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ABSTRACT
Computational Fluid Dynamic (CFD) simulations on patient-specific geometries may guide the choice 
between alternative surgical interventions, especially in the case on non-conventional treatments. We 
propose and formalise a CFD-based framework to evaluate alternative surgical interventions. It provides 
surgeons with the CFD analyses of different surgical options, so that they may decide the best strategy 
based on quantitative haemodynamic parameters for each surgical alternative. The proposed framework 
is largely automatised and, when it necessarily requires the intervention of a human operator due to the 
patient-specific nature, this intervention is well-formalised to reduce inter-operator variability and 
guarantee reproducibility. To provide preliminary evidence on the effectiveness of the framework, we 
present its application to complex Intracranial Aneurysms (IAs), which involve less than 5% of brain 
aneurysms, but are usually at a high risk of rupture and often show unexpected response to therapy. 
Complex IAs include aneurysms that cannot be treated with conventional therapies, such as neck 
clipping, sac coiling or stenting, while instead their treatment requires the sacrifice of the parent artery. 
In particular, we refer to a giant cavernous sinus aneurysm inside the left internal carotid artery. Results 
show the ability of the framework to provide haemodynamic quantitative evaluations, which can be 
useful additional information for the neurosurgeon towards optimal surgical planning.
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1. Introduction

Accurate haemodynamic analyses of the alternative surgeries to 
treat aneurysms are fundamental to better design flow devia-
tions in all cases where common endovascular treatments may 
not be beneficial (Zhao et al. 2018). A widely considered strategy 
for these cases is the so-called hunterian ligation, whose rationale 
is to occlude the aneurysm without directly intervening on it. It 
consists of an occlusion of the parent artery proximal to the 
aneurysm, causing the aneurysm to thrombose. Then, regional 
circulation is restored via bypass (Ishishita et al. 2014; Walcott 
et al. 2016; Wessels et al. 2021; Rutledge et al. 2022).

Computational Fluid Dynamics (CFD) can support decision 
making in these treatments, by providing flow, pressure and 
Wall Shear Stress (WSS) in ideal or patient-specific geometries, 
and information on the complications that can result from surgery, 
such as ischaemia (Pekkan et al. 2008; Botti et al. 2018). CFD does 
not involve invasive procedures, but only requires Computed 
Tomography Angiography (CTA) or Magnetic Resonance (MR) 
images of the patient’s vascular district. It was applied to analyse 
aneurysm characteristics and progression. But also, CFD can pro-
vide a description of the postoperative haemodynamic conditions 
of any alternative surgical treatment, to compare the treatments 
with each other. Indeed, the main benefit of using CFD is to 
quantify haemodynamic variables before and after surgery, 

allowing a more complete evaluation of surgical alternatives 
when two or more are technically possible and none is preferable 
a priori. Therefore, the surgeon can plan the intervention based 
not only on the patient’s anatomical images and the technical 
complexity of the surgery, but also on a quantitative prediction of 
the effect of the intervention on haemodynamics. Although some 
consequences of a specific surgical procedure in terms of haemo-
dynamic changes could be predicted qualitatively, the quantifica-
tion and formal representation of these changes can add 
important information.

In this context, clinical cases must be assessed individually, 
but this does not preclude defining a general framework valid for 
all patients. Indeed, recent discussions highlighted that standar-
disation of pre-simulation and post-simulation steps are crucial 
to provide reliable CFD results (Berg et al. 2019). To this end, we 
propose a CFD-based framework for evaluating alternative sur-
gical interventions.

Preliminary evidence on the effectiveness of the proposed 
framework is provided through application to a complex 
Intracranial Aneurysm (IA), i.e., a particularly complex Internal 
Carotid Artery (ICA) aneurysm. Complex IAs refer, by definition, 
to aneurysms that cannot be treated with conventional thera-
pies, such as neck clipping, sac coiling or stenting, while instead 
their treatment requires the sacrifice of the parent artery 
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(Andaluz and Zuccarello 2011; Hofman et al. 2018; Pescatori et al.  
2022). These aneurysms are typically fusiform or giant (particu-
larly if they are thrombosed), calcified, in difficult and deep 
locations, and with branches arising from the aneurysm itself. 
Complex IAs involve less than 5% of brain aneurysms (Beecher 
and Welch 2017), but are highly risky in terms of unexpected 
evolution and therapy response, and may rupture and bleed.

2. Materials and methods

The proposed framework defines a general approach to pro-
vide neurosurgeons with CFD analyses of different surgical 
options for complex IAs.

2.1. Structure of the framework

The framework has a modular structure, as shown in Figure 1. 
First, patient-specific images and information about the char-
acteristics of the IA, which are the first two inputs to the frame-
work, are used to generate the three-dimensional virtual 
geometry. In case, some secondary arteries are not visible 
from the images but crucial for CFD simulations, they are 
added by including a sensitivity analysis to adopt the best 
assumptions for the unknown diameters. The resulting alter-
native geometries represent the baseline preoperative case and 
the CFD simulation is performed for all of them. The neurosur-
geon evaluates CFD results in terms of flows, pressure and WSS 
in the alternative geometries. Then, as a third input to the 

framework, the neurosurgeon proposes a set of alternative 
flow-altering surgical procedures, by adapting the guidelines 
to the specific patient according to similar cases in the litera-
ture, his/her expertise, and the preoperative CFD results. 
Alternative procedures may include, e.g., different clipping 
positions, trapping strategies, bypass inclusions, and combina-
tions thereof. Each preoperative geometry is modified to repre-
sent the different surgical procedures, and the CFD simulation 
is then run on all the obtained geometries. A score is assigned 
to each CFD simulation, combining also some clinical informa-
tion such as the adequacy of the perfusion in downstream 
vessels, the risk for the patient, the technical difficulties of the 
procedure, and the expected success of the intervention. The 
neurosurgeon analyses the scores and either ranks the alter-
natives and decides on the surgical treatment to perform, or 
asks to simulate further treatments.

Given its modular structure, the framework is flexible and 
easily receptive to extensions. Moreover, it is largely automa-
tised and, when it requires a human operator due to its patient- 
specific nature, the intervention is well-formalised to reduce 
inter-operator variability.

The time needed by a suitably trained and expert technician 
to apply the framework to a case of medium complexity as the 
one presented below, from the clinical case study to the 
achievement of results, is about 55 hours, of which 17 are 
dedicated to run all the alternative CFD simulations. 
Simulations were run on a Microsoft Windows machine with 
CPU Intel Core i5 10210U and 12 GB of installed RAM.

Figure 1. Representation of the proposed CFD-based framework.
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2.2. Sensitivity versus alternative geometries

Despite small-calibre secondary arteries are poorly visible from 
CTA images, these vessels must remain open to avoid ischae-
mic complications when the flow is diverted. The best option is 
to explore in advance a range of possibilities that may occur 
when opening the skull, i.e., to include the non-segmentable 
perforating branches assigning them at least 
4 arbitrary diameters values within a reference range from the 
literature (Saeki and Rhoton 1977). In case of several vessels, all 
combinations of diameters are considered.

Any surgical treatment is compared with the baseline under 
the same combination of diameters. Then, it is analysed 
whether the comparison result is stable and the decision 
remains the same as the diameters change. In case of varia-
tions, the neurosurgeon nevertheless receives suggestions on 
how to act depending on the unknown variables. Then, he/she 
makes assumptions about the actual diameters or observes 
them while performing the surgery.

2.3. Clips and bypasses for surgical treatments

Virtual clips and bypasses are the key elements that simulate 
the surgical treatments in the baseline geometries.

A clip is inserted through a clipping box followed by 
a capping of the open boundaries. The box is inserted across 
the artery perpendicular to the vessel centerline. After cutting, 
the openings are closed by a smooth-capping filter. Flat caps 
are applied, and the vessel portion being cut is about 1mm 
long. An example is shown in Figure 2(a,b).

Bypass placement consists of inserting an additional seg-
ment into the network, i.e., a tubular structure of tailored 
length, radius and curvature, by means of the Active Tubes 

algorithm (Manini 2013). It allows drawing a pipeline by insert-
ing spheres in the image, whose diameter represents the dia-
meter of the vessel at that point (Figure 2(c,d)).

2.4. CFD-aided decision making

The surgical treatments are compared under the alternative 
geometries for secondary vessels, if any, to establish the most 
effective treatment in terms of aneurysm healing and preserva-
tion of blood vessels. Several factors must be considered when 
comparing and scoring, the most important of which are clas-
sified in Figure 3.

As for network reaction, velocity streamlines allow to iden-
tify low-flow areas, vortexes and recirculation. Poorly or non- 
perfused secondary arteries are a symptom of blood stagnation 
and thrombosis, resulting in artery occlusion and brain damage 
or death. Finally, the absence of flow should be alarming when 
the perforating arteries lie after a clip. Pressure maps highlight 
changes in flow direction, together with an increased WSS 
when flows coming from many directions converge in a point. 
Pressure drops should not increase after surgery to avoid the 
risk of wall rupture, making the solution with lowest drop 
between inlets and outlets preferable.

The same maps assess the multi-arterial involvement in the 
presence of several tributary arteries that feed the IA, when the 
application of a clip redistributes the flow in the network. 
Velocity streamline and isosurface maps can be studied to 
understand the most effective inlet closures when placing the 
clips. It must be ensured that, if one or more of the branches are 
closed, the downstream blood supply remains adequate. Also, 
to avoid serious damage to the perforating arteries, the best 
solution is to reduce the flow in a safe way, i.e., preserving 

Figure 2. Cut (a) and capping of extremities (b) to simulate a clip. Bypass placement: insertion of spheres that outline the vessel (c) and resulting bypass vessel (d).
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residual flow to the smaller vessels and preventing the aneur-
ysm from growing thanks to the low flow.

As for aneurysm healing, in the presence of small arteries fed 
by the aneurysmal area, the blood flow in the aneurysm cannot 
be interrupted. Otherwise, if the vessel segment to treat has no 
downstream arteries to supply, the aneurysm can be simply 
isolated through clips to promote the formation of a thrombus.

Concerning bypass efficacy, the aim is to divert as much flow 
into the graft with respect to the parent artery. The calibre of 
the implanted vessel should be similar to that of the bypassed 
artery. High pressure drops, WSSs and velocity values in the 
bypass indicate that it is proportionate to the demand, which 
ensures longer bypass life.

2.5. Framework steps

The whole framework consists of the following steps:

2.5.1. Segmentation
It consists of extracting the voxels that make up the walls of 
the vessels to be included in the 3D model. It includes an 
initialisation followed by a refinement. The initialisation is 
performed with the Colliding Fronts method for vessels with 
cylindrical shape, and with the Fast Marching method for 
saccular aneurysms. Moreover, vessels difficult to identify 
are included manually with the Active Tubes algorithm. 

The refinement is automatic, starting from the initialised 
geometry. The reconstruction of large networks is carried 
out in separate chunks, which are then merged into a single 
and cohesive model. A general smoothing is finally applied 
to the whole surface, using standard approaches like the 
low-pass Laplacian smoothing and the Taubin smoothing. In 
our tool, the segmentation step and the general smoothing 
are performed with the VMTK libraries (https://www.vmtk. 
org) and the associated visualisation software VMTKLab 
(Orobix, Italy). In addition, a local smoothing is performed 
using MeshMixer (Autodesk, CA, US); in this case, the entire 
surface is further smoothed at the end with a general 
smoothing.

2.5.2. Surface mesh
A triangular surface mesh is generated through the Marching 
Cubes algorithm. Moreover, a manual procedure is carried out to 
fix possible inaccuracies in the surface mesh: the compromised 
parts of the mesh (holes, non-manifold regions and small- 
component areas) are fixed with MeshMixer (Autodesk, CA, US).

2.5.3. Surface pre-processing
The surface model is processed to generate a mesh suitable for 
the CFD analysis. This step includes four subsequent activities, 
which can be automatically performed using VMTKLab: clipping, 
smooth capping, flow extensions addition, and surface remeshing.

Figure 3. Factors to compare the surgical alternatives.
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2.5.4. Volume meshing
The volume is filled with a combination of tetrahedral, pyrami-
dal, hexahedral and prismatic elements. This step is performed 
using the ANSYS Fluent solver (ANSYS Inc., PA, US), which is 
based on the finite volume method. To ensure the reliability of 
the results, a mesh density sensitivity analysis is included in the 
tool. It consists of running the CFD on the same geometry with 
increasing densities and comparing the results. When the 
results in terms of WSS and velocity are stable, a sufficient 
density is reached. Then, the proper setting with the least 
number of elements is preferable to limit complexity and com-
putational time.

2.5.5. Computational fluid dynamics
CFD is performed by means of the ANSYS Fluent solver. In the 
CFD simulations, blood is assumed to be homogeneous and 

incompressible, the flow is assumed laminar, and the Carreau 
non-Newtonian model is used for the viscosity. Accordingly, the 
fluid dynamics problem is modelled by coupled Navier–Stokes 
equations. Time is steady and the artery wall motion is set to 
stationary, to specify a fixed wall.

Further technical details of each step are reported in the 
Online Supplementary Materials.

3. Results

3.1. Test case

We applied the proposed framework to study a giant cavernous 
sinus aneurysm in the C3 portion of the left ICA (within the 
cavernous sinus to the passage through the dura mater), whose 
shape is approximately a sphere with diameter of 25mm 
(Figure 4).

Figure 4. Location of the aneurysm in transverse CTA images at different height (a). Aneurysm reconstructed geometry with involved vessels, inlet through the ICA, and 
outlets through the two MCA branches, the OA, the ACA, the AChA and the PCoA (b). PCoA scenarios: S0 (c), Sm (d), Sa (e), SM (f).
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The blood flow enters through the left ICA and exits through 
the two branches of the Middle Cerebral Artery (MCA), the 
Ophthalmic Artery (OA), the Anterior Cerebral Artery (ACA), 
the Anterior Choroidal Artery (AChA) and the Posterior 
Communicating Artery (PCoA), as illustrated in Figure 4b. An 
average inflow rate into the left ICA of 264mL=min (Zhao et al.  
2007; Wei et al. 2019) was assumed; with a diameter of 4:03 mm, 
it corresponds to a velocity of 0:35 m=s in all CFD simulations 
(Grant et al. 2003; Özdemir et al. 2006). In addition, traction-free 
condition was set at the exits, which is a common assumption 
also reported in recent works.

The patient, enrolled at the Papa Giovanni XXIII Hospital in 
Bergamo, Italy, signed an informed consent agreement which 
complied with Italian legislation (Codex on Privacy, D. Lgs. 30 
giugno 2003, n. 196).

The PCoA was poorly visible in the CTA images. Therefore, 
we tested four cases (Figures 4c-f): absence of PCoA (S0), mini-
mum diameter equal to 0:3 mm (Sm), average diameter equal to 
1:3 mm (Sa), and maximum diameter equal to 3:1 mm (SM).

3.2. Surgical solutions

Three surgical solutions were identified (Figure 5):

● Proximal clipping (PC), which consists of a closure at the 
neck upstream of the aneurysm. It is the most common 
and safe technique because the ICA is easily accessible 
and the risk of bleeding is low. In addition, the OA can 
draw the flow distally from the bypass, ensuring a low 
retrograde flow.

● Distal clipping (DC), which consists of a closure of the ICA 
downstream of the aneurysm. It has higher risk of bleed-
ing and longer healing rate than PC (Wessels et al. 2021). 
Moreover, the AChA and the PCoA, the last two arteries to 
be perfused by the bypass, may be at risk of occlusion due 
to lack of retrograde flow.

● Trapping of C3 portion (TC3), which is a combination of 
the other techniques. Two clips are placed at the extremes 
of the aneurysm to completely isolate it, since no vital 
perforating arteries are present in the aneurysm region 
and the OA is compensated by the External Carotid Artery 
(ECA). No retrograde flow develops in the aneurysm, 
guaranteeing rapid thrombosis, but the risk of AChA 
ischaemic stroke is very high because of the distal clip.

All interventions require a high-flow bypass (Ishishita et al.  
2014) that diverts blood from the cervical portion of the ICA 
to the inferior M2 segment of the MCA after it bifurcates. It is 
performed by resecting part of the radial artery, which has 
proper wall properties and size to replace the ICA, i.e., average 
diameter of 2:3 mm (Ashraf et al. 2010).

3.3. CFD outcomes

The maximum pressure drops between any pair of points in the 
domain are reported in Table 1, while the pressure drop maps 
in Figure 6 for Sa and in the Online Supplementary Materials for 
the other scenarios. In general, the obtained pressure drops are 
in line with the literature (Alnæs et al. 2007; Müller et al. 2012). 
Higher pressure drops were observed with PC and TC3 than 
with DC, because the flow was completely diverted from the 
bypass and the ICA was clipped proximal to the aneurysm with 
PC and TC3, while the flow was distributed between the bypass 
and the ICA with DC. Moreover, all drops were higher than in 
the pathological preoperative case due to the clips. When 
varying the PCoA diameter, the highest differences in pressure 
drop with respect to the preoperative case were observed for 
SM, while the lowest differences for Sm or Sa depending on the 
case. Comparing preoperative and surgical cases, the pressure 
drops in the bypass and in the segment C2 of the ICA were 
greater with PC than with TC3 for S0 and SM, while the reverse 
occurred with Sm and Sa. Anyway, in all PCoA scenarios of PC 

Figure 5. Representation of different surgical solutions (geometry without PCoA): PC (a); DC (b); TC3 (c). Red arrows indicate the clipping sites.
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and TC3, they were closer together, while with DC the pressure 
drop was noticeably lower. The aneurysm was excluded from 
the circulation with TC3. In the other cases, the pressure inside 
the aneurysm was lower than that in the preoperative case with 
PC and higher with DC. This consideration was stable when 
varying the PCoA diameter.

The WSSs at the neck of the aneurysm and in the C4 portion of 
the ICA (between the subarachnoid space and the bifurcation into 
the anterior and middle cerebral arteries) are reported in Table 2, 
while the pressure maps in Figure 7 for Sa and in the Online 
Supplementary Materials for the other scenarios. All surgeries 
lowered the WSS in the ICA and halved the values in the curva-
tures of the C2 and C3 portions (in the middle of the carotid canal), 
at the expense of the bypass. In the preoperative case, a moderate 
WSS was observed at the entrance of the aneurysm where the ICA 
enlarged, while all surgical solutions made the WSS equal to zero. 
As for the OA, it remained isolated together with the aneurysm 
with TC3 and, therefore, it was not subject to WSS at all. With 
a proximal clip, a little WSS increase was observed in the OA with 
respect to the preoperative case, which may be due to the sudden 
narrowing of the perforating vessel. The AChA was subject to 
lower WSS after surgery. Specifically, the lowest reduction was 
observed with TC3, followed by PC, and the greatest reduction 
was observed with DC. The same phenomenon occurred for the 
PCoA, located below.

A remarkable reduction of WSS at the neck of the aneurysm 
was very observed with PC, with a decrease of more than 99.9% 
in all PCoA alternatives. With DC, the reduction was less sig-
nificant (between 75% and 92%, with the smallest reduction for 
S0) due to the blood that continued to arrive to the aneurysm. 
Finally, TC3 made the WSS in the aneurysm equal to zero. Clip 
positioning also influenced the WSS in the C4 segment of the 
ICA, between the origin of two perforating arteries. In this 
position, the reduction with respect to the preoperative case 
was smaller when the clip preceded the aneurysm with respect 
to when the clip was downstream the aneurysm, and TC3 
showed an intermediate decrement. For the AChA no trends 
were observed for any surgery. The WSS decrease in the AChA 
with respect to the preoperative case seemed to be stable for 
the different scenarios and surgical alternatives, except for SM 

which showed a smaller deviation with PC and TC3.
While varying the PCoA diameter, there were no differences 

regarding the proximal ICA and the aneurysm; only the OA with 
DC in scenario SM showed an increase in WSS higher than in the 
other three scenarios. As a consequence, WSS results showed 
no particular differences with respect to the PCoA diameter 

Figure 6. Anterior (a–d) and right side (e–h) view of pressure drop maps for Sa: preoperative (a,e); PC (b,f); DC (c,g); TC3 (d,h). Clips positions in PC, DC and TC3 are 
denoted by white arrows.

Table 1. Pressures drops corresponding to the different surgical options.

Pressure drops [103Pa]

Preoper PC DC TC3

S0 2.49 6.87 4.14 6.53
Sm 2.35 5.29 3.73 5.52
Sa 2.26 5.24 3.35 5.47
SM 1.19 4.49 2.80 4.08

Table 2. WSSs.

Preoper PC DC TC3

WSS at the neck of the aneurysm [Pa]
S0 6.42 1.22�10� 3 1.65 3.35�10� 17

Sm 7.02 1.58�10� 3 1.05 2.40�10� 19

Sa 14.49 1.66�10� 3 1.15 5.29�10� 17

SM 5.24 1.81�10� 4 0.84 5.61�10� 17

WSS in the C4 portion of ICA [Pa]
S0 2.57 0.25 6.51�10� 3 0.039
Sm 2.84 0.56 0.51 0.11
Sa 2.21 0.54 0.33 0.36
SM 0.68 1.64 1.12 1.51

COMPUTER METHODS IN BIOMECHANICS AND BIOMEDICAL ENGINEERING: IMAGING & VISUALIZATION 7



when comparing the treatment alternatives, with the exception 
of SM.

We finally analyse the velocities, whose streamline maps are 
reported in Figure 8 for Sa and in the Online Supplementary 
Materials for the other scenarios. Although the streamlines 

provide qualitative information, their knowledge gave us 
insight into velocity distributions, which can be coupled with 
the other information on pressures and WSS discussed earlier. 
Only a few spots of high velocities occurred in the bypass and 
the OA, in agreement with the WSS results, while most of the 

Figure 7. Anterior and right side view of WSS maps for Sa (subfigures and arrows as in Figure 6).

Figure 8. Anterior and right side view of velocity streamlines for Sa (subfigures and arrows as in Figure 6).
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domain was characterized by velocity values that at most 
doubled the inlet velocity. With PC and TC3, all flow was 
diverted into the bypass and a low velocity recirculation 
formed close to the bypass grafting. Moreover, blood was 
able to reach the upper part of the network via the bypass, 
supplying the MCA and the ACA; with PC, also the perforating 
arteries and the ophthalmic region were perfused in 
a retrograde manner. With DC, the flow was distributed 
between the bypass and the ICA, which remained pervious; 
therefore, it reached the aneurysm where circular trajectories 
originated. Moving at low velocity, they favoured blood stag-
nation and, consequently, thrombosis in the weakened part of 
the vessel. All the surgeries reduced the flow in the aneurysm: 
DC caused the non-diverted flow portion to come directly 
from the ICA; PC blocked the direct flow and that coming 
retrograde was much less than with DC; TC3 completely iso-
lated the aneurysm. As a result, the OA was affected by these 

flow alterations: there was no flow with TC3, but this did not 
represent a risk as the vessel had the ECA as a second tribu-
tary; the OA was able to attract a minimal flow with PC, less 
consistent and slower than with DC. Only in the latter case the 
velocity was higher than in the preoperative one. According to 
pressure and WSS maps, velocity was higher in the bypass of 
PC and TC3 than of DC, carrying a more suitable flow to 
perfuse the cerebral territory to be revascularized with respect 
to DC.

A common trend in all scenarios could be noticed with 
regard to the AChA, where all surgical solutions lowered the 
velocity, compared to the preoperative case. TC3 was the solu-
tion that maintained the highest flow, followed by PC and 
finally by DC with the least flow. This behaviour did not emerge 
from the velocity streamline maps (Figure 8), but was derived 
from the velocity isosurfaces for each alternative and PCoA 
diameter scenario (Figure 9).

Figure 9. Right side view of velocity isosurfaces for alternative geometries: S0 (a–d); Sm (e–h); Sa (i–l); SM (m–p); pathological case (a,e,i,m); PC (b,f,j,n); DC (c,g,k,o); TC3 
(d,h,l,p).
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Focusing on the PCoA diameter, there were differences in 
the aneurysm and in the ophthalmic region as this diameter 
changes, especially in PC. In particular, a different number of 
lines from the C4 segment of the ICA reached the aneurysm 
and flowed into the OA, where they increased slightly in velo-
city: 3 lines in S0, 1 in Sm, 7 in Sa, and 1 in SM (Figure 8 for Sa; 
Online Supplementary Materials for S0, Sm and SM). Although in 
Sm and SM there was little flow to the OA, it should not be 
forgotten that it also came from the ECA and, therefore, the 
area supplied by the OA did not risk ischaemia. Anyway, flow 
reversal had not been simulated by this analysis. Considering 
the C4 segment of the ICA and the bifurcation between MCA 
and ACA, the flow increased with PC, attracted by the OA and 
the PCoA presence. In S0 and Sm, there was recirculation at the 
level of the AChA, also present in Sa but much less as more flow 
reached the PCoA. With DC, recirculation was equally notice-
able in S0 at the level of the AChA, where the flow was inter-
rupted and did not reach the C4 segment. By decreasing the 
resistance, in SM the flow increased considerably compared to 
the other scenarios. In this scenario, the PCoA diameter was 
larger than that of MCA and ACA, unbalancing the directions of 
flow towards the PCoA at the expense of the other vessels. The 
ACA flow particularly suffered; compared to the preoperative 
case, it decreased a lot in SM. In TC3, the flow in the C4 segment 
behaved in a similar way than in the other surgical solutions, 
with a recirculation at the level of the AChA in S0 and an 
increasing trend in flow lines from Sm to SM. Also the ACA was 
subject to the PCoA diameter variability: the blood flow rate 
that reached it was comparable to that in the preoperative 
situation only in S0 and Sm and progressively decreased as the 
PCoA diameter increased. In SM, becoming one of the predo-
minant vessels, the PCoA was able to sequester more flow 
under all surgical solutions. Finally, MCA revealed a similar 
trend with all surgical solutions as the PCoA diameter 
increased.

3.4. Ranking of surgical alternatives

Our CFD results showed that TC3 is the best choice if only the 
aneurysm treatment is considered, as it excluded the diseased 
part from the network. PC blocked orthograde flow in the ICA 
and the retrograde flow from the bypass was minimal, placing 
this solution in second place. DC was found to be the worst 
option, as there was a direct flow from upstream (Wessels et al.  
2021). Coherently, the pressure in the aneurysm and the OA 
was the highest with DC, followed by PC and TC3. The pressure 
in the aneurysm was even higher than in the preoperative case 
with DC, which remained the worst and most dangerous solu-
tion for the aneurysm. OA values exceeded preoperative case 
with DC, while they were lower with PC and equal to zero with 
TC3. However, the results regarding this perforating artery were 
not considered in the ranking as the OA can itself become 
a bypass by collecting blood from the ECA. This evolution is 
beyond the scope of this analysis. Considering WSS and velo-
city, the same ranking was identified based on the highest flow 
rate in the perforating artery (best TC3, intermediate PC and 
worst DC). Further items confirm this ranking; for instance, the 
bypass is more likely to fulfil cerebral demands with TC3 and 
PC, differently from DC.

This ranking was analysed by the neurosurgeon, who inte-
grated the CFD outcomes with medical knowledge and skills. 
Despite being the most effective, TC3 is difficult to perform due 
to the positioning of clips, and because the distal clip must be 
placed close to the choroidal region, which increases the risk of 
ischaemia the smaller the PCoA is. As a matter of facts, TC3 is 
usually reserved for bleeding aneurysms. Therefore, the other 
alternatives were considered and, merging all aspects, PC 
resulted the best alternative both from the clinical and the 
CFD viewpoints. Indeed, it allows to heal the aneurysm without 
damaging the AChA.

While varying the PCoA diameter, no relevant differences 
were highlighted in the ranking of the surgical alternatives. In 
particular, the main points considered in the comparison 
between any surgical alternative and the preoperative case 
gave the same insights. Even if the values can vary with the 
PCoA diameter, the ordering of the phenomena and the result-
ing ranking were robust with respect to these diameter values 
and led to the same conclusions.

In this specific test case, the univocal ranking of the surgical 
alternatives while the PCoA diameter varied is an added value for 
the neurosurgeon, who does not have to make the decision once 
the surgery is started after observing the actual PCoA diameter. 
However, also in the presence of different rankings based on the 
unknown diameters of some vessels, the simulation results allow 
the neurosurgeon to choose the alternative based on the ranking 
for the specific scenario. Rather, in this case, the complexity of the 
decision is greater, and having a pool of already available scenar-
ios among which to take one becomes even more important.

4. Discussion

The analysis of surgical options through CFD simulations is only 
of recent interest for neurosurgeons, as CFD was more often 
adopted to understand the evolution of IAs and the role of 
haemodynamics in their natural history, with the aim of pre-
dicting vessel rupture (Sforza et al. 2012; Ivanov et al. 2016). In 
this context, sophisticated studies accounting for blood flow 
pulsatility (Selimovic et al. 2010) or even the interaction 
between blood motion and wall structure (Bazilevs et al.  
2010) are present in the literature, aiming at elucidating 
mechanisms of aneurysm progression that are not fully under-
stood, yet.

Studies that report the evaluation of alternative surgical 
treatments through CFD analysis are still limited in the litera-
ture, and are mostly case studies with very important assump-
tions, such as steady state flows or boundary conditions, that 
are far from being patient-specific (Acevedo-Bolton et al. 2006; 
Russin et al. 2015; Xiang et al. 2015; Lawton et al. 2016; Vali et al.  
2017; Bozzetto et al. 2022). Also, the impact of stents was 
assessed (Chong et al. 2014; Cosentino et al. 2015; Ouared 
et al. 2016; Berg et al. 2018), or advantages and disadvantages 
of newly proposed treatments were quantified (Sharifi et al.  
2020). In these works, a risk score associated with each alter-
native enables the neurosurgeon to perform a preoperative 
assessment also based on quantitative haemodynamic infor-
mation (Chung and Cebral 2015; Rayz et al. 2015; Walcott et al.  
2016; Rashad et al. 2020). A recent work considered cerebral 
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aneurysms in particular (Chong et al. 2019), although it did not 
consider complex IAs.

However, recent discussions highlighted that the standardisa-
tion of pre-simulation procedures and post-processing of the 
results is needed in the context of CFD applied to complex IAs 
(Berg et al. 2019). Moreover, recent highly refined simulations 
suggested potential shortcomings in the approaches usually 
employed in CFD-based analyses of aneurysms (Valen-Sendstad 
and Steinman 2014). Our paper proposes a framework for IA 
surgery, in which neurosurgeon’s expertise is supported by 
a quantitative interface that predicts the haemodynamics of any 
surgical treatment and compares it with the preoperative situation. 
We took inspiration from a previously developed case study 
(Bozzetto et al. 2022), and we extended methodology to meet 
standardisation and formalisation requirements.

The CFD analyses are based on patient-specific images. 
Therefore, they provide patient-specific suggestions, which is 
a fundamental requirement in the case of complex surgeries. At 
the same time, CFD does not require invasive measurements or 
additional examinations compared to those normally per-
formed before surgery. This makes the framework effectively 
applicable to clinical practice. Also, the times to provide an 
answer conform to the usual schedule of IA elective surgeries.

Trusting the outcomes is a key point, which has been 
considered in the framework. On the one hand, a sensitivity 
analysis for the unknown secondary artery diameters is 
included by repeating the CFD simulations on alternative 
geometries. This gives information on the stability of the 
indication provided with respect to the unknown diameters, 
or formalises the need for additional measurements or 
assumptions. On the other hand, the provided guidelines 
guarantee intra- and inter-operator repeatability. Proof of 
this is given by the case study results, in which geometries 
and simulations were implemented by two independent 
operators and the results were found to be consistent and 
coherent. Anyway, operations require skill and attention to 
avoid operation-dependent differences; the most critical is 
the local smoothing step, where sculpt instruments are 
applied to the surface mesh at the user’s discretion.

4.1. Limitations and future extensions

Patient-specific boundary conditions of flow and pressure 
were not considered in this work. In particular, due to the 
absence of specific boundary conditions for this patient (as 
is the case in most clinical cases), we assumed zero pressure 
at the outlets, while also ensuring the presence of adequate 
flow extensions. This is still a very common choice in the 
absence of patient-specific boundary conditions (Marzo 
et al. 2011; Chnafa et al. 2018). The other very common 
alternative is to use the Murray’s law, based on the simplify-
ing assumption of Poiseuille flow, which is not necessarily 
valid for all cerebral arteries; therefore, as with the zero- 
pressure assumption, the predicted flow rates and the other 
CFD outcomes would be affected by this assumption. In the 
future, our framework will be extended to analyse whether 
the cost of performing these measurements is offset by 
better haemodynamic results.

Also, to better quantify intracranial collateral flows distal to 
the aneurysm, we will analyse the impact of extending the 
considered volumes, e.g., by including the circle of Willis. This 
extension could also include hybrid models with full CFD com-
bined with lumped parameter models.

The steady-state condition is also a limitation of this 
study. However, no patient-specific velocity waveforms 
were available for this patient, as is the case in most clinical 
cases. However, in formulating this assumption, we referred 
to several recent studies that used the steady-state assump-
tion (Valen-Sendstad et al. 2013; Souche and Valen- 
Sendstad 2022). In particular, et al.Geers et al. (2014) 
demonstrated that steady-state simulations can accurately 
characterise the blood flow field in cerebral aneurysms. 
These studies allowed us to consider that the steady-state 
may also be acceptable for our study.

Fluid–structure interaction (FSI) was not considered in this 
study because of the computational cost and the need to assume 
parameters that cannot be measured directly (e.g., wall thickness 
and vessel material properties), which would lead to major uncer-
tainties in the results. Looking at the recent literature on cerebral 
aneurysms, only a few works made use of FSI (Souche and Valen- 
Sendstad 2022; Bruneau et al. 2023), and these studies focused 
on the role of the wall itself in vascular remodelling. On the 
contrary, the aim of our study was to provide an assessment of 
changes in haemodynamic conditions, and from this perspective, 
the rigid wall assumption may be acceptable and has in fact been 
widely used in the past. In the future, and in the presence of 
available data, we will use FSI to show if and how the results can 
be more accurate by also modelling the effect of the wall.

Finally, the obtained risk scores could be further adjusted 
based on follow-up analyses, which would allow the neurosur-
geon to verify to what extent the estimated outcomes corre-
spond to those actually obtained.

5. Conclusion

This study proposed a CFD-based framework to evaluate alter-
native surgical interventions, and provided preliminary evi-
dence on its effectiveness when applied to a complex IA. In 
particular, the proposed framework proved to be effective for 
planning surgeries of complex IAs, representing a flexible and 
reliable tool to support the surgeon’s decision-making process, 
while also optimising the analysis time. The presented case 
study provided evidence that the framework delivers consis-
tent and accurate results regardless of aneurysm complexity, by 
identifying a ranking of surgical alternatives based on reliable 
quantitative data.
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