor dissection was
performed along the plane between the tumor and capsule;
the capsule close to the nerves was retained. After
microsurgical tumor removal was accomplished, a 0-degree/
30-degree endoscope was fixed with a mechanical arm and
introduced into the surgical field to visualize areas of the
surgical site that the microscope could not. If endoscopic
examination revealed any remaining tumor, it was carefully
dissected and removed. After complete resection was
confirmed and hemostasis achieved, the IAC was packed with
pieces of fat under endoscopic visualization. Patients were
transferred to the neurological intensive care unit after surgery
was completed.

Definitions and Outcomes

The length of the IAC was measured on preoperative CT images
and postoperative labyrinth integrity assessed by CT. The
presence of residual tumor within the IAC was determined by
endoscopic examination during surgery and MRI immediately
after surgery. Additionally, postoperative facial nerve function
was classified according to House-Brackmann (HB) grade, HB
grades 1 or 2 being considered good whereas HB grade 3 and
above were considered to denote facial nerve dysfunction.
Hearing function was considered useful in patients with pure
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lateral type (D,E,F) and medial type (G,H,I).

FIGURE 1 | (A) Magnetic resonance imaging shows the tumor (yellow arrow) and sigmoid sinus (blue arrow). (B) Computed tomography shows the labyrinth (green
arrow). (C) The fused image shows the positions of all three simultaneously. The line between the outermost edge of the tumor and the medial side of the sigmoid
sinus was defined as the lateral safe line (LSL; yellow- or blue-dotted line). Tumors were classified according to the relationship between the LSL and the labyrinth:

tone average better than 50 dB and speech discrimination score
better than 50% according to Gardner-Robertson grading
system. Postoperative CSF leakage, delayed hemorrhage and
other complications were recorded.

Statistical Analysis

Continuous variables are presented as means with standard
deviation. Categorical variables are presented as frequencies
with percentage. Comparisons were performed using the chi-
square test, Fisher’s exact test, or Student’s t-test as
appropriate. Statistical analyses were performed using SPSS
software version 23.0 (IBM Corp., Armonk, NY, USA). P<
0.05 was considered significant.

RESULTS
Patient and vs Characteristics
Data of 84 patients were analyzed. Microsurgical removal with

navigation and endoscopic assistance was achieved in 53
patients (CS group), and microsurgical removal without such

Frontiers in Surgery | www.frontiersin.org

assistance in 31 (MS group). Patient characteristics according
to group are shown in Table 1. There were 29 lateral tumors
and 24 medial ones in the CS group. Patient characteristics
according to type are shown in Table 2.

Surgical Results

In the CS group, the fundus of the IAC was examined
endoscopically after microsurgery, revealing and enabling
removal of residual tumor tissue in five patients. Residual
tumor was detected by postoperative MRI in one patient. In
the MS group, postoperative MRI showed residual tumor at
the fundus of the IAC in five patients. The rate of residual
tumor at the fundus of the IAC was lower in the CS than in
the MS group (P =0.02). Postoperative facial nerve status and
preservation of useful hearing are shown in Table 1; the
differences between the two groups are not statistically
significant. In the CS group, the incidence of endoscopic-
assisted resection of residual tumor at the IAC was
significantly higher for medial than for lateral tumors (20.8%
vs. 0%, P=0.02) (Table 2).
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TABLE 1 | Patient characteristics of two groups.

MS group CS group P-value

No. 31 53

Age (years) 51.7+11.5 53.1+10.5 0.58
Sex, M:F 11:20 20:33 >0.99
Side, R:L 11:20 32:21 0.04
Tumor size (mm) 32.6 £9.1 28.9+8.6 0.07
Length of IAC (mm) 9.0£1.5 9.3+1.6 0.42
Tumor residue (postoperative MR) 5 1 0.02
Normal rate of FN 64.5% 81.1% 0.12
Normal rate of FN 80.6% 90.6% 0.31
Useful hearing (post-/pre-operative) 5/12 8/16 >0.99
Labyrinth injury 4 0 0.02
Opened the air cells 3 7 0.74
CSF leak 3 2 0.35
ICH 2 1 0.55

M, male; F, female; R, right; L, left; IAC, intemal auditory canal; CSF, cerebrospinal fluid.
ICH, intracranial hemorrhage; FN, facial nerve.

TABLE 2 | Patient characteristics between the two types.

Medial type Lateral type P-value

No. 24 29

Age(years) 53.3+10.3 52.9+10.9 0.89
Sex, M:F 12:12 8:21 0.15
Side, R:L 17:7 15:14 0.17
Tumor size(mm) 31.5+9.0 27079 0.06
Length of IAC (mm) 89+1.6 9.6+1.6 0.10
Tumor residue (endoscope) 5 0 0.02
Tumor residue (postoperative MR) 1 0 0.45

M, male; F, female; R, right; L, left; IAC, internal auditory canal.

Complications

The labyrinth was not damaged in any patient in the CS group,
whereas labyrinthine injury occurred in four patients in the MS
group, three of whom had no useful hearing preoperatively.
Other complications are shown in Table 1.

Representative Case

A 56-year-old man with hearing loss and tinnitus was found to
have a tumor in the right cerebellopontine angle by MRI. The
tumor was classified as of medial type and excised with
navigation and endoscopic assistance. Postoperative MR
images showed that the tumor within the IAC had been
totally resected. Postoperative CT showed that the posterior
wall of TAC had been maximally drilled and the labyrinth
remained intact (Figure 2).

DISCUSSION

The goal of VS surgery is complete resection while preserving
neurological function, which is challenging (1, 4, 5, 25, 26).
For large VSs, the RS approach is preferred when hearing
preservation is required. Complete resection when performing
the RS approach requires opening the IAC. It is essential to
maintain the integrity of the labyrinth while drilling the
posterior wall of the canal during this opening if hearing is to
be preserved. However, because the local anatomy of the
labyrinth, TAC, and tumor can vary widely, a gold standard
for the angle or extent of drilling that will preserve hearing
has not been established (3, 6, 10, 27-29). Therefore, it is
necessary to determine the local anatomy before surgery.

Ciric et al. recommend removing no more than 8 to 9 mm of
the posterior canal wall unless the posterior semicircular canal
and/or endolymphatic duct are opened (30). Yokoyama et al.

el i

Ul

FIGURE 2 | An illustrative case. (A) The tumor was classified as of medial type on the basis of fusion images. (B) Intraoperative navigation. (C) Postoperative MR
showing that the tumor within the IAC has been completely resected. (D) Postoperative CT showing maximal removal of the posterior wall of the canal. (E)
Endoscopic image after driling under microscope guidance. (F) Endoscopic drilling of the deep bone; (G) The area within the yellow line shows the extent of
endoscopic drilling. (H) Endoscopic resection of residual tumor at the fundus of the IAC.
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proposed the concept of the sigmoid-fundus line, an imaginary
line extending from the medial side of the sigmoid sinus to the
fundus of the IAC on CT (8). Samii et al. and Gharabaghi et al.
concluded that if the posterior semicircular canal and crus
commune are located lateral to this line, there is no risk of
intraoperative injury to these structures; however, if they are
located medial to the line, they are at risk (3, 9). CT does not
provide a clear outline of the tumor. The purpose of posterior
TAC wall drilling is to expose the lateral edge of the tumor, not
the fundus of the IAC. Mohr et al. reported that approximately
60% of VSs do not completely fill the IAC (31). MRI can be
used to determine the extent of tumor in the IAC, which
seems to guide IAC drilling. However, MRI does not show the
position of the semicircular canals because this imaging
modality does not demonstrate bony structures very well. We
discovered this with our use of CT/MRI fusion images for
surgical navigation, which showed tumor, sigmoid sinus,
posterior IAC wall, and internal IAC structures simultaneously.
We were able to improve upon the sigmoid-fundus line using

the fused images to define an imaginary line between the
outermost edge of the tumor and the medial side of the sigmoid
sinus as the LSL. The risk of Labyrinth injury can be assessed
according to the relationship between the LSL and the posterior
semicircular canal and crus commune before drilling.

It should be noted that the LSL is neither a surgical line of
sight nor an IAC resection line. By retracting the cerebellum,
the TAC can be drilled at a more medial angle than the LSL
(8). However, it is not practical to precisely simulate the line
of sight, because the amount of space gained by cerebellar
retraction cannot be accurately assessed before surgery. In
addition, the degree of traction required varies according to
the patient and surgeons differ in their comfort level with
applying traction. Figure 3 shows illustrative preoperative
navigation imaging, intraoperative photography, and postoperative
imaging in a patient with a VS classified as lateral. As shown in
panel C, the blue line represents the LSL and the blue area
indicates the maximum area estimated to be removed before
surgery. In general, JAC drilling starts at the posterior edge of

tumor residue and the labyrinth was intact.

FIGURE 3 | (A) The tumor was classified as lateral based on magnetic resonance imaging and computed tomography fusion images. (B) Navigation predicted the
resection line. The yellow line extending from the tip of the navigation pointer is the predicted resection line. (C,F) lllustration of the lateral safe line (blue line) and
resection line (yellow line). lllustrative drawing (D) and microscopic view (E): the intrameatal portion of the tumor is displayed as a nodule (blue). The interface
(black arrow) between the tumor (blue) and fundus (green) was visible by gently pulling the tumor medially. This means that the opening of the IAC was
adequate. (G) Endoscopic examination showed no residual tumor, and the capsule near the nerves was retained. Postoperative CT(H) and MR(I) showed no
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the internal acoustic pore and proceeds laterally until the
outermost part of the tumor is exposed. Owing to cerebellar
retraction, the actual range of drilling during surgery is less than
the blue area and comprises the area in the yellow triangle.
Provided that the labyrinth is not within this triangle, it should
not be damaged. Therefore, in this and other tumors classified
as lateral, the tumor within the IAC can be exposed safely.
Mustrative drawing (Figure 3D) and microscopic view
(Figure 3E) showed that the intrameatal portion of the tumor is
displayed as a nodule (blue). The interface (black arrow)
between the tumor (blue) and fundus (green) was visible by
gently pulling the tumor medially. This means that the opening
of the TAC was adequate. In these cases, no residual tumor was
found during intraoperative endoscopic examination.

In medial cases, tumor exposure is likely inadequate because
drilling must be stopped near the labyrinth. Marchioni et al.
argue that exposure of the IAC fundus is incomplete when
only the microscope is used during the RS approach and
therefore a tumor located in the fundus requires blind
dissection (15). Endoscopy is useful in the RS approach as an
adjunct to microscopic resection and can even be
implemented alone in fully endoscopic procedures (16).
Shahinian et al. reported full endoscopic resection in a series
of 527 patients with unilateral VS (13). You et al
recommended the use of endoscopic-assisted microsurgery
(14). According to previous studies, the incidence of residual
tumor detected by endoscopic examination after microscopic
resection ranges between 6.5% and 48.1% (Table 3). In our
study, the overall incidence of residual tumor in the blind
corner was 9.4% and all instances were in cases classified as
medial. No lateral cases had residual tumor detected in the
endoscopic examination (20.8% vs. 0%; P =0.015). This means
that the intrameatal portion of VSs cannot be completely
exposed and resected without damaging the labyrinth in one-
fifth of medial cases. Therefore, we suggest that endoscopic-
assisted resection should be performed for cases that are
classified as medial on preoperative imaging (those in which
the LSL crosses the semicircular canal or crus commune). CT/
MRI fusion images assess not only the degree of tumor within
the IAC, but also the position of the labyrinth relative to the
tumor, which provides a more comprehensive and accurate
assessment than either modality alone.

Pillai et al. concluded that approximately 70% to 80% of the
posterior wall of the IAC can be drilled away without injuring
the labyrinth and that such drilling can be maximized safely

TABLE 3 | Endoscope check the residual tumor.

Authors & Year Approach Endoscope Cases Endoscope
(tip angle) Check Residual
Tumor (%)
Wackym, 1999 RS 30° 68 11 (16.2%)
Goksu, 1999 RS-RL 0°,30°,70° 32 8 (25.0%)
Kumon, 2011 RS 30°,70° 27 13 (48.1%)
Chovanec, 2012 RS 0°,30°,70° 39 4 (10.2%)
Marchioni, 2019 RS 0°,45°,70° 18 4 (22.2%)
Bi, 2022 RS 0°,30° 61 4 (6.5%)
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using image-guided surgical navigation (10). In the middle
fossa approach to VSs, Miller et al. found surgical navigation
to be reliable in identifying the midpoint of the IAC within
24mm of accuracy (1). Furthermore, Li et al. reported
localization of the facial nerve for surgical purposes using
tractography and navigation (25). However, Samii et al.
concluded in a preliminary clinical study that the value of
navigation-assisted IAC opening is promising but limited at
the present time (3, 9). Although surgical navigation has gained
wide acceptance for many intracranial procedures, it is rarely
used for localization of the IAC during VS surgery. There are
three possible explanations. First, surgeons may have concern
about navigation system accuracy. However, with the use of
invasive localization markers and point-merge registration
techniques, navigation can achieve sub-millimeter mean
registration error (10, 32). In an accuracy study of surgical
navigation in the spine, Devito et al. found that 98.3% of
pedicle screws inserted using robotic guidance were -either
completely within the pedicle or breached it by 2 mm or less
(33). Second, many experienced surgeons may believe that
navigation offers limited benefits. Computer-aided navigational
tools are no substitute for a thorough knowledge of temporal
bone anatomy (I, 9). In our experience, VS surgery requires
considerable experience to perform well. Navigation may be an
imperfect but trustworthy partner in the learning process
(Figure 4). When using it, a “safety zone” of approximately
2 mm should be set. Third, use of navigation can interrupt the
operation (9). All types of surgical navigation require linking a
virtual picture with the surgical field of view. Although current
virtual reality technology is advancing, it is currently insufficient
(34). Our solution is to perform the procedure using two
surgeons, one focusing on the surgical field of vision and the
navigation pointer, and the other focusing on the navigation
display and the real-time picture of the operation. In addition,
the cerebellum has been retracted when the navigation pointer
was located in the posterior wall of the IAC, and the resection
line (RL, the lateral edge of the IAC resection area, yellow line
in Figures 3B,C) could be predicted by the navigation system.
According to the RL line, the risk of labyrinth during drilling
could be assessed again. If labyrinth structures were located
2 mm lateral of the RL line, repeated image guidance was not
required during drilling the IAC.

CSF leakage is a common complication of VS surgery (35).
Although the incidence is low, it often requires operative
treatment if CSF leakage persists. Yamakami et al. state that
packing of the opened IAC with pieces of fat and muscle is
mandatory to prevent CSF rhinorrhea in patients with air cells
near the canal (36). In addition, Tamura et al. and Corrivetti
et al. argue that use of an endoscope can assist visualization
and covering of opened petrosal air cells (16, 37). Endoscopic
evaluation of the petrous bone may reduce the incidence of
CSF leakage (17). In our study, the incidence of postoperative
CSF leakage was 3.7% (2/53) in the CS group compared with
9.7% (3/31) in the MS group. This difference was not
statistically significant; however, the use of navigation and
endoscopic assistance in opening the IAC may nevertheless
help to minimize CSF leakage. The hearing preservation is an
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Case 1 Case 2

FIGURE 4 | Four illustrative cases of using navigation to locate the boundaries of drilling of the internal auditory canal.

Case 3

Case 4

important objective for the protection of labyrinth during
surgery. However, the average diameter of the tumors in this
study was close to 3 cm and most of them were Grade 3 or 4
according to the Koos classification. Only a few patients had
useful hearing preoperatively, which greatly limited our
analysis of hearing preservation.

CONCLUSION

Navigation and endoscopy are useful in assisting the exposure of
the intrameatal portion of VSs. Preoperative MRI/CT fusion
imaging is helpful in preoperative evaluation and surgical
planning in patients undergoing VS surgery. Tumors of the
medial type require endoscopic assistance for resection.
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Background: Epidermoid cysts (ECs) are one of the most common causes of
secondary trigeminal neuralgia (TGN). However, most previous studies have
primarily focused on whether complete tumor resection was achieved, and
few studies have discussed the primary goal of pain relief.

Objective: The present study provides intraoperative strategies for trigeminal
nerve (TN) management in patients with TGN secondary to an EC and
observed long-term follow-up outcomes.

Methods: A total of 69 patients with TGN secondary to an EC at our hospitals
were included (January 2011-June 2021). The same surgical team performed
all surgeries using a retrosigmoid approach. After EC removal, different methods
for TN management were used, including microvascular decompression
(MVD), sharp capsulectomy, nerve combing and embedded cholesterol
crystal excision. The epidemiological, clinical, and surgical data were extracted.
Results: The total EC removal rate was 92.8% (64/69). All patients achieved
initial pain relief postoperatively, and 12 patients (17.4%) experienced varying
degrees of hemifacial hypesthesia, which was relieved within 3—-6 months.
Three patients (4.3%) reported partial pain recurrence within a median
follow-up period of 5.5 (0.5-10.5) years, which was relieved completely after
low-dose carbamazepine administration.

Conclusion: The primary goal of surgical tumor removal for patients with TGN
secondary to an EC is relief of the main symptom of tormenting pain. The
selection of an appropriate strategy for TN, including MVD, sharp
capsulectomy, nerve combing or embedded cholesterol crystal excision,
should depend on the patient’s situation.

KEYWORDS

Cerebellopontine angle, epidermoid cyst, trigeminal neuralgia, management strategy,
trigeminal nerve
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Introduction

The incidence of intracranial epidermal cysts (ECs), also

named intracranial cholesteatomas, accounts for
approximately 1% of all intracranial tumors (1-3), and these
tumors primarily occur in the cerebellopontine angle (CPA)
(4, 5). EC is one of the main causes of secondary trigeminal
neuralgia (TGN) (6, 7). The curative goal of patients with
TGN secondary to an EC is tumor removal with recurrence
prevention and avoidance of complications (8-10). However,
the primary goal of treatment in patients with TGN as the
first or main symptom is relief of the tormenting pain (11,
12). When pain is not relieved, even complete resection of the
tumor should be considered a treatment failure, at least from
the patient’s perspective. Therefore, the relief of pain,
reduction of facial numbness and other symptoms of cranial

nerve (CN) injury, and prevention of TGN recurrence using

appropriate  approaches for trigeminal nerve (TN)
management during the process of tumor resection are more
important than tumor resection. Few studies have

summarized and discussed experience and practice in this
respect. This article summarizes our 10-year experience and
practice in the treatment of 69 patients with TGN secondary
to an EC and discusses the preferred management strategies.

Methods

Patient characteristics

All patients who underwent surgery for TGN at our
hospitals from January 1, 2011, to June 30, 2021, were
reviewed retrospectively. The diagnosis of TGN was made in
2,048 cases according to the criteria for classic TGN (13.1.1)
of the International Classification of Headache Disorders 3
(ICHD-3). As part of the routine clinical management of
TGN, all patients underwent a preoperative three-dimensional
time-of-flight (3D-TOF) magnetic resonance imaging (MRI)
examination. In cases of prepontine cistern enlargement or
abnormal signals, contrast enhancement or 3D fast imaging
using steady-state acquisition (3D-FIESTA) was applied
(Figure 1) (13). Of the 2,048 consecutive TGN cases, the EC
was diagnosed secondary to TGN in 76 cases preoperatively,
surgically and pathologically. By the end of June 2021, seven
patients were lost to follow-up, and 69 were ultimately
included in this study for analysis. Seventeen of the 69
had
(percutaneous

patients undergone  other  surgical treatments

radiofrequency thermocoagulation,
percutaneous ball compression or y-knife surgery) before
admission to our hospitals, and nine of these patients had
obvious postblock hypesthesia. The ethics committee of the
two hospitals involved approved this study. The patient data

were anonymous, and informed consent was not necessary.
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Anatomical observations and surgical
procedures

All standard
suboccipital retrosigmoid approach. After the release of

patients underwent treatment with a
cerebrospinal fluid (CSF) under a microscope and retraction
of the cerebellar hemisphere, a pearl-like space-occupying
lesion with an intact capsule was observed at the CPA. The
TN, facial-acoustic nerve, and lower CNs were compressed
and encapsulated. After opening the arachnoid membrane,
intracapsular resection was performed as the primary
procedure, including clearing of the cholesteatomatous tumor
tissue in all corners using an aspirator and dissector and the
in the

contralateral prepontine cistern by adjusting the angle of the

tumor tissue on the tentorium cerebellum and

microscope. For tumor capsules attached to the brain stem,
compulsory resection was not performed to avoid damaging
the penetrating vessel, which results in severe consequences.
In cases where the tumor wrapped the facial-acoustic,
abduction and trochlear nerves, a small aspirator tube with a
well-controlled suction force was used because these nerves
are thin and delicate, and excessive suction could cause direct
damage. The adhered tumor capsule was cut and removed via
sharp dissection. After clear and complete tumor removal,
primary attention was focused on the management of the TN
root. Different surgical procedures for TN management were
performed according to the type classification, as discussed
below.

Type |

There were 49 cases of this type, consisting of only an EC
without vascular involvement of the TN. Eighteen cases were
type Ia, in which the main portion of the tumor was located
in the prepontine cistern, and the TN was pushed from the
inside to the outside and became distorted but was not
completely encapsuled by the tumor. When the arachnoid
membrane was opened, the TN root was directly observed,
and the running direction of the fiber was seen clearly. The
first step in these cases was clearing the tumor portion in the
CPA. TN management started by examining and clearing the
root entrance/exit zone and the portion entering the Meckel
cave, especially the ventral side of the nerve, to avoid missing
the tumor outside of the direct surgical microscopic field. The
tumor capsule attached to the TN was removed via sharp
dissection  using  microscopic  scissors  (Figure 2,
Supplementary Video S1).

Twenty-four cases were type Ib, in which the tumor tissue
completely encapsulated the nerve. After retraction of the
cerebellum, only the tumor was visualized directly in most
cases, but the facial-acoustic nerve was seen in some cases.

After partial clearing of the tumor, the normally flat TN
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FIGURE 1
The 3D-FIESTA and 3D-TOF magnetic resonance sequence of TGN secondary to EC patients with offending arteries. Tumors of the epidermoid cyst,
trigeminal nerve and offending artery are indicated by the arrows. ET, epidermoid tumor; TN, trigeminal nerve; OA, offending artery.

FIGURE 2

(A) Type la: After craniotomy and retraction of the cerebellar hemisphere under a surgical microscope, the facial-acoustic nerve, trigeminal nerve and
epidermoid cyst in the lateral aspect of the prepontine cistern are seen. The tumor tissue appears white with a pearl-like luster. TN, trigeminal nerve;
ET, epidermoid tumor; AN, acoustic nerve. (B): Type la: Most cholesteatoid tumor tissue in the prepontine cistern has been removed, with a small
amount of tumor residue on the dorsal aspect of the TN root entry zone. TN, trigeminal nerve; ET, epidermoid tumor; AN, acoustic nerve; BS, brain
stem. (C): Type la: The tumor tissue was removed completely, and the TN surface is smooth. TN, trigeminal nerve; AN, acoustic nerve; BS, brain stem

cisternal segment had become cylindrically round like an substances may be embedded in the TN root, and sharp
electrical pole, with a layer of capsule-like tissue on the dissection with microscopic scissors is required to achieve
surface. The longitudinal nerve fibers could not be clearly sufficient decompression (Figure 4, Supplementary Video S3).

identified. Simple tumor resection in cases of severe TN root
invasion by the tumor may not relieve pain completely. The
nerve combing procedure was applied to release the TN Type [l
cisternal segment in 11 patients by making 4-8 incisions

along the longitudinal axis using a homemade combing knife There were 20 cases of this type, in which the TN root
(Figure 3, Supplementary Video S2). contacted the blood vessel during EC excision. Thirteen of

Seven cases were type Ic. Because there may be cholesterol these cases were type Ila, in which an offending artery (OA)
crystals in this type of EC tumor, these stone-like hard was found, and microvascular decompression (MVD) was
Frontiers in Surgery frontiersin.org
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FIGURE 3

(A) Type Ib: After craniotomy and retraction of the cerebellar hemisphere under a surgical microscope, the facial-acoustic nerve is seen, the depth of
which is filled with pearl-like tumor tissue, with the petrosal vein and TN buried inside. ET, epidermoid tumor; AN, acoustic nerve; CH, cerebellar
hemisphere. (B) Type Ib: The tumor in the cerebellopontine angle (CPA) was removed completely. The TN in the cistern segment is cylindrically
round, and its surface is covered with a pseudo-membrane. The longitudinal nerve fibers are not visible. TN, trigeminal nerve; PV, petrosal vein;
AN, acoustic nerve; CH, cerebellar hemisphere. (C) Type Ib: Nerve combing of the TN. The cistern segment is performed by inserting the
combing knife into the nerve and moving it longitudinally. TN, trigeminal nerve; AN, acoustic nerve; CH, cerebellar hemisphere; CK, combing knife.

A

FIGURE 4

(A) Type Ic: After craniotomy and retraction of the cerebellar hemisphere under a surgical microscope, the facial-acoustic nerve is seen, the depth of
which is filled with the pearl-like tumor tissue, and the TN is buried inside. AN, acoustic nerve; CH, cerebellar hemisphere; ET, epidermoid tumor. (B)
Type Ic: The tumor tissue in the CPA was excised, and the TN root closely adhered to a cholesteatoid crystal with a petrosal vein on the surface. CH,
cerebellar hemisphere; PV, petrosal vein; TN, trigeminal nerve; CC, cholesteatoid crystal. (C) Type Ic: The trigeminal nerve was decompressed
completely after removal of the cholesteatoid crystal embedded at the TN root via sharp dissection at the expense of the petrosal vein. CH,
cerebellar hemisphere; AN, acoustic nerve; TN, trigeminal nerve.

performed (Figure 5, Supplementary Video S4). The of 1. Partial pain relief was defined as a BNI pain score of II
remaining 7 cases were type IIb, in which an offending vein or III.

(OV) was found. OVs smaller than 1 mm were usually

snipped after electrocoagulation, and MVD was used for

relatively thick OVs (Figure 6, Supplementary Video S5). Results

Follow-up evaluations were performed 6 and 12 months

post-operatively and then annually thereafter and included
routine physical examination, MRI and facial sensory testing
in most cases. Telephone interviews were performed if the
patients failed to visit our clinic at the scheduled time. In
addition to other CN complications, we primarily evaluated
the initial pain relief, pain recurrence, and any type of
sensory disturbance using the Barrow Neurological Institute
(BNI) pain intensity score and the facial numbness score
(14). Complete pain relief was defined as a BNI pain score
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Sixty-nine of the 2,048 cases were included in the study. The
mean age of the 69 EC patients was 49.8 (17-77) years. Most
patients were women (68%, 47/69). The mean disease
duration was 61.5 (1-480) months, and the mean follow-up
duration was 5.5 (0.5-10.5) years. The affected areas and
other clinical characteristics are shown in Table 1.

All patients had sutures removed and were discharged 5-7
days post-operatively. Immediate and complete pain relief
(BNI pain score I) was achieved in all 69 cases. Postoperative
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FIGURE 5

TP: Teflon pad.

(A) Type lla: After craniotomy and retraction of the cerebellar hemisphere under a surgical microscope, the facial-acoustic nerve and the epidermoid
cyst in the prepontine cistern in the median aspect of the nerve are seen. After removal of the tumor tissue, TN was observed. AN, acoustic nerve; TN,
trigeminal nerve; ET, epidermoid tumor; BS, brain stem. (B) Type lla: After removal of most of the epidermoid cyst in the prepontine cistern, the TN
root was exposed. Two arteries are seen on its ventral side, which created compression on the nerve. AN, acoustic nerve; TN, trigeminal nerve; ET,
epidermoid tumor; BS, brain stem; OA, offending artery; CH, cerebellar hemisphere. (C) Type Ila: Microvascular decompression was performed by
separating the offending artery (OA) at the TN root using a Teflon pad. AN: acoustic nerve; TN: trigeminal nerve; BS: brain stem; OA: offending artery;

FIGURE 6

(A) Type llb: After craniotomy and retraction of the cerebellar hemisphere under a surgical microscope, the facial-acoustic nerve, TN and the
epidermoid cyst in the prepontine cistern in the median aspect of the nerve are seen. The tumor tissue appears white with a pearl-like luster,
and a petrosal vein branch is seen on the surface. TN, trigeminal nerve; ET, epidermoid tumor; OV, offending vein; (B) Type llb: The tumor tissue
in the CPA was removed, and a petrosal vein branch is seen intraneurally passing through the TN root. TN, trigeminal nerve; OV, offending vein;
BS, brain stem; CH, cerebellar hemisphere. (C) Type Ilb: Microvascular decompression was performed by separating the petrosal vein branch
intraneurally passing through the TN root using a Teflon pad on both sides. TN, trigeminal nerve; OV, offending vein; TP, Teflon pad.

MRI demonstrated total resection in 64 cases and subtotal
resection in the other five cases because the tumors on the
supratentorial and contralateral CPA parts were relatively
large. The main complication was unilateral facial hypesthesia,
which occurred as a new symptom or exacerbation of the
original bradyesthesia in 12 cases, including three of the 11
type Ib EC patients
bradyesthesia was relieved 3-6 months post-operatively in all
patients.

who underwent combing. This
Other presenting complications included acute
subdural hematoma in three cases (detected on routine CT
checkup 24 h post-operatively), which presented as a thin-
layer hematoma with no clinical symptoms and were absorbed
spontaneously within one month in all cases, aseptic
meningitis in eight cases, diplopia in seven cases, including
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trochlear nerve injury in four cases and abducens nerve injury
in three cases, and hearing loss in five cases. During the
follow-up period of 0.5-10.5 years, no significant enlargement
of the tumor was observed in the five patients in whom
subtotal resection was achieved. Three patients (4.35%)
reported partial pain recurrence (BNI pain score II-III) two
and three years post-operatively. Treatment for recurrence in
these patients included the use of low-dose carbamazepine
(<200 mg/d), which provided a satisfactory analgesic effect.
Pain-free survival was defined as the time to recurrence of
facial pain after surgery. Kaplan-Meier curves were
constructed based on pain-free survival (Figure 7). The
different types of TN involvement and the occurrence of

related complications are shown in Table 2.
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TABLE 1 Clinical characteristics of the patients.

Cohort size (n=69)

Affected side, No. (%)

Right 27 (39.1%)
Left 42 (60.9%)
Symptom

Cranial nerve V

TGN territory involved

V1 6
V2 9
V3 13
V1+2 5
V2+3 26
V1+2+3 10
Post-block hypesthesia 9

Cranial nerve VII

Hemifacial spasm 3
Cranial nerve VIII

Hearing difficulty 5

Tinnitus 3
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FIGURE 7
Kaplan—Meier survival pain-free analysis. Recurrence of pain
occurred in three patients (at 2, 2, and 3 years post-operatively).

Discussion

The occurrence of ECs in the CPA is rare, but we have
treated numerous cases at our TGN center because the most
common onset symptom is TGN. The 69 patients with TGN
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TABLE 2 Different types of TN involvement and the occurrence of
related CN complications and surgical outcomes.

Subtotal CN complications (n=20%)
(n=5) v v VI VIl
(n=4) @m=12) @m=3) (n=5)

Type I

a(n=18) 1 1 4 1 2

b (n=24) 3 2 5 2

c(n=7) 2
Type IT

a(n=13) 1 1 1 2

b(n=7) 1

?As some patients had injury to multiple cranial nerves after operation, the sum
of the cranial nerve cases (n=24) is larger than the total number of the
complication cases (n = 20).

secondary to an EC included in our series were primarily
characterized by a young mean age, pain in the V2 and V3
regions, and a similar onset of symptoms and typical vascular
compression presenting as simple TGN (15). The total tumor
92.8% (64/69). The
suboccipital retrosigmoid approach may not expose the distal

removal rate was simple lateral
part of the tumor, and the combined use of the anterior
transpetrosal approach or combined transpetrosal approach
may be necessary (16, 17); alternatively, endoscopy may be a
better means of completely removing the tumor (18, 19).
However, a combined approach in this area may cause
unexpectedly extensive trauma and require more surgical
time. The incidences of perioperative complications, sequalae
and tumor recurrence were low in our series. Other than the
symptoms of TGN, the symptoms of injury to other CNs,
such as diplopia, were restored within approximately six
months in most cases. While restoration of hearing loss is
relatively difficult, unilateral hearing loss does not have a
significant impact on daily activities.

The key for the successful treatment of TGN secondary to
an EC is pain relief. The immediate pain relief rate was 100%
in our study, and long-term follow-up observation only
revealed partial pain recurrence in three cases (4.3%). The
incidence of nerve-related complications was also low.
Hemifacial hypesthesia was the main symptom, but its
postoperative clinical presentation was mild and caused an
insignificant impact on patients’ daily activities. The
symptoms were relieved in 3-6 months in most patients.

A few studies have reported research on TGN secondary to
an EC. Kabata (2002) analyzed 28 cases and emphasized that
straightening the neuraxis by cutting and removing the
adherent tumor capsule and arachnoid membrane was
mandatory for the relief of pain and prevention of pain
recurrence. With a mean follow-up period of 11.5 years, they
detected pain recurrence symptoms in three patients (10.7%).

However, their postoperative TN injury rate was as high as
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64.3% (18/28). Together with other CN (III-V) injuries, the
overall incidence accounted for approximately two-thirds of
all patients. Therefore, an excellent outcome was achieved in
only 57.1% (16/28) (20). Guo (2011) reported 48 similar cases
in which TGN was not relieved after surgery in two cases (a
second surgery was performed), and pain recurred in another
patient. They noted that resecting the attachment of the
tumor capsule to CN V was critical for relieving pain,
although this method may damage the nerve (21). Other
studies on ECs have only reported intracranial resection of the
tumors, with few cases of TGN as the onset symptom (22,
23). These studies demonstrate that the pain relief rate in the
management of TGN secondary to an EC is not sufficient,
and the rate of TN injury remains high. The etiology of TGN
secondary to an EC must be identified and eliminated to
achieve the goal of pain relief.

The pathogenesis of TGN secondary to an EC is likely
related the three (1)
compression  from  vascular 2)
compression of the nerve by the tumor; and (3) irritation of

to following conditions: nerve

compression; direct
the chemicals within the EC or aseptic inflammation of the
TN. These factors may work independently or synergistically
on the TN to cause demyelination of the nerve and formation
of pseudosynaptic connections, which ultimately result in
abnormal TN tactile conduction (23, 24).

The principle of our surgical strategy for TN management is
removal of the above factors.

1. Strategy for TGN management. Some researchers have
advocated conservative management strategies for ECs
involving the CN (25). We partially agree that caution
should be taken in handling CNs other than the TN, such
as the trochlear, abduction, facial and auditory nerves, and
use of an aspirator should be avoided. However, pain relief
is the primary goal, and we advocate a more positive
attitude in treating the TN using a proper method. The
present study primarily describes three strategies for TGN
management in different situations: (1) sharp dissection of
the tumor capsule adhering to the nerve; (2) excision of
embedded cholesterol crystals; and (3) combing of the nerve
wrapped by the pseudocapsule inside the tumor. Lagares
reported that TNs within ECs may undergo pathological
changes, including axonal loss and demyelination, with the
presence of abundant collagen infiltrates and myelin debris.
Myelin-denuded axons have been found in close apposition
in some areas, allowing axon-to-axon interactions (26).
These findings are consistent with those of previous studies
on patients with vascular compression-related TGN.

Therefore, nerve combing is generally used instead of MVD

when no OV is found (27-29). We used nerve combing to

the

demyelination and release the pseudomembrane wrapping

destroy pseudomembrane formed after nerve

the nerve to ensure pain relief.
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2. OVs may cause TGN in EC patients. The only controversy is
that some researchers believe that the OV is the only cause
(30). We found that 30% (20/69) of the cases in our series
had OVs, which we carefully examined. An attentive
review of the TN by 3D-TOF MRI may be helpful,
especially near the TN root entry/exit zone and Meckel
cave. With respect to OV management, an OV smaller
than 1 mm in diameter may be sacrificed by cutting after
cauterization, but removal should be avoided for relatively
large OVs (>2 mm in diameter) to reduce hemorrhage and
the risk of infarction, which is different from the opinion
advocated in most studies that all TGN-related OVs should
be sacrificed.

The present study has some limitations. First, it was only a
retrospective study. Second, TN combing is an innovative
method that has not been generally accepted. Therefore, more
studies are required to provide verification of its efficacy and
long-term outcomes.

Conclusion

The primary goal of EC removal as a treatment is relief of
the tormenting pain. Caution should be taken to avoid
oversight of any possible OVs for decompression. The
selection of an appropriate strategy for TGN, including sharp
capsulectomy, nerve combing or embedded cholesterol crystal
excision, should depend on the extent of tumor invasion into
the TN.
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