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Abstract: Background: Traumatic brain injury (TBI) is a critical public health problem worldwide,
constituting a major cause of mortality and morbidity for people of all ages, but especially in the
younger population. Decompressive craniectomy (DC) and cisternostomy are surgical procedures
commonly used in the management of severe TBI, but their effectiveness in improving outcomes
remains controversial. Methods: We conducted a prospective longitudinal study on patients who
underwent surgical treatment for severe TBI between 2021 and 2022. The extended Glasgow outcome
scale (GOS-E) was used to assess clinical outcome at 2 weeks, 3 months, and 6 months after surgery.
Results: The study included 30 patients (21 men and 9 women) who met the inclusion criteria.
Among them, 24 patients (80%) underwent DC combined with cisternostomy, while 6 patients (20%)
underwent cisternostomy alone. The initial Glasgow Coma Scale (GCS) score at admission ranged
from 4 to 8 points, with an average score of 5.9. The overall mortality and overall morbidity was
13.3% and 20%, respectively. The mortality rate was 12.5% and 16.7% in the DC + cisternostomy
group and in the cisternostomy alone group, respectively. No statistically significant difference was
seen between the two groups in terms of mortality, morbidity and favorable outcome at 2 weeks,
3 months and 6 months. Conclusions: Our preliminary multi-center study shows a good clinical
outcome in patients who underwent DC + cisternostomy or cisternostomy alone in both early and
long-term follow-up. Larger multi-center randomized trials are needed to establish the effectiveness
of cisternostomy in the management of TBI.

Keywords: traumatic brain injury; decompressive craniectomy; intracranial hypertension; cisternos-
tomy; neurosurgery; surgical outcome

1. Introduction

Traumatic brain injury (TBI) is a critical public health problem worldwide and a major
cause of mortality and morbidity for people of all ages, but especially in the younger
population [1,2]. Statistical projections show that TBI could become one of the major causes
of death and disability by the year 2030 [1].
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Decompressive craniectomy (DC) has long been considered to be the treatment of
choice to reduce intracranial pressure (ICP) in patients with refractory intracranial hyperten-
sion after severe TBI [3]. The DECRA trial, the largest randomized trial in diffuse TBI, failed
to show the effectiveness of DC in adults with severe TBI [4], even if subsequent studies
established the role of DC when ICP continues to increase to values >20 mm Hg [5,6]. A
secondary analysis of the RESCUEicp Randomized Clinical Trial [6] reported that patients
with post-traumatic refractory intracranial hypertension who were surgically treated had a
sustained reduction in mortality and higher rates of vegetative state, severe disability and
moderate disability at 24 months compared to the medical group. Although DC brings
the ICP to atmospheric pressure, it does not counteract the intracerebral pressure, which
causes severe brain swelling and herniation.

Cisternostomy, which has been routinely used in aneurysm surgeries and skull base
tumors, has recently been reintroduced as an adjuvant surgical procedure for reducing brain
edema and resistant intracranial hypertension [7]. Cisternostomy is defined as opening
the basal cisterns to atmospheric pressure and the drainage of the subarachnoid basal
cistern. This technique helps to reduce the ICP in severe head trauma as well as other
conditions when so-called sudden “brain swelling” troubles the surgeon [8]. Cisternostomy
is a technique that incorporates knowledge of skull base surgery and microvascular surgery,
as, by opening the basal cisterns to atmospheric pressure, this technique could decrease the
ICP due to a backshift of the cerebrospinal fluid (CSF) from the swollen brain to the cisterns
through the Virchow Robin spaces [9,10]. Traumatic subarachnoid hemorrhage causes
cisternal blockage, which, in accordance with the CSF-shift process, causes an increase
in cisternal pressure above brain parenchymal pressure. As a result, there is a pressure
gradient between the brain parenchyma and the cistern, which is at a lower pressure [10].
According to recent research, the development of edema may also be linked to CSF entry
into the brain parenchyma through the low-resistance para-arterial space and decreased
interstitial fluid efflux, or a combination of the two processes [8,11]. As a result, after a
severe TBI, CSF may be transferred from the cerebral cisterns to the brain, resulting in
severe brain swelling. A traumatic subarachnoid bleed, which is frequently linked to severe
TBI and results in a pressure gradient that is higher in the cisterns and lower in the brain,
may be one of the causes of this rapid shift [12].

Even if Timofeev et al. [12] demonstrated that an external ventricular drain (EVD) is
effective in rapidly reducing ICP, almost half of their patients experienced a later increase
in ICP (20 mm Hg) despite the EVD; therefore, some considerations should be made about
the decision to place a cisternal drain rather than a ventricular drain, which is currently the
standard procedure in severe TBI [13,14]. The role of cisternostomy in the management of
TBl is a topic of ongoing research and debate. To better understand the potential benefits
and risks of this procedure, a triple-center study was conducted to evaluate the outcomes
of patients who underwent cisternostomy for TBI. This study involved the collaboration of
three medical centers, each one with important experience in the management of TBI.

The primary objective of this paper is to analyze the role of cisternostomy in the
management of TBI. Specifically, we will discuss surgical indications for cisternostomy; the
surgical technique used; and the mortality, morbidity and the surgical outcome of patients
who underwent cisternostomy in combination with DC or alone in severe TBI to better
understand how to manage patients with severe TBI.

2. Materials and Methods
2.1. Patients Selection

We performed a prospective longitudinal study in a cohort of patients who were
surgically treated for severe TBI between 2021 and 2022 in one of these three different
medical centers: RUDN University (Moscow, Russia), General Hospital (Durango, Mexico)
and Hospital Regional Universitario José Maria Cabral y Baez (Santiago, Dominican Re-
public). The inclusion criteria were patients between 18 and 70 years old without severe
systemic disease, GCS < 8, presenting with a concomitant predominantly unilateral mass
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effect such as an acute subdural hematoma (SDH) greater than 20 mm or a midline shift
greater than 5 mm on a computed tomography (CT) scan, which are indications for DC.
The exclusion criteria were patients with GCS 3, moderate and mild TBI, axonal diffuse
injury, cardiopulmonary instability, infarcts of brainstem and multi-organ injuries. Table 1
shows all the details.

Table 1. Study population.

GCS at Admission,

i o : o .
Hospital Center N° Patients (%) Male/Female Ratio Mean (Range)
RUDN University (Moscow, Russia) 14 (46.7) 13/1 5.9 (4-8)
General Hospital (Durango, Mexico) 10 (33.3) 6/4 6.2 (4-8)

Hospital Regional Universitario José Maria

Cabral y Baez (Santiago, Dominican Republic) 6 (20) 2/4 53 (4-6)

A consent form was signed according to the legal responsibilities, and the procedure
were performed within a maximum of 4 h after emergency room admission. The extended
Glasgow outcome scale (GOS-E) at 2 weeks and 3 and 6 months after surgery was used to
determine the clinical outcome. The pre-operative and post-operative neurological exams
were evaluated. Those patients that could not be contacted by phone were excluded as
well, due to a lack of clinical /radiological follow-up. Patients were treated according to
the protocol for the management of severe TBI, in line with the current recommended
guidelines. All patients were sedated and mechanically ventilated.

The primary objective was to determine the clinical outcome of these patients surgically
treated with DC and cisternostomy at two weeks and three and six months after a TBI.

2.2. Surgical Procedure

For DC, a classic trauma flap with an inverted question mark incision measuring
no less than 12 x 15 cm or 15 cm in diameter was created [14]. The principal steps for
cisternostomy can be summarized in the following ten steps: (1) drilling the sphenoid
ridge until it meets the meningeal-orbital arteries; (2) the identification of the superior
orbital fissure and the meningo-orbital band; (3) the division of the meningo-orbital band,
which marks the lateral edge of the superior orbital fissure; (4) exposing the inferior aspect
of the anterior clinoid process; (5) the elevation of the temporal lobe from the superior
orbital fissure exposing the anterior clinoid process; (6) the elevation of the frontal lobe
from the anterior clinoid process, which can easily be removed; (7) opening the dura;
(8) the identification and opening of the sylvian, chiasmatic, optico-carotid and lateral
carotid cisterns; (9) approaching the Liliequist membrane through the optico-carotid win-
dow or the lateral carotid window; (10) drilling the posterior clinoid process in the case of
difficulty in opening the Liliequist membrane [15].

The main step in the procedure consists, after the evacuation of clots and contusions,
if any, of CSF being released from the basal cisterns by opening the sylvian, chiasmatic,
lateral carotid cisterns, Liliequist membrane and prepontine cistern. A saline wash ensures
the satisfactory removal of subarachnoid blood. A silicone drain is placed in the prepontine
cistern (Figure 1) and is taken out of the wound for CSF drainage in the post-operative
period. The CSF diversion allows the brain to relax, and it is limited to 150-200 mL per day
by maintaining the drainage bag at the level of the head for 3-5 days.
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Figure 1. The insertion of a catheter through the optic nerve and the internal carotid artery until the
prepontine cistern is reached.

2.3. Data Collection

Clinical data extracted from the records included the patient demographic data, GCS
at presentation, pupillary size and reactivity and duration of surgery. The early clinical
outcome measures studied were the post-operative duration of ventilation, the duration of
intensive care unit (ICU) stay, GCS at discharge from ICU, early mortality (during ICU stay)
and length of hospital stay. The long-term clinical outcome (6 months after surgery) was
assessed by using the extended Glasgow outcome scale (GOS-E) which was dichotomized
as “favorable” (GOS-E was > 5) and “unfavorable” (GOS-E < 5).

CT scans at admission were analyzed to evaluate: (1) midline shift in millimeters;
(2) presence and size of a mass lesion such as SDH; and (3) surgical complications such as
neurovascular injuries, iatrogenic contusions and post-surgical hematomas.

The study was conducted in accordance with the Declaration of Helsinki and approved
by the Institutional Review Board of Department of Neurosurgery, Hospital Regional
Alejandro Cabral, San Juan de la Maguana, Dominican Republic (n® 05/2020).

Statistical analysis was performed using SPSS software (version 25.0, IBM Corp,
Armonk, NY, USA). The descriptive analysis was performed for all variables, and the
results were expressed as the mean =+ standard deviation (SD) or median (interquartile
range, IQR). The comparison between groups was performed using the chi-squared test
or Fisher’s exact test for categorical variables and the Student’s t-test or Mann—-Whitney
U test for continuous variables, as appropriate. The statistical significance was defined as
p-value < 0.05.

3. Results

The present study included a total of 30 patients (21 men and 9 women) who met the
inclusion criteria. A total of 24 patients (80%) underwent DC + cisternostomy, whereas
6 patients (20%) underwent cisternostomy exclusively. GCS at admission ranged from 4 to
8 points, with an average score of 5.9. All patients who underwent cisternostomy had also
an acute SDH, which was evacuated. The mortality rate was 12.5% (3 patients) and 16.7%
(1 case) in the DC + cisternostomy group and in the cisternostomy alone group, respectively.
The overall mortality was 13.3%, with a morbidity rate of 50% in patients with initial GCS
scores of 4 and a mortality rate of 16.7% in patients with GCS scores of 6.

Our results show that there was a clinical relationship between mortality and morbidity
outcome and pupil examination at the admission in the emergency room. As you might
think, patients with midposition and fixed pupils (BP) reported 100% mortality, whereas
patients with bilateral minimally reactive dilated pupils (BDU) and bilateral reactive pupils
(BR) reported a mortality rate of 50% and 20%, respectively. Patients with anisocoria
(ANSC) reported a mortality rate of 5.2%. Similarly, morbidity rate is correlated with
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preoperative GCS and pupil examination at admission in the emergency room. Patients
with BDU reported a morbidity rate of 50%. Figure 2 shows all the details.

BP 0_ 100%
I 50%
« BDU T 6
o
&
BR 20%
W 5.20%
ANSC 10.52%

0.00% 20.00% 40.00% 60.00% 80.00% 100.00% 120.00%

B Mortality Morbidity

Figure 2. Mortality and morbidity outcome in relation with pupil examination at admission in the
emergency room. BP, midposition and fixed pupils; BDU, bilateral minimally reactive dilated pupils;
BR, bilateral reactive pupils; ANSC, anisocoria.

Surgically, the Liliequist membrane was opened in a total of 18 patients (60%). In
particular, the Liliequist membrane was opened in 14 patients (58.3%) who underwent
DC + cisternostomy and in 4 patients (66.7%) who underwent cisternostomy alone. The
mortality and surgical morbidity rates were 12.5% and 20.8% in the DC + cisternostomy
group of patients, respectively, and 16.7% in the cisternostomy alone group of patients.
A favorable (GOS-E > 5) outcome increased significantly up to 87.5% and 83.3% in the
DC + cisternostomy group and in the cisternostomy alone group, respectively, at the
3-month follow-up. No statistically significant difference was seen in the two groups in
terms of mortality, morbidity and favorable outcome at 2 weeks, 3 months and 6 months
(Table 2). The mean length of hospital stay was 12.2 days, with a mean ICU stay of 4.8 days
and a mean time to the successful extubation of patients of 2.9 days.

Table 2. Mortality, morbidity and surgical outcome at 2 weeks and at 3 and 6 months.

Mortalit Sureical Favorable Favorable Favorable Favorable
Treatment Group Rat y Mor]%i dit Outcome at Recovery at Recovery at Recovery at 6
ate y Discharge 2 Weeks 3 Months Months
DC + Cisternostomy (n = 24) 12.5% 20.8% 29.2% 54.5% 87.5% 91.7%
Cisternostomy Alone (1 = 6) 16.7% 16.7% 0% 50% 83.3% 100%
p-value 0.82 0.82 0.16 0.48 0.60 0.46

p-values were calculated using chi-squared tests or Fisher’s exact tests where appropriate, with a significance
level of 0.05. DC, decompressive craniectomy.

4. Discussion

TBI is a major cause of morbidity and mortality all over the world, especially in
developing countries. Focused injuries, such as hematomas, brain contusions and skull
fractures, are often caused by direct TBI [16]. According to recent research, the development
of edema is also linked to CSF entry into the brain parenchyma via the low-resistance para-
arterial space, decreased interstitial fluid outflow or a combination of the two in cases of
severe TBI. After a severe TBI, the hydrodynamics of the brain is disrupted, and this is
accompanied by diffuse secondary injuries to this process. The recent hypothesis that the
glymphatic removal of excess interstitial fluid avoids a second lesion, allowing the passage
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of CSF from the cerebral cisterns to the brain after TBI is well described [15]. Cisternostomy
has since been suggested to enable the opening of the basal cisterns to atmospheric pressure
and decrease levels of cerebral edema, thus allowing for the successful replacement of
bone flaps [17]. Although cisternostomy for the management of traumatic brain injuries
has increasingly been recognized during the past ten years, there have not been extensive
randomized controlled experiments on cisternostomy up until this point [18]. However,
a 2022 study comparing cisternostomy to craniotomy in a sample of 50 patients showed
a significant reduction in ICD, satisfactory GOS ratings and a low rate of complications,
supporting the use of cisternostomy [18]. Cisternostomy has also been shown to reduce the
time spent in the intensive care unit (ICU), the number of days spent on a ventilator and
the requirement for a cranioplasty [18]. Considering this, basal cisternostomy seems to be
a promising surgical operation, but its execution is still challenging and requires strong
surgical expertise in procedures involving the skull [18].

Although other pathologies can also increase the ICP [19-22], cisternostomy is a
potential surgical treatment for patients with TBI-related prolonged ICP elevation [21]. A
previous case report also demonstrated the effect of cisternostomy in decreasing ICP and
its potential role as a surgical treatment for pseudotumor cerebri [23].

In 2013, Cherian and Munakomi [24] first introduced the concept of cisternostomy
in severe TBI as a more elegant procedure that can replace the DC, with low morbidity
and mortality, even if a learning curve is needed. Cherian and Munakomi [24] similarly
presented the results of a single-surgeon series of patients treated with DC + cisternostomy
and cisternostomy alone in patients with severe TBI, with a mean GOS at 6 weeks of 3.7
and 3.9, respectively.

It is challenging to open cisterns in a small brain because, in diffuse TBI, the cisterns are
frequently compressed, and the CSF flow is changed [25]. For the prognosis and mortality
estimation of TBI, several categorization scores, including Marshall and Rotterdam, take
the cisternal condition into account. The basal cisternae opening is a common technique
performed in skull base and vascular neurosurgeries. It is useful for brain relaxation and
helps improve CSF flow and brain hydrodynamics [9]. Nevertheless, after the opening
of the inter-optic, optic-carotid and lateral carotid cisterns, the brain becomes lax. This
happens as a result of a reversed cisternal pressure gradient, which allows CSF to flow back
into the cisterns and lowers the ICP [9,14,26]. Hoz et al. [8] proposed a classification system
for cisternostomy in terms of its mechanisms of action. Cisternostomy may serve as either
an outflow-one way or inflow-two way corridor, the so-called cisternostomy proper, which
is further subcategorized into convexity and basal cisternostomy. As for its indications,
cisternostomy can either be a planned or unplanned procedure. A planned cisternostomy is
often applied in skull base and microvascular surgeries, whereas unplanned cisternostomy
is used to control intra-operative brain swelling. Cherian et al. [26] described a case series
of cisternostomy for the treatment of TBI, comparing it with DC, and they achieved good
results. Cisternostomy presented decreased morbidity and mortality rates when compared
with DC. The idea of offering cisternostomy to TBI patients is related to the discovery
of the glymphatic system. The glymphatic system is a network of perivascular channels
that promote the entry and exit of substances within the CNS [27,28]. The interstitial fluid
collected within perivenous spaces is then drained to the cervical lymphatic circulation [29].
Basal cisternostomy is a safe and feasible microsurgical procedure for the management
of TBI that can effectively evacuate CSF and relax the brain [30]. Compared to DC, basal
cisternostomy depends on the use of microsurgical techniques. Cisternostomy, a novel
technique that incorporates knowledge of the skull base and microvascular surgery, has
been proposed to decrease brain swelling, mortality and morbidity [31-33].

Goyal et al. [34] published a study with a cohort of nine patients who underwent
both cisternostomy and DC, showing a significant difference between opening and closing
parenchymal pressures, supporting a CSF-shift edema hypothesis and suggesting that both
cisternostomy and DC should be provided for head injuries with severe edema.
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Chandra et al. [33] compared outcomes of cisternostomy with DC in a randomized
controlled trial and studied the effectiveness of cisternostomy in decreasing cerebral edema
in 50 patients with TBI, reporting a mortality rate of 32% in the cisternostomy group and a
mortality rate of 44% in the DC group. Masoudi et al. [25] reported a case of severe TBI in a
13-year-old boy with diffuse brain edema, left frontal contusion and posterior interhemi-
spheric subdural hematoma, with a 26 mmHg mean value of ICP that was surgically treated
using the cisternostomy technique. The patient showed progressive improvement in the
neurological conditions in the following hours and completely recovered at the 3-month
follow-up. Similarly, Giammattei et al. [13] reported a case of a of 50-year-old man with
refractory intracranial hypertension successfully managed with cisternostomy.

In a recent study, Partiban and colleagues [35] performed cisternostomy alone rather
than combining both cisternostomy and DC, showing a favorable outcome in the cister-
nostomy group (77.8%) compared to the cisternostomy + DC group (72.7%). In addition,
Kumar et al. [7] reported in their study on 40 patients a higher 30-day mortality rate for
the cisternostomy + DC group (66.6%) compared to the DC alone group (32.2%), with
a mean GCS at discharge that was better in the cisternostomy + DC group (11.7 & 2.9)
compared to the DC alone group (10.5 & 3.7). Abdulla et al. [36] drew attention to the fact
that complications linked with cisternostomy in TBI are not well documented, as cister-
nostomy in aneurysm surgery has caused iatrogenic vascular damage perforation, due to
poor technique [37,38]. However, cisternostomy seems to decrease the number of days
of ventilator support and the length of ICU stay and avoids the need for second surgery
in the form of cranioplasty and its associated morbidity [33]. Cisternostomy could be an
appropriate alternative to DC for the management of intracranial hypertension in patients
with severe TBL

We observed that the association of opening the Liliequist membrane with the surgical
procedure resulted in a higher percentage of favorable clinical outcome (53.3%). Our study
also highlights the importance of the GCS score and pupil examination at admission in the
emergency room in predicting mortality and morbidity. In terms of the treatment group, we
found no significant difference in mortality rate, surgical morbidity and clinical outcome
between patients undergoing DC + cisternostomy and those undergoing cisternostomy
alone. However, patients undergoing DC + cisternostomy had a higher rate of good
outcomes at discharge, with 29.2% compared to 0% in the cisternostomy alone group.
However, this difference was not statistically significant. According to Cherian et al. [24],
the average time for cisternostomy from dural opening is approximately 20 min, with extra
time needed in the case of posterior clinoid drilling or any other additional unforeseen
circumstances associated with severe head injuries. In another study [33], the mean duration
of surgery was 3.28 &£ 0.52 h in the cisternostomy group and 2.90 = 0.38 h in the DC group.
The use of a surgical microscope or exoscope is preferred for magnification when working
around the cisterns, and also, the knowledge of skull base surgical techniques is of aid
when working on these spaces [39-42].

Recently, Servadei et al. [43] warned us about the use of cisternostomy for TBI as a new
procedure, but without sufficient evidence to warrant its usage outside of research settings.
Neurosurgery and innovation have been closely related since its start. Innovations such
as the operating microscope, CT and MR imaging and endoscopy put us at the forefront
of technological advancements, and they quickly translated into better patient outcomes,
including safety [31]. Telehealth interventions and programs are promising avenues for
healthcare delivery and may represent windows of opportunity, combining traditional
treatment with rehabilitation to increase symptom management self-efficacy among TBI
patients during recovery [44,45]. Prospective, randomized, controlled studies that will
clarify whether cisternostomy is effective or not are needed.

Limitations of the Study

The main limitations of the study are the small sample size, the non-randomization
of the study and the impossibility of ICP measurement. The measurement of ICP should
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be performed for better monitoring and to avoid excessive drainage. Due to the limited
number of patients, statistical analysis can be performed, but its value is low. Further
clinical studies with larger cohorts are needed to determine the role of cisternostomy in TBL

5. Conclusions

Cisternostomy, a novel technique that incorporates knowledge of the skull base and
microvascular surgery, has been proposed to decrease brain swelling, mortality and mor-
bidity after severe TBI [31]. We believe that the procedure of adjuvant cisternostomy is safe
and feasible in the context of severe TBI. The opening of the Liliequist membrane was per-
formed in a significant proportion of our patients and was associated with a higher rate of
complete clinical recovery without adding morbidity to the surgical procedure. Our prelim-
inary multi-center data indicate a clinically favorable outcome both in early and long-term
follow-up in patients with severe TBI who underwent DC + cisternostomy or cisternostomy
alone. The results of this study have important implications for the treatment of patients
with severe TBL. By providing a comprehensive analysis of the role of cisternostomy in
TBI management, this paper aims to contribute to the ongoing discussion surrounding
this emerging treatment option. Basal cisternostomy appears to be a promising surgery,
but its execution remains difficult and demands proficient surgical skills in skull-based
procedures. To fully determine the efficacy of cisternostomy in the therapy of neurotrauma,
further randomized and controlled studies are necessitated. Our study shows that the
treatment of traumatic acute subdural hematoma with DC and cisternostomy when needed,
with or without the opening of the Liliequist membrane, can lead to a lower mortality rate
compared to subdural hematoma evacuation alone. Larger multi-center randomized trials
are needed to establish the effectiveness of cisternostomy in the management of TBL
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