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ABSTRACT

Background The ischaemic stroke of the territory of the
middle cerebral artery represents an event burdened by
high mortality and severe morbidity. The proposed medical
treatments do not always prove effective. Decompressive
craniectomy allows the ischaemic tissue to shift through
the surgical defect rather than to the unaffected regions
of the brain, thus avoiding secondary damage due to
increased intracranial pressure. In this study, we propose
a novel treatment for these patients characterised by
surgical fenestration of the cisterns of the skull base.
Methods We have treated 16 patients affected by
malignant middle cerebral artery ischaemia and treated
with cisternostomy between August 2018 and December
2019. The clinical history, neurological examination
findings and neuroradiological studies (brain CT, CT
angiography, MRI) were performed to diagnose stroke.
Clinical examination was recorded on admission and
preoperatively using the Glasgow Coma Scale and the
National Institutes of Health Stroke Scale.

Results The study included 16 patients, 10 males and 6
females. The mean age at surgery was 60.1 years (range
19-73). Surgical procedure was performed in all patients.
The patients underwent immediate postoperative CT scan
and were in the early hours evaluated in sedation window.
In total, we recorded two deaths (12.5%). A functional
outcome between mRS 0-3, defined as favourable, was
observed in 9 (64.2%) patients 9 months after discharge.
A functional outcome between mRS 4-6, defined as

poor, was observed in 5 (35.7%) patients 9 months after
discharge.

Conclusions The obtained clinical results appear,
however, substantially overlapping to decompressive
craniectomy. Cisternostomy results in a favourable
functional outcome after 9 months. This proposed
technique permits that the patient no longer should

be undergone cranioplasty thus avoiding the possible
complications related to this procedure. The results are
certainly interesting but higher case numbers are needed
to reach definitive conclusions.

INTRODUCTION

The term ‘malignant middle cerebral artery
severe

(MMCA) infarction’ identifies a

WHAT IS ALREADY KNOWN ON THIS TOPIC

= The malignant middle cerebral artery infarction iden-
tifies a severe pathological condition characterised
by the infarction of the territory of the cerebral artery
and burdened by high mortality. Decompressive cra-
niectomy represents a life-saving surgical procedure
that increasing the chances of survival. Patients un-
dergoing decompressive craniectomy must neces-
sarily undergo cranioplasty, which is burdened by a
high frequency of complications.

WHAT THIS STUDY ADDS

= Fenestration of the basal cisterns results in a reverse
cerebrospinal fluid flow from brain parenchyma, to
cisterns, with reduction of intracranial pressure and
brain oedema. We highlighted the absence of post-
operative seizures, hydrocephalus and no need to
perform cranioplasty.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Cisternostomy can represent a safe surgical proce-
dure. It is mandatory to promote multicentric pro-
spective studies to confirm our hypotheses in the
treatment of these patients being able to compare
data with a group of patients underwent decompres-
sive craniectomy.

pathological condition characterised by a
complete infarction of the middle cerebral
artery (MCA) territory accompanied by space-
occupying mass effect that develops during
the first 5 days." This event shows a rapid
and progressive evolution with more than
80% mortality in conservatively managed
patients.” Ischaemia involving a wide portion
of cerebral hemisphere may lead to progres-
sive neurological deterioration due to the
onset of cytotoxic and vasogenic oedema,
midline structures shift with subsequent trans-
tentorial herniation, brainstem compression
and death.” No medical therapy has proven
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effective in preventing brain herniation and improving
patient outcome. Although MMCA infarction constitute
a small subgroup (1%-10%) of supratentorial ischaemic
strokes, their huge impact on mortality, morbidity and
health-related quality of life has led researchers to develop
new therapeutic strategies.

Decompressive craniectomy (DC) represents a life-
saving surgical procedure that reduces the mean intracra-
nial pressure decreasing the mortality rate.* The purpose
of this treatment is to create space to reduce intracranial
pressure, prevent brain tissue herniation and safeguard
cerebral blood flow to prevent secondary brain damage.
However, the utility of surgery in older patients is still
debated. Recent clinical trials show that surgical decom-
pression in older patients is lifesaving; however, often this
group survives with severe disability.”

Lately, traumatic brain injury scenario has undergone
promising changes with publications by Cherian et al,
which, applying principles of microvascular surgery have
shown the effectiveness of cisternostomy in the treatment
of selected patients affected by severe brain injury.® Ratio-
nale for cisternostomy is based on the new concept of cere-
brospinal fluid (CSF) pathway. Altered CSF flow between
the CSF system and the brain parenchyma depends on
pathophysiological conditions of the various compart-
ments. Iliff et al described a ‘glymphatic system’ mainly
consists of paravascular spaces that connect subarachnoid
spaces with the interstitial fluid system (ISF).” Cisternos-
tomy opens the basal cisterns resulting in a reverse CSF
flow from brain parenchyma, through Virchow-Robin
(VR) spaces, to cisterns, with reduction of intracranial
pressure and brain oedema.® This novel procedure may
be also suitable to treat intraoperative malignant brain
oedema, oedema of intracerebral haemorrhage and
subarachnoid bleeding, but at our knowledge, a detailed
description of cisternostomy for MMCA infarction has
not yet been reported in the literature.

In the present study, we report our preliminary results
of this technique, applied to patients affected by MMCA
infarction. Furthermore, we propose pathophysiological
mechanisms underlying MMCA infarction, focusing on
impairment of the glymphatic system.

METHODS
Patients selection
From August 2018 to December 2019, 16 patients affected
by MMCA infarction were treated with cisternostomy
at our institution (Unit of Neurosurgery, University of
Messina, Italy). All patients were admitted to our Stroke
Unit (Department of Neurology). The clinical history,
neurological examination findings and neuroradiolog-
ical studies (brain CT, CT angiography, MRI (MRI) also
with angiographic sequences) were performed to diag-
nose stroke. Local ethics committee approval and written
informed consent were obtained by patients’ relatives.
The admitted patients were treated according to
the standardised stroke protocol, which followed the

Figure 1 The diffusion-weighted MRI study shows
hyperintensity from left middle cerebral artery infarction with
a volume of 155 cm?® of ischaemic area.

recommendations for early management of patients
with acute ischaemic stroke of the European Stroke
Organisation.” A standard medical therapy with antie-
dema agents (mannitol, furosemide, steroids), and/or
hypertonic saline infusion was attempted in all cases.
Clinical examination was recorded on admission and
preoperatively using the Glasgow Coma Scale (GCS)
and the National Institutes of Health Stroke Scale
(NIHSS).

Suitable patients were subjected to intravenous throm-
bolysis if the time between onset and confirmation of
the infarct was within 4.5 hours with subsequent intra-
arterial thrombectomy, if a treatable clot was seen on
CT angiography within 6 hours of onset.'” The clin-
ical course and overall condition of each patient were
discussed by the neurologists, neuroradiologists, and
neurosurgeons. Indication for surgery was placed after
a comprehensive evaluation based on radiological
and clinical data. We considered inclusion criteria for
surgical treatment: (1) a volume equal to or greater than
145 cm® of ischaemic area demonstrated on diffusion-
weighted MRI within 14 hours (figure 1); (2) brain CT
ischaemic signs involving >50% of the MCA territory;
(3) an NIHSS score =16, including a score 21 for item
la (level of consciousness).

The patients underwent immediate postoperative CT
scan and were in the early hours evaluated in sedation
window. The outcome was analysed during outpatient
department visits in the Stroke Unit at 3, 6 and 9 months.
The modified Rankin Scale (mRS), NIHSS and GCS at
discharge and at 3, 6, and 9 months post surgery were
used as outcome parameters. A functional outcome
between mRS 0-3 was defined as favourable, while a func-
tional outcome between mRS 4-6 was defined as poor.

Patients with GCS<4, coma with two dilated pupils and
absent brainstem reflexes were excluded from the study.
Patients with a history of disabling neurological disease,
stroke, terminal illness, bleeding tendency or secondary
parenchymal haemorrhage were excluded.

Cardali SM, et al. Stroke & Vascular Neurology 2022;7:€000918. doi:10.1136/svn-2021-000918 477



Open access

Figure 2 Intraoperative images of cisternotomy: (A) opening
of olfactory cistern, (B) and of chiasmatic cistern. (C) Opening
of ipsilateral optic-carotid cistern, (D) and of controlateral
optic-carotid cistern.

Surgical procedure

Under general anaesthesia, the patient is placed in supine
position. The head, fixed with Mayfield three-pin head
holder, is extended and rotated approximatively 30° to
the contralateral side. A frontotemporal craniotomy was
performed. The craniotomy is extended towards the skull
base by the epidural drilling of the sphenoid ridge. Dura
mater is opened in a curvilinear fashion close to the basal
dura, to avoid precocious brain herniation. In all cases, by
blunt dissection, the Silvian fissure was opened with micro-
surgical technique, until finding the olfactory cistern, which
was fenestrated together with the optic-carotid and chias-
matic cisterns (figure 2). The subsequent opening of the
contralateral cisterns allowed the communication of the
CSF circulation of both sides. At this point, we observed a
noticeable and progressive relaxation of the brain appearing
detained and weakly pulsating. Dura is left open to facilitate
the drainage of CSF from the cisterns to the subgaleal space
where it can be absorbed until recovery of physiological CSF
pathway. The bony operculum was repositioned with tita-
nium screws and miniplates.

RESULTS

The study included 16 patients, 10 males (62.5%) and 6
females (37.5%). The mean age at surgery was 60.1 years
(range 19-73). On admission, patients underwent CT, CT
angiography and MRI also with angiographic sequences
(figure 3). All patients experienced MMCA infarction.
Surgical procedure was performed in all patients. Two

Figure 3 MRI study with angiographic sequences
demonstrates the lack of visualisation of the left middle
cerebral artery.

patients (12.5%), both male, died before discharge. The
first patient had a GCS of 8 and an NIHSS score of 22 at
admission which subsequently worsened (GCS: 5; NIHSS:
24). The second, on admission, had GCS of 9 and NIHSS
score of 20. This patient also worsened (GCS: 5; NIHSS: 25),
with the onset of anisocoria. Both patients died of pneu-
monia. On admission, the GCS for the remaining patients
differed from 10 to 13 with a mean score of 11.2+1.38 while
the NIHSS score varied from 10 to 19 with a mean score
of 14.5+3.47. Preoperative clinical symptoms included
disturbed consciousness, hemiparesis, facial nerve palsy
and aphasia. Two patients (14.2%) subsequently presented
anisocoria. A progressive worsening of the consciousness was
observed in all patients. The preoperative GCS varied from
5 to 10 with a mean score of 8.21+1.31, while the NIHSS
varied from 19 to 24 with a mean score of 22+1.41. The
time interval between the progressive clinical deterioration
and the surgical treatment varied between 6 and 8 hours.
All the patients underwent surgical treatment in an interval
of time that varied between 24-36 hours from admission.
Table 1 show the GCS and the NIHSS score at admission
and before surgical treatment. An immediate (within 90
min from surgical treatment) and 1 month postoperative
brain CT as well as 1 month brain MRI also with angio-
graphic sequences (figure 4) were performed in all patients,
showing initial hypointensity of the basal cisterns both sides
and a late recovery of the CSF circulation. In addition, we
also proved a initial reduction of the midline shift in the first
neuroradiological control, although to a variable extent, in
each patient. A further reduction of the midline shift was
highlighted in subsequent neuradiological examinations.
No further extended volume of the infarcted areas
was demonstrated (figure 5). Neuroradiological control
studies carried out showed any complications related
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Table 1 Glasgow Coma Scale (GCS) and the National
Institutes of Health Stroke Scale (NIHSS) score at admission
and before surgical treatment; the GCS, the NIHSS score
and the modified Rankin Scale (mRS) score recorded at
discharge, and at 3, 6 and 9 months

GCS NIHSS mRS
Admission 11.2+1.38 14.5+3.47 -
Before surgery 8.21+1.31 22+1.41 -
Discharge 9.14+0.94 19.2+1.72 4.35+0.47
Three months 10+1.07 16+2.01 4+0.53
Six months 10.5+1.22 15.4+1.84 3.78+0.55
Nine months 11.2+1.47 13.4+2.13 3.42+0.62

to surgical treatment, in terms of haemorrhagic events,
wound or site infection, fistula and hydrocephalus. Aniso-
coria progressively regressed in the two patients. Three
patients (21.4%) needed tracheostomy. No patient
presented seizures. A poor functional outcome (mRS
4-6) was observed in all patients after discharge, in 12
(85.7%) 1 month after discharge, in 10 (71.4%) 3 months
after discharge, and in 5 (35.7%) patients 9 months after
discharge. A functional outcome between mRS 0 and
3 defined as favourable was observed in no patient at
discharge, in 2 (14.2%) patients 1 month after discharge,
in 4 (28.5%) 3 months after discharge, and in 9 (64.2%)
patients 9 months after discharge. The average hospital-
isation was 35 days (range 21-58). Table 1 shows the GCS
and the NIHSS score at admission and before surgical
treatment; the GCS, the NIHSS score and the mRs score
recorded at discharge, and at 3, 6 and 9 months.

DISCUSSION

In patients affected by MMCA infarction, surgical treat-
ment may be necessary when medical therapy or endovas-
cular thrombectomy is not feasible or ineffective. DC have
been proposed to relieve the high intracranial pressure.
DC is proven to be a life-saving procedure that increases
the chances of survival from 29% to 78% in patient
affected by MMCA infarction, but a significant improve-
ment of patient’s functional outcome has not yet been

Figure 4 The MRI study (axial view) with angiographic
sequences 1 month after the surgical treatment demonstrates
the recanalisation of the left MCA.

Figure 5 CT scan (axial view) performed in the immediate
postoperative period shows a shift of more than 8 mm.

reported.’ However, the results of surgical treatment of
DC in patients with MMCA infarction are still debated
and numerous trials are reported in literature. Recently,
a meta-analysis' correlated the results of some trials.'*"®
Gulensoy et al states that a preoperative GCS score of 7 or
less than 7 does not allow to obtain favourable results."
Alam et al only reported a poor functional outcome
(mRS >4) in patients undergoing DC with total mortality
of 8.7%.%° In Kiirten series, in a $-month follow-up,
44.6% of surgically treated patients showed moderate—
severe disability (mRS 4), while 32.6% suffered a poor
outcome (mRS 5).2! In our series of 14 patients, affected
by malignant MCA and underwent DC, a favourable mRS
(mRs 0-3) at 9 months of follow-up was recorded in 5
patients (41.6%), while a poor functional outcome was
evidenced in 7 patients (58.3%). Two patients died within
1 month of surgery (14.2%). The issue still opens is age
of patients (it is not yet clear if patients aged >60 years
would benefit from early DC) and the most appropriate
timing of treatment. Usually patients affected by MMCA
infarction; they should undergo DC within 48 hours from
symptom onset.'" '* In any case, DC surgical treatment
presents various complications that can arise both preco-
ciously and late. The incidence of any complication after
DC is 50%-55%.% In truth, general complications such
as urinary tract infections, venous thrombosis and pneu-
monia seem to be more common than complications
related to surgical treatment. However, in about 25%
cases, haemorrhagic infarction, necrosis, haematomas and
oedema at the site of craniectomy are considered compli-
cations.” The delayed complications are CSF absorption
disorders including subdural hygroma in 6%-21% and
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Figure 6 Schematic representation of the pathophysiology
of brain oedema in acute ischaemic stroke and its decrease
after cisternostomy.

hydrocephalus in 10%-40% cases.* In addition, patients
undergoing DC must necessarily undergo cranioplasty
surgery subsequently (after 6 weeks to 6 months). Cranio-
plasty is burdened by a high frequency of complications,
the incidence of which can vary from 12% to 50% (23).
The common complications after cranioplasty are infec-
tion, wound breakdown, intracranial haemorrhage, bone
resorption and sunken cranioplasty.”

Recently, Cherian et al proposed a physiologic mecha-
nism of cisternostomy in severe brain injury considering
the key role of associated subarachnoid haemorrhage
(SAH).** This may cause an increasing of cisternal pres-
sure and a rapid shift of CSF from the cisterns, through
the VR spaces, into the brain parenchyma (CSF-shift
oedema) resulting in an increased brain swelling.**
Cisternostomy opens the basal cisterns, resulting in a
reverse CSF flow from brain parenchyma, through VR
spaces, to cisterns, with reduction of intracranial pressure
and reduced brain oedema (figure 6). This microsurgical
procedure allows putting back the bone flap with reduc-
tion of further complications.

Ischaemic brain oedema can be differentiated into two
stages, an early cytotoxic oedema, developing few minutes
following ischaemic injury and a later vasogenic oedema
related to blood-brain barrier (BBB) breakdown after 4-6
hours. In the acute phase, cerebral ischaemia, lead to a
subversion of the cell membrane architecture, with cessa-
tion of Na+/K+ATPase and Na+-co-transporter. Osmotic
water influx causes cellular swelling and a diminution of
the extracellular compartment. These events occur within
30 min of onset of focal ischaemia. The tissue necrosis
determines a loss of BBB integrity with altered endothe-
lial tight junctions, and after 4-6 hours, also high molec-
ular proteins begin to leak from the blood into the brain
parenchyma. According to recent in vivo studies,” ™ it

is believed that the glial cell-mediated lymphatic (glym-
phatic) system begin with CSF production by the choroid
plexuses. Subarachnoid CSF must be able to enter the
brain through VR spaces to renew ISF, and ISF and solute
must be able to drain back to the CSF to achieve waste and
solutes removal and brain homeostasis.*® Consequently,
ventricular, subarachnoid, perivascular and interstitial
compartments give rise to a fluid functional unit.

Decreased glymphatic flow has been observed
secondary to SAH, multiple microinfarction and acute
ischaemia.”* Contrast-enhanced MR in acute ischaemic
stroke induced in rodent models, showed impaired CSF
inflow in the ipsilateral cortex at 3 hours after MCA occlu-
sion.” Furthermore, cortical diffusion decrease in the
ischaemic core, which could lead to neuronal damage in
surrounding hypoxic tissue. This finding has also been
implicated in impaired glymphatic system.”" Glymphatic
altered flow could be also due to dysregulation of CSF-
ISF water exchange in the astrocytes. Within this scenario,
a primary role is represented by AQP4, that is a water
channel predominantly expressed on the perivascular
astrocytic end-foot processes. This peculiar localisation
of AQP4 channels could decrease resistance to CSF-ISF
exchange.” It has been shown using contrast-enhanced
MR that in acute ischaemic stroke there is a decreased
paravascular CSF circulation with an impaired perfusion
of glymphatic system.*” Moreover, acute ischaemic stroke
lead to astrogliosis and altered expression of AQP4 in
contrast to the normal AQP4 activity in the VR spaces,
which may impede clearance of interstitial fluids with
increased intracerebral pressure and altered CSF circula-
tion with augmented cisternal pressure.*

Cisternostomy can help to a mechanic reduction of
cisternal pressure that as result, improves glymphatic
flow. Moreover, interstitial fluid and wastes such as
ROS, proinflammatory cytokines and various solutes
can be removed, also improving perfusion of ischaemic
penumbra areas. Finally, intracerebral pressure is restored
with decreased brain swelling. After cisternostomy, dura
is left open to facilitate the drainage of CSF from the
cisterns to the subgaleal space where it can be absorbed
until recovery of physiological CSF pathway. Recently,
Tartara et al proposed a surgical strokectomy associated to
an extensive cisternal CSF drain for acute management of
MMCA infarction.” The authors performed a modified
pterional approach to assess strokectomy, removing the
ischaemic tissue until base of temporal fossa. Then, they
open basal cisterns (ambiens, carotic) to determine an
extensive CSF drainage. In our opinion, when a strokec-
tomy is performed, the potential disruption of ischaemic
penumbra areas is not taken into account.

In our opinion, cisternostomy can represent a safe
surgical procedure in the treatment of patients affected by
malignant MCA infarction. We believe that the fenestra-
tion of the basal cisterns allows to obtain a flow of CSF from
the cerebral parenchyma, through VR spaces, towards the
cisterns. In this way, it will be possible to obtain a reduc-
tion in intracranial pressure and cerebral oedema. CSF
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flows along a network of perivascular spaces surrounding
blood vessels and communicates with interstitial fluid
permeating brain tissue, favouring the removal of metab-
olites. After stroke attack, fluid accumulates in ischaemic
tissue, and the brain becomes oedematous and begins to
swell. The drainage of CSF from the cisterns is helpful
because the lactate, tau and free radicals, which would
have been present within the injured brain, are washed
out, minimising the secondary damage. We highlighted
the absence of postoperative seizures, hydrocephalus and
no need to perform cranioplasty, although in this case
series postoperative morbidity does not differ from the
reported literature data. We are aware that low number
of patients does not allow definitive conclusions and our
proposed pathophysiological mechanisms are yet to be
proven. It is mandatory to promote multicentric prospec-
tive studies to confirm our hypotheses in the treatment of
this group of patients being able to compare data with a
group of patients underwent DC.
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