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Introduction Preoperative illustration is a part of an important exercise to study the
configuration, direction, and presence of any perforations, and is the weakest point in
the wall of the cerebral aneurysm. The same illustration is used to study the
surrounding brain structures to decide the best and safe surgical approach prior to
any surgical procedure. With the evolution of the aneurysm wall study and study of flow
dynamic within the involved artery and its aneurysm wall using computational fluid
dynamics (CFD), a better surgical plan can be formulated to improve the flow dynamics.
As one of the clinical applications of CFD, we propose a study using a composite image
that combines preoperative illustration and CFD, which is traditionally widely used in
neurosurgery.

Methods and Materials We study the use of illustrations of the unruptured cerebral
aneurysm of internal carotid-posterior communicating (ICPC) artery and anterior
communicating artery (AcomA) treated at our hospital. The combinations of both
preoperative illustrations and CFD images by using “ipad Pro” were used.

Result and Conclusion Medical illustration in the preoperative study of unruptured
cerebral aneurysm with combinations of CFD and surrounding brain structures is
helpful to decide the surgical approaches and successful surgical treatments.

the surrounding brain structures to decide the best and safe
surgical approach prior to any surgical procedure. With the

The architecture or configuration of an aneurysm must be
understood by studying its three-dimensionality preopera-
tively.! Preoperative illustration is part of important exer-
cise to study the configuration, direction, presence of any
perforations and the weakest point in the wall of the
cerebral aneurysm. The same illustration is used to study
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evolution of the aneurysm wall study and study of flow
dynamic within the involved artery and its aneurysm wall
using computational fluid dynamics (CFD), a better surgical
plan can be formulated to improve the flow dynamics. As
one of the clinical applications of CFD, we propose a study
using a composite image that combines preoperative illus-
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tration and CFD, which is traditionally widely used in
neurosurgery.

This spatial construct must be viewed from an intra-
operative perspective by taking into account the limitations
of the surgical corridor (based on the selected surgical
approach), and to anticipate the most suitable sizes, shapes,
and positions of clips.! The understanding and utilization of
CFD in real life practice among European neurosurgeons
were low in a study conducted by Singh et al in 2009.% The
early identification of the region of aneurysm sac which is a
high risk of intraoperative rupture is essential to avoid such
incidence during surgery. A study showed intraoperative
rupture cases have resulted in a 3.21-fold risk of unfavorable
outcome compared with those without it.?

Methods and Materials

We study the use of illustrations of the unruptured cerebral
aneurysm of internal carotid-posterior communicating
(ICPC) artery and anterior communicating artery (AcomaA)
treated at our hospital. The combinations of both preopera-
tive illustrations and CFD images by using “Ipad Pro” were
used.

Data Acquisitions

Preoperative computed tomography (CT) angiography (CTA)
was acquired in Digital Imaging and Communications in
Medicine (DICOM) format at the planning station (Amin
Corporation ZIO station2). Subsequently the constructed
images were sent to another software, Hemoscope to gener-
ate the CFD images.

Preoperative lllustrations

1. Illustration equipment used, application:
* iPad pro (10.5 inch) and Apple Pencil.
» Procreate.

2. CFD equipment used, application:
* Amin Corporation ZIO station2 and Hemoscope.
» Parameters: pressure, WSS, streamline, vector.

3. Combination of both images
* Adobe Photoshop MIX.

CFD Evaluation
The first study of CFD to learn about the origin and growth of
intracranial aneurysms, was done by Gonzalez et al, using
non-Newtonian viscosity of blood and other hemodynamic
data via computer simulation.* He found that due to the
pressure changes during systolic and diastolic, these rapid
changes of blood flow direction result in rapid changes in
wall shear stress (WSS) and pressure at the proximal and
distal walls of the cavity, rendering continuous damage to
the intima at the cavity neck. More work has been done since
then by the application of Newtonian viscosity in computing
cerebral aneurysm hemodynamically.

Since CFD is a three-dimensional (3D) image, the amount of
information is very large, and evaluating only CFD may lead to
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misjudgment. The evaluation may be more useful with the
study of the anatomical relationship with surrounding brain
structures. An example of the image generated using CFD is
shown below (=Fig. 1). The colors used are related to the blood
flow velocity within the vessel. Most modelling are using 3D
CTA images. While four-dimensional (4D) CTA images allow
wall motion analysis which lead to a more accurate prediction
of rupture,” however, if the heterogeneous material properties
and thicknesses of the aneurysm wall during cardiac cycles are
to be known, the wall motion can be predicted. Other imaging
modalities to generate CFD data include two-dimensional
phase contrast magnetic resonance imaging (pcMRI) and 4D
MRL®’ Time-averaged WSS is used to predict the wall degra-
dation and remodelling.”® WSS “vector,” is used to indicate the
viscous force vector per unit area of the aneurysm wall. The
oscillatory shear index (OSI) is used to quantify the changing
direction of the WSS vector over the cardiac cycle.® However,
the software Hemoscope does not have the OSI value for the
study in this paper.

Case 1: Internal Carotid-Posterior Communicating
(ICPC) Artery Aneurysm
We showed an example of preoperative evaluation of an
unruptured ICPC artery aneurysm. The cranial CT angiogram
showed a saccular aneurysm of the left ICPC artery pointing
toward the inferio-posterio-lateral temporal lobe (=~Fig. 2)
Based on the CT angiogram, a CFD study was performed
using the Amin Corporation ZIO station2 and Hemoscope. The
analyses of the wall pressure, WSS, streamline, and vector
were made (~Fig. 3). To obtain a proper CFD analysis, the
truncated parent vessel plays an important role especially in
posterior communicating artery (PcomA) and AcomA aneur-
ysms where upstream curvature was substantial. Hence the
inclusion of the upstream portion of the parent vessel of
cerebral aneurysms is necessary in the CFD study for accurate
analyses of the intra-aneurysmal hemodynamics.’ Hence long
truncated internal carotid vessel was included in the CFD study
of ICPC artery aneurysm as shown below.

Fig. 1 Single image of vessels with computational fluid dynamics
(CFD). Limited information on the side (right/left), approach (pter-
ional, interhemispheric) and vessels involved (middle cerebral artery,
MCA, or AcomA).
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Fig. 2 Left ICPC artery saccular aneurysm. ICPC, internal carotid-
posterior communicating.

The images generated using the Hemoscope was
extracted as a single vessel (~Fig. 4).

An anatomical illustration of the surrounding brain struc-
tures viewed from the pterional approach was made using
the iPad pro (10.5 inch), Apple Pencil, and Procreate (~Fig. 5).

The next step was combining both the images from the
illustration and the vessels generated with CFD according to
the CT angiogram using the Adobe Photoshop MIX (~Fig. 6).

In the actual surgical procedure with pterional approach,
the exact anatomical relationship of the ICPC artery aneu-
rysm and the surrounding brain structures was found
(=~Fig. 7).

Case 2: Left Anterior Communicating Artery (AcomA)
Aneurysm (Right Pterional Approach)

The same steps were used in the second illustrated case of an
unruptured AcomA aneurysm. The CTA is shown below
(=~Fig. 8).

After CFD of the aneurysm was performed, the illustration
of the brain according to the surgical approach was made,
and combination of both images can be visualized as shown
below (=~Fig. 9).

Discussion

The study of CFD has become an important preoperative step
to determine the best surgical approach. A high-quality 3D
dataset is fundamental and high-resolution images such as
digital subtraction angiography or CT angiography are widely
used.'® In our cases, we used CT angiogram Digital Imaging
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and Communications in Medicine (DICOM) images to gener-
ate the CFD images. CFD simulations are for the prediction of
aneurysm rupture. The geometry might have changed after a
rupture, which will produce hemodynamic differences.'®
Few assumptions are made to generate simulated flow
dynamics. Those assumptions include incompressible lami-
nar flow, blood material properties, and boundary
conditions.'®

WSS is a frictional force on the arterial wall produced by
blood flow in a direction toward a local tangent plane.
Although the relationship of the WSS value to the growth
of the aneurysm sac was inconsistent in many reports,
majority of studies found a low WSS associated with higher
risk of rupture. This is because aneurysm wall could no
longer sustain the arterial pressure due to the degeneration
and thinning of the arterial walls caused by low WSS.'®

High WSS at the blood flow jet impingement zone is
related to the initiation of aneurysms.'%!" After aneurysm
initiation, a high WSS causes degeneration of the cellular
matrix and cell apoptosis. While at low WSS, the aneurysm
may become larger because inflammation caused by slow
recirculation and a disturbed flow environment promote the
formation of atherosclerotic plaques, which exacerbate the
effects on inflammatory cells.'®""A low WSS may trigger
aneurysm rupture. The change in the geometry of an aneu-
rysm may also be affected by the different types of tissue
and/or bone structures neighboring the aneurysm.

Choice of Imaging

Pre-rupture aneurysm imaging is selected for CFD study as to
predict future rupture because the geometries reconstructed
from the rupture arterial images have different values in CFD
parameters.10 In another study of CFD modelling using cases
of ruptured cerebral aneurysm, the modified Krieger model
found that ruptured aneurysms are usually correlated with
lower WSS values than unruptured ones.'?

Aneurysmal Wall Properties

Wall stress due to the blood flow within a cerebral vessel and
the mechanical properties of the arterial wall are the pre-
dominant factors for the rupture of aneurysm."> A thin
aneurysm sac wall was associated with low WSS, with higher
risk of rupture.'* Between two saccular aneurysm with the
same size of dome, the rupture risk is higher in the one with a
larger diameter of the aneurysm neck.'> Aneurysm rupture
occurs when the tissue stress exceeds the tissue strength.
The CFD analyses provide an estimate of the intrasaccular
hemodynamics based on rigid wall of aneurysm sac with no
parameter of stress within the aneurysm wall.® Newtonian
assumption was used in almost 90% of published studies in a
meta-analysis by Saqr et al.'> However, as too many assump-
tions are taken into account in the CFD analyses, especially in
blood viscosity using either Newtonian and non-Newtonian
CFD Models, more researches are needed to further charac-
terize the nature of blood flow which contribute to the
improved understanding of the formation and growth of
cerebral aneurysms.16 Nevertheless, CFD models are useful
in improving the understanding of these mechanisms, and
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Fig. 3 Computational fluid dynamics (CFD) using the Amin Corporation ZIO station2 and Hemoscope. (A) Wall pressure showed higher wall
pressure compared with the distal vessel. (B) The wall shear stress (WSS) showed low WSS indicating high risk of rupture especially over lateral
wall of the dome. (C) The vector WSS showed divergent vectors indicating turbulence flow with the aneurysm sac. (D) The streamline indicating

laminar flow directions within the aneurysm sac.

highlight the great potential of patient-specific computa-
tional models for clinical use in the assessment of aneurysm
rupture risk and patient management.'’ A meta-analysis
showed that decreased local WSS may be an important
predictive parameter of intracranial aneurysm rupture.'’
The differences in shape and geometry on aneurysms affect
the hemodynamic trends.'®

The Need to Have Preoperative Planning

The transition from large craniotomies to smaller ones
provided a more tailored approach that minimizes brain
exposure while continuing to provide adequate visualization
without marginalizing safety.® To achieve this, surgeons
must have the ability to create a mental visualization of
the aneurysm with the surrounding structures such as both
proximal and distal vessels, perforators, cranial nerves, veins
and brain parenchymal via the selected surgical approach. A
neurosurgeon obtains proximal and distal control, performs
dissection of perforators and the aneurysm neck, and even-
tually closes and obliterates the aneurysm with a tailored
approach without additional risk to the patient.® 3D DSA
simulation alone or 3D DSA simulation with printed model

may be used for simulation of the best operative approach
and selection of the most suitable aneurysm clips in the
preoperative plan.?®~%2 However, the limitation of this 3D
printed model or 3D DSA simulation images is the lack of
other surrounding brain structures.

Preoperative Three-Dimensional Planning
A proper patient selection and preoperative planning and
surgical simulation are indeed very important. A poor pa-
tient selection and proper preoperative planning may result
in surgical mishaps.”> A complete understanding of the 3D
anatomy of the case preoperatively is important. The knowl-
edge of the location of any perforators or main arterial
branch is relative to the neck and dome of the aneurysm is
important especially if located behind the operative field.'
Preoperative simulation with the presence of surrounding
brain structures will enable the surgeon to choose a better
head position which will allow the displacement of the brain
after arachnoid dissection. This allows retractorless surgery
to be performed. The placement of retractors can result in
ischemia due to microcirculation spasms.'® The use of an
endoscope allows for the final inspection of the anatomy
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Fig. 4 The extracted wall shear stress image of the ICPC artery
aneurysm. ICPC, internal carotid-posterior communicating.

Fig. 5 An anatomical illustration of the surrounding brain structures
viewed from the pterional approach was made using the iPad pro
(10.5 inch), Apple Pencil, and Procreate.

around the aneurysmal neck before and after clipping in
small deep spaces.'®

Virtual reality workstations, such as the Dextroscope virtu-
al reality used in the cerebral aneurysm clipping procedure,
generate images of arterial blood vessels and the surrounding
bone perfectly,’ while images surrounding other structures
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Fig. 6 Combined images of CFD images of the ICPC artery aneurysm
with the brain structures. (A) Combined images showed high wall
pressure over the whole aneurysm sac with wide neck. (B) Combined
images showed an aneurysm dome with low WSS indicating risk of
rupture pointing toward the temporal lobe and the cranial nerve (CN)
Il (below the aneurysm sac). (C) The combined vector. (D) The
streamline within the ICPC artery aneurysm. CFD, computational fluid
dynamics; ICPC, internal carotid-posterior communicating; WSS, wall
shear stress.

Fig. 7 The comparison with the preoperative medical illustration and
the actual microscopic view.

such as cranial nerves, veins,and brain parenchymal may not
be accurately constructed. Hence the option to utilize a
cheaper option with preoperative illustration as shown in
this paper may be applied.

The surgical outcomes associated with the clipping of
ruptured aneurysms are usually poorer than those seen in
unruptured cases.' Hence in our institution, early detection
and treatment are the goals of the department. Those
patients with symptomatic or asymptomatic but with risk
factors such as advanced age and hypertension should be
investigated with magnetic resonance angiogram. The suc-
cess rate with no surgical morbidity and minimal morbidity
can be achieved with surgical treatment of unruptured
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Fig. 9 The illustration of the structures seen in right pterional
approach (left) and combination of both images including the one
generated by CFD (right). CFD, computational fluid dynamics.

cerebral aneurysm by utilizing a proper preoperative evalu-
ation and surgical strategies.

Conclusion

It is considered that it will be easier to compare and examine
the intraoperative image by synthesizing and incorporating
CFD in the illustration, and we propose it as one of the clinical
utilization methods of CFD.
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