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ABSTRACT

Background: Perianeurysmal edema (PAE) has been suggested as an indicator of potential aneurysm rupture;
however, the hemodynamic features of these aneurysms are still unknown. A computational fluid dynamic (CFD)
analysis was performed to evaluate the hemodynamic features of a very rare case of a ruptured middle cerebral
artery (MCA) aneurysm with PAE.

Case Description: A 65-year-old woman presented with disturbed consciousness. A subarachnoid hemorrhage
due to an azygos anterior cerebral artery (ACA) aneurysm rupture was suspected. An unruptured MCA aneurysm
with PAE was identified in the left temporal lobe. Although the ACA aneurysm was clipped to prevent re-
bleeding, the MCA aneurysm subsequently ruptured 6 days later. Clipping of the MCA aneurysm was performed,
and hemosiderin deposits suggestive of sentinel bleeding were found on the surface of the aneurysm dome. CFD
analysis revealed unstable hemodynamic stress at the expanded bleb area after rupture, localized to the rupture
site. Moreover, this analysis revealed flow impingement with pressure elevation and low wall shear stress, which
indicated increased inflammation and aneurysm wall thinning that likely led to rupture.

Conclusion: Hemosiderin deposits at the aneurysm wall and PAE indicates leakage from a cerebral aneurysm.
Hemodynamic stress at the aneurysm may promote an inflammatory response and lead to wall weakening
accompanied by PAE. Based on our findings, we recommend that surgical intervention should be considered as
the first line of treatment for such aneurysms to prevent rupture.

Keywords: Aneurysm rupture, Case report, Computational fluid dynamics, Hemosiderin deposition,
Perianeurysmal edema

INTRODUCTION

Subarachnoid hemorrhage (SAH) after an intracranial aneurysm rupture results in high mortality
and morbidity. Structural fragility of the aneurysm wall-induced inflammatory response is
associated with abnormal hemodynamics and an increased likelihood of aneurysm rupture.!!
Some reports have identified perianeurysmal edema (PAE) as a precursor of aneurysm rupture.
The edema may be characterized by abnormal hemodynamic, stress-induced aneurysm wall
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deterioration, and inflammation.®**! Minor leakage can also
occur at an aneurysm with PAE. However, its intraoperative
findings have still not been widely reported and its
hemodynamic features are also difficult to identify. Herein,
we describe a very rare case of an unruptured middle cerebral
artery (MCA) aneurysm with PAE that ruptured 6 days after
the rupture and clipping of a concurrent anterior cerebral
artery (ACA) aneurysm. Intraoperatively, hemosiderin
deposition indicative of sentinel bleeding was visible at the
aneurysm wall, and a computational fluid dynamics (CFD)
analysis revealed abnormal hemodynamics.

CASE DESCRIPTION

This study was approved by the Institutional Ethics
Committee at our Hospital (Approval number: 2020-0027).
Informed consent was obtained from the patient’s guardian.

A 65-year-old woman was admitted to our hospital with
disturbed consciousness. She had a medical history
of hypertension, but no history of smoking or alcohol
consumption. Computed tomography (CT) revealed a thick
SAH in the interhemispheric fissure and an intracerebral
hemorrhage (ICH) in the frontal lobe [Figure la]. CT
angiography (CTA) revealed a large azygos ACA aneurysm,
the suspected cause of bleeding due to the distribution of
hemorrhage, and a left MCA aneurysm without any definite
intraluminal thrombosis [Figure 1b]. PAE was observed
near the MCA aneurysm within the left temporal lobe
[Figure lc and d]. Interhemispheric emergency clipping
was successfully performed to prevent re-bleeding of the
ruptured azygos ACA aneurysm, and early treatment of the
unruptured left MCA aneurysm was considered. The patient’s
consciousness gradually improved, and an intravenous infusion
of fasudil hydrochloride was administered on day 4 to prevent
cerebral vasospasm. On day 6, however, her consciousness
deteriorated. She was administered an intravenous infusion
of ozagrel sodium for suspected vasospasm. Although her
symptoms subsided without headache, her consciousness
worsened, and CT revealed a massive hematoma in the left
temporal lobe indicating a rupture of the MCA aneurysm
[Figure 2a-c]. CTA detected a morphological change in the
aneurysm bleb [Figure 2d and e]. Emergent surgical clipping
and hematoma evacuation with external decompression were
performed. During the procedure, hemosiderin deposits were
observed around the aneurysm fundus [Figure 3a] and rupture
site [Figure 3b-d]. Severe brain damage due to hematoma
and brain herniation remained, and the patient’s disturbed
consciousness was sustained. She underwent cranioplasty and
a ventriculoperitoneal shunt and was transferred to another
hospital. Her modified Rankin scale was 5. CTA detected a
buried bleb expansion in the left temporal lobe with PAE,
which caused a devastating ICH [Figure 2a-e]. CFD analysis
of the cerebral aneurysm was performed using a Hemoscope
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Figure 1: Initial computed tomography (CT) image showing thick
subarachnoid hemorrhage in the interhemispheric fissure and
intracerebral hemorrhage in the frontal lobe (a). CT angiography
demonstrating both an azygos anterior cerebral artery (ACA)
aneurysm and a left middle cerebral artery (MCA) aneurysm. Based
on the hemorrhage distribution, the azygos ACA aneurysm was
suspected to be ruptured (b). Perianeurysmal edema around the
bleb of the MCA aneurysm was detected in the left temporal lobe
(c and d; white arrow).

v1.4 (EBM Corp, Tokyo, Japan).!"! Pressure and wall shear
stress (WSS) at the rupture site were analyzed supplemental
data in this text part. The results of CFD analysis are shown in
[Figure 4]. Pressure elevation with maximum pressure at the
peak systolic phase and low WSS at the end diastolic phase was
detected at the expanded bleb area after aneurysm rupture.

DISCUSSION

This is the first report to establish the intraoperative
observations of hemosiderin deposition, PAE, and abnormal
hemodynamic stress (detected via CFD) at the aneurysm
dome as warning signs of aneurysm rupture. This study
had some limitations: Only one case of MCA aneurysm
was analyzed, and hemosiderin deposition and aneurysm
wall integrity were only intraoperatively evaluated and not
pathologically.

Brain edema is likely to be observed around large,
partially thrombosed aneurysms and is often detected
after coil embolization.>”! Regional hemodynamic stress
and inflammation may contribute to the development
of edema.>"® However, there are limited reports on
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Figure 2: Computed tomography (CT) image showing a massive intracerebral hemorrhage in the left temporal lobe (a). During CT
angiography (CTA), the suspected rupture point was identified at the expanded bleb (b) axial view, and (c) coronal view. Morphological
changes in the bleb (white arrow) were detected in 3D CTA images before and after rupture (d) before rupture and (e) after rupture.

Lt. temporal lobe

dl

Figure 3: Intraoperative photographs. The left middle cerebral
artery aneurysm was buried in the left temporal lobe, and
hemosiderin deposition was observed around the aneurysm fundus
(a; white arrows). The rupture point was detected in the thinning
and expanded bleb (b; black arrow heads). The same intraoperative
view of the 3D computed tomography angiography after rupture (c),
with black arrow heads indicating the expanded bleb at the rupture
point (c). Hemosiderin deposition was also observed surrounding
the rupture point (d; white arrows).

PAE involvement with non-thrombosed intracranial
aneurysms.*® In those reports, PAE is considered a warning
sign of impending aneurysm rupture. Hiu et al. first reported
a case of progressive PAE around an expanded bleb that
preceded the rupture of a small saccular aneurysm." The

authors speculated that PAE is caused by inflammation of
the aneurysm because these structures are in close proximity.
Moreover, increasing hemodynamic stress, such as pulsatile
flow impingement in the aneurysm dome, would promote
inflammation and eventually lead to rupture. Furthermore,
PAE has been attributed to thrombin and hemoglobin
degradation products, which are secreted through sentinel
bleeding from thrombosed parts of the hematoma.l>*8
Hemosiderin deposition indicates minor leakage from a
cerebral aneurysm.” In our case, bleeding occurred from a
bleb buried in the left temporal lobe, which was accompanied
by PAE. The morphological change in the rupture site bleb
observed along evidence of hemosiderin deposition in this
same region suggests sentinel bleeding. The CFD analysis
effectively highlighted abnormal hemodynamic properties
at the rupture site. Flow impingement with maximum
pressure and low WSS indicates thin-walled dome region
degeneration and a possible aneurysm wall rupture.[®1213
This is consistent with the theory that low WSS diminishes
endothelial cell integrity and weakens the aneurysm
wall.®”) Furthermore, pressure elevation, especially maximum
pressure at the aneurysm dome, suggests exposure to
pulsatile flow impingement, which causes PAE, the presence
of wall thinning, and possibility of rupture.®1213

This finding underscores the need to consider the early
treatment of aneurysms with PAE. This is especially
important when considering further decisions after another
aneurysm rupture, as some drugs for cerebral vasospasm
could promote dangerous bleeding. CFD analysis is useful
for identifying hemodynamic instability that may eventually
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Figure 4: 3D computed tomography angiography of the operative view before rupture (a) and computational fluid dynamic analysis results (b
and c). In the region of the expanded bleb after rupture (a; white arrow), pressure elevation with maximum pressure at the peak systolic phase
(b), and low wall shear stress at the end diastolic phase (c) were clearly observed.

lead to aneurysm rupture. We report that combining a PAE
evaluation with CFD analysis is a promising tool for assessing
the risk of aneurysm rupture and can help guide preventative
interventions.

CONCLUSION

Our case demonstrates that hemosiderin deposition on
the aneurysm wall with PAE indicates minor leakage of
the aneurysm and impending rupture. The CFD analysis
suggested that unstable hemodynamic stress (i.e., pressure
elevation: flow impingement and low WSS) may promote
aneurysm wall inflammation and weaken the wall,
accompanied by PAE. In such cases, our findings indicate
that preventative surgical interventions may be warranted to
avoid rupture.
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SUPPLEMENTAL DIGITAL CONTENT

Supplemental methods: CFD analysis using hemoscope v1.4

Hemoscope v1.4 (EBM Corp, Tokyo, Japan) was used for the CFD analysis. This commercially available tool allowed us to
study blood flow in cerebral aneurysms. Vascular geometry was obtained from Digital Imaging and Communications in
Medicine data from CTA images and was reconstructed using a medical image processing package (Ziostation2; Ziosoft, Inc.,
Japan). The present computation adopted a pulsatile flow rate, and blood flow along the computational mesh processing was
simulated with Navier-Stokes equations. Physical properties of blood were set as an incompressible Newtonian fluid with a
density of 1050 kg/m® and a dynamic viscosity of 0.004 Pa-s. Rigid blood vessel walls were assumed in the simulation. The
total flow rate was based on a uniform WSS hypothesis and a constant value of T = 1.5 Pa was used.

The boundary conditions were determined in accordance with a constant wall shear stress theory; the flow rates of the inlet
and outlet vessels were calculated using the following equation:

4
D3

Q=32y

where Q, T, u, and D denote the flow rate, wall shear stress, fluid viscosity, and vascular diameter, respectively. The equation is
a well-known theoretical basis of a fully developed laminar pipe flow. Herein, the WSS was set at T = 1.5 Pa. Inlet pressure was
set as 100 mmHg and flow distribution for each outlet was determined according to Murray’s law.
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