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Title: A computational hemodynamics analysis on the correlation between energy loss and clinical
outcomes for flow diverters treatment of intracranial aneurysm

Abstract:

Rupture of intracranial aneurysms might lead to permanent disability or even death. One possible endovascular treatment is
to deploy flow diverters (FDs), reducing flow into the sac and promoting thrombosis. Computational fluid dynamics
simulations were used to assess the flow patterns and dynamics. The concept of energy loss, as a measure of work done
necessary to overcome flow resistance, will be utilized to correlate with clinical outcome. If a surgical operation is successful,
the flow is diverted to a shorter path and energy loss should be reduced. Conversely, persistent flow in the sac associated
with treatment failure will display increased energy loss, as blood is then squeezed through the stent pores. Four illustrative
clinical cases, involving both bifurcation and sidewall aneurysms, were selected. To reduce the numerical complexity, earlier
works in the literature had employed a porous medium approximation for the FDs. Here the FD was simulated explicitly as a
virtual (or computer generated) stent which would likely provide a more accurate description. Furthermore, quantitative
comparisons between the approaches of virtual stent and porous medium with typical parameters were conducted by
examining the effective flow influx into the aneurysm.

1. Introduction

An intracranial aneurysm (1A) is an abnormal swelling on the cerebral arteries. Prevalence of 1A is approximately 3.2% of a

population with a mean age of 50 [1]. Ruptured IAs would lead to intracranial hemorrhage and a significant mortality rate

2.

Despite the availability of endosaccular embolization in the clinical management of 1As, a few classes of aneurysms remain
difficult to treat, typical examples being wide-neck [3] and large/giant aneurysms [4, 5]. An approach of endovascular
treatments of 1As involves placing flow diverters (FDs) at the orifice of the aneurysm. FDs are mesh-like stents which can
impede the blood flow into the aneurysmal sac, thus promoting thrombosis and occlusion. Even though the influx into the
aneurysm is reduced, FD preserves the blood flow in the parent artery and side branches. The two types of FDs with most
clinical data in the literature are the Pipeline Embolization Device [6, 7] (PED; Covidien Vascular Therapies, Mansfield, MA,
USA) and Silk stent [8] (Balt, Montmorency, France). Different FD configurations will have an observable effect on the
hemodynamics [9]. In this paper, the focus will be placed on PED. It consists of 48 strands fabricated from special alloys of
cobalt-chromium and platinum-tungsten in a ratio of 3:1. A coverage of 35% is achieved [10], implying a porosity of 65% in
terms of surface area available for fluid flow. The strands have an average diameter of 30 um according to the specifications

from the manufacturer.

The treatment outcomes of FDs from clinical trials over the years are promising. A complete occlusion rate is observed for
76% of the patients at 6 months after surgical intervention [11]. However, there is still a non-negligible post treatment
complication rate. The procedure-related permanent morbidity rate is 5% and the procedure-related mortality rate is 4% [11].
Hemodynamic flow patterns inside the aneurysm and along parent arteries [12] provide important information concerning
the growth, rupture risks and prediction of clinical outcome [2, 13-15], and hence have been studied intensively. Numerical
simulations of the blood flow patterns inside the circulation system employing Computational Fluid Dynamics (CFD) has

Page 1 of 34



been widely used [16]. Aneurysm hemodynamics and post-treatment conditions have been simulated and studied [17-21].
CFD has indeed been employed extensively in previous studies on IAs deployed with FDs [18-24]. Several flow parameters
have been introduced to correlate the underlying hemodynamics and the risk associated with aneurysm ruptures. They would
be of great relevance in predicting the chance of success for FDs deployment as well. These parameters include energy loss

(EL) [15, 22, 25], volume flow rate into aneurysm, wall shear stress [20, 23, 24] and have been investigated intensively.

In particular, energy loss [25] has gained attention in recent analysis on aneurysm hemodynamics. The idea is to compute the
energy loss due to the blood flow between a point downstream and another point upstream of the aneurysm, both before and
after surgical intervention. As the flow rates into the aneurysmal sac will be altered due to the deployment of FDs, this
change of energy loss can be employed to assess aneurysm rupture risk and the likely outcome of the operation. This concept
was examined in a recent study through evaluation of energy loss for 50 side-wall aneurysms and 50 bifurcation aneurysms

model [15]. A trend of higher energy loss was observed in the data set of ruptured cases.

Another line of investigation has focused on the precise locations of the aneurysms, using as specific examples the Anterior
Communicating Artery (AComA) [26] and the paraclinoid segment of the internal carotid artery [27]. Generally, energy loss
was found to be higher in ruptured aneurysms in comparison with unruptured aneurysms. Besides rupture risk analysis,
energy loss was correlated with different morphologic parameters [28, 29]. In simulations on bifurcation aneurysms [28, 30],
angle configuration, ratio of daughter vessel diameter, aspect ratio and size ratio were correlated with energy loss. These

works highlighted the importance of energy loss on aneurysm rupture and correlations with aneurysm geometry.

However, the change in energy loss after FD deployment has not been fully investigated. A previous study [22] attempted to
correlate the concept of energy loss and the treatment outcome of FD deployment. A larger reduction in energy loss after the
surgical operation usually indicated a clinically favorable outcome of aneurysm occlusion. In the numerical setting of that
work, FDs were modeled as a porous medium, a domain which displayed a specific form of flow resistance. Computationally,

there was an additional momentum sink term in the equations of motion with appropriate parameters.

The objective of our study was to investigate the effect of FDs on energy loss and other hemodynamic parameters by
modeling the stent directly as a metallic mesh [21], with a patient-specific geometry and stent porosity similar to those in an
actual clinical setting. Moreover, the relations between hemodynamic parameters and the two different modeling techniques,

namely virtual stent and porous medium, were investigated.
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2. Materials and Methods

2.1) Patients and Imaging data

Four patients with intracranial aneurysms at a tertiary referral neurosurgery center were selected for this study. They all went
through FD treatment, and imaging data by angiograms were obtained 6 months later. Patients 1 and 2 were clinically
successful cases. Patient 3 and 4 were clinically failed cases. The geometries of the aneurysms were sketched in Fig. 1. A
successful case was defined here as achieving complete occlusion in the aneurysm 6 months after deployment of FDs,

otherwise the surgical procedure will be termed a failed case. Patient data are tabulated in Table 1.

The study is approved by the Institutional Review Board of the hospital. No identifying information was used in this study.

Only patient imaging data were used to reconstruct vessel model for simulations.

2.2) Geometrical model

Vessel geometries were reconstructed from pre-operation Magnetic Resonance Imaging (MRI) or Computer Tomography
Angiography (CTA). After acquiring the CTA or MRI images, signal levels in voxels were displayed and vessel geometries
were delineated by employing the software Mimics (Materialise, Leuven, Belgium), which converted DICOM imaging data
to a 3D geometry in STL format. The computer-aided design software SOLIDWORKS 2012 (Dassault Systémes SolidWorks
Corp., Concorde, MA, USA) was then employed to achieve improved geometric configurations appropriate for CFD
simulations. For each aneurysm geometry, a virtual stent was deployed to simulate the condition after the endovascular
treatment. The stent porosities for each patient were tabulated in Table 1. Stent porosity was defined as the ratio of uncovered
area of the neck orifice to the total area of the neck orifice. These porosities were determined according to the deployed stent

diameter and the parent vessel diameter [7].

Pipeline flow diverter formed a periodic array of rhombus shaped patterns after the stent was deployed in the vessel (Fig. 2)
[7]. There were two parameters affecting the porosity, the pitch, 9, and the cell length, a. The cell length remained essentially
constant and the strand width was known from the specification by the manufacturer, namely, 30 pum in diameter. After

determining the porosity, the pitch could be calculated retrospectively from the uncovered area.

In assessing the comparisons of the pre-operation and post-operation hemodynamic conditions, eight geometries were
simulated, one pre-operation case without stent deployment and one post-operation case with FD for each patient geometry.
This present research effort does not focus on comparing parameters across different patients, but instead we concentrate on
assessing the change in parameters for the same patient. Stents were assumed to be rigid and non-elastic. Only those parts of

the stent which were covering the aneurysm orifice or side vessel branch were modeled to save computational cost.
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Tetrahedral elements were used and mesh sizes of 0.3 mm were chosen to maintain sufficient resolution. Locally refined grid
was used when finer resolution was essential, for instance, 0.03 mm. The total number of elements used for each geometry is
tabulated in Table 1. Mesh independence test was implemented on similar geometries in a previous study [21]. The size of
the elements used was regarded as sufficient in resolution to provide accurate results. All meshes were generated by using

GAMBIT 2.4.6 (ANSYS, Canonsburg, Pennsylvania, US).

Arigorous analysis on the geometrical effect of a virtual stent is worthwhile. Virtual stent has been studied in some previous
works [21, 31]. Hence, the focus of our attention would be on the effect of porous medium. Besides the pre-operations and
post-operations with a virtual stent implanted for two patients, stents were approximated as a porous medium, i.e. modeling
the medium as a thin membrane with a known pressure drop characteristics. This membrane was assumed to be uniform and
isotropic with a constant thickness. A pressure drop term, Eq. (1), was added in the momentum equation, and consists of a

combination of the Darcy’s Law and an additional inertial loss term:

Ap =—(ﬁv+C£pv2)As (1)
o 2

where Ap = pressure drop (Pa), p = dynamic viscosity (kg m™ s?), « = permeability of the medium (m?), v = the velocity
normal to the porous face (m s™), C = pressure-jump coefficient (m™), p = fluid density (kg m™®), As = thickness of the
medium (m). Figure 3 gave an illustration of the porous medium modeling. o and C were taken from works in the literature
[32] based on simulations with SILK stents. There were two sets of parameters commonly used, depending on the orientation
of FDs. They were termed ‘tangential orientation’ and ‘normal orientation’ in this paper, and numerical values are shown in
Table 2. Both of them were used in the simulations and results were assessed. As was taken as 0.1 mm [22]. All patients
showed a same qualitative trend on hemodynamics. Hence, the focus would be on Patients 1 & 3 to highlight the distinction
between bifurcation and sidewall aneurysm. Eq. (1) is used only for the porous medium simulations of Patients 1 & 3 and is

not used in the virtual stent simulations.

2.3) Fluid mechanics and boundary conditions
CFD simulations were performed on a commercial software package, FLUENT 6.3.26 (ANSYS, Canonsburg, Pennsylvania,
USA). The underlying principles are mass conservation and momentum balance, governed by the continuity, Eq. (2), and

Navier-Stokes equations, Eq. (3), respectively [33]:

oui _ o, )
OX;
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where u; (i = 1,2,3) are the components of velocity (m s™), x; (i = 1,2,3) are the Cartesian spatial coordinates (m), t = time (s),
p = fluid density (kg m™®), p = pressure (Pa), p = dynamic viscosity (kg m™ s™). Repeated indices imply summation. Blood
was assumed to be an incompressible and Newtonian fluid [2, 34, 35] with density and viscosity being 1060 kg m™ and
0.0035 kg m™ s [36] respectively. Works earlier in the literature [34] had demonstrated that intra-aneurysmal flow was not
substantially altered when the viscosity model was changed. A segregated method, SIMPLE, was used as the
pressure-velocity coupling scheme and first order upwind was used in momentum discretization. The time evolution of the
flow was traced by a first order implicit scheme with a time step of 0.001 second. The solution at each time step was

considered as converged when the residual error for continuity dropped below 10°°,

A pulsatile volumetric flow rate was imposed at the inlets (Fig. 4) [37]. The time-averaged flow rate was 3.59 ml s*. A
different velocity inlet profile had also been tested and the results were qualitatively valid. At the outlets, a physiologically
realistic pressure waveform with systolic/diastolic values of 122/82 mmHg was imposed (Fig. 5) [38]. A cardiac cycle (T) of
0.8 second was used to simulate a heartbeat rate of 75 beats per minute. Three cardiac cycles were computed and periodicity
was achieved [21]. Data at the third cycle was used for analysis. Reynolds number at peak systole for all patient geometries
are tabulated in Table 1. A remark on the laminar flow assumption is in order. Combined computational-experimental
approaches to simulate blood flow in arteries treated by stents had been conducted in previous works in the literature [39,40].
Consistencies and agreements between these two approaches were reported, drastically enhancing the likelihood of the
validity of the computational approach. Furthermore, the relevant Reynolds numbers in these previous papers and the present
work are both mostly in the range of 400-700. The only possible exception is a Reynolds number of about 900 in the case for
Patient 2, not too far away from the range of 400-700. Hence, with these experimental evidence and support, the usage of a
laminar flow regime should be justified. The vessel wall was assumed to be rigid and a no-slip boundary condition was
applied [17]. The dimensionless Womersley number [41] measures the ratio of unsteady inertia force due to pulsations to the

viscous force and is defined as

Wo=R P2 @)
U

where R = radius (m), o = angular frequency (s™), p = density (kg m™) and x = dynamic viscosity (kg m™ s%).

2.4) Hemodynamics parameters
Two hemodynamics parameters, namely energy loss (EL) [25] and volume inflow rate (VFR) into aneurysm were
investigated. Energy loss (EL) estimates the pressure head loss and kinetic energy dissipation inside the vessel geometry and

has a unit of Watt (W). As blood is a viscous fluid, movement through the blood vessels and aneurysm incurs an energy loss
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due to viscosity. Energy loss was formulated according to Eq. (5) [22].
. 1 ey 1 2
EL(t) = E(t)m - E(t)out = min(pin/p +E|uin| )_ mout(pout/p+5|uout| ) (5)

where M= mass flow rate (kg s), p = pressure (Pa),

u| = velocity magnitude (m s*) and p = fluid density (kg m™).

Subscripts “in-" or “‘out-" denoted the inlet or outlet. The pressure and velocity magnitude as used here were area-weighted
quantities. This formulation had been used earlier in literature to estimate the risk of aneurysm rupture [25]. Inserting FDs
near the aneurysm orifice should in principle decrease the volume flow rate of blood passing through the aneurysm sac.
Since part of the blood would not need to pass through the aneurysm, energy loss after the surgery should decrease.
Quantifying the change in energy loss should reveal the effect of FDs on diverting the flow away from aneurysm sac. A

parameter, 8 (Watt), will be introduced to assess the change of EL after the operation. It is defined as:
ﬂ(t) = EL(t) Post—operation EL(t) Pre—operation (6)

where EL = energy loss calculated according to Eq. (5). Subscripts ‘Pre-operation-’ or ‘Post-operation-’ denote the
scenarios before and after the surgical procedure of placing the FD respectively. The relation between g and FDs treatment
outcome has not been fully investigated, in particular, under a condition with a virtual stent. The sign of 8 would be a crucial
indicator of the hemodynamic properties. To provide additional verification, a velocity inlet profile with two times the

original magnitude was tested and the resultant 4 was observed to maintain the same sign.

The volume flow rate (ml s™) passing through the aneurysm sac (VFR) was defined as the area integral of the velocity into
the aneurysmal sac in a direction perpendicular to the aneurysm orifice. This parameter is a function of time and is calculated

as

VFR(t) = jv -dA ()

where V = velocity at the aneurysm neck orifice (m s™), dA = differential area of the aneurysm neck orifice (mm?). The area
integration only included the area segment in which fluid was flowing into the aneurysm sac. Volume flow exiting the
aneurysm was excluded in the integration. At any time instance, the volume flow rate into the aneurysmal sac must be equal
to the volume flow rate exiting the aneurysmal sac as the sac is a domain with fixed, rigid walls. Nevertheless, this integral
defined by Eq. (7) gives a measure of fluid flux into (and out of) the sac. Another quantity, VF (ml s™), was defined as the

time-averaged VFR for the whole cardiac cycle. It was calculated as

+T

VF:_l%J;J'dedt (8)

where 7 = an arbitrary time instance (s), T = cardiac cycle (s). VF was regarded as a prognostic factor for aneurysm
thrombosis and reduction in flow rate was expected after a FD deployment [21, 31, 42]. Finally, results of computer

Page 6 of 34



simulations including velocities and pressure were exported to MATLAB (MathWorks, Natick, MA, USA) for

post-processing of CFD data.

Before presentations of the main results, a remark on the procedures used to establish accuracy quantitatively is in order.
Quality assurance tests were conducted for these numerical simulations. Basically, the calculations were performed for three
different mesh sizes. A refinement ratio and an observed order of convergence were determined. By assigning a safety factor,
a grid convergence index was computed. Finally, the accuracy and quality of the simulations were confirmed, by combining
all these parameters to conclude that the solutions were within the asymptotic range. Detailed calculations and reference was

given in the Appendix.

3. Results
3.1) Energy Loss

Four patient-specific models were chosen for this study. Their geometrical_shapes, mesh elements and computational data
were defined and recorded (Table 1). Two bifurcation aneurysms and two side-wall aneurysms were identified. One

successful and one failed case were selected in each category. Aneurysm neck size ranges from 4.1 mm to 6.2 mm.

For Patient 1 through Patient 4, a plot of the time variation in one cardiac cycle of the values of energy loss and S shows that
the loss occurs mainly in the systolic phase (Fig. 6). This feature holds for both the pre-operation conditions as well as the
post-operation conditions. Subsequent discussions will thus focus on this regime of largest flow rates. Physically that time
corresponds to t = 0.065 (s). At peak systole, energy loss for the pre-operation case ranges from 3.12 (milli-Watt) to 43.12
(milli-Watt) (Table 3). g ranges from -1.328 (milli-Watt) to 0.076 (milli-Watt) (Table 3). After FD deployment, successful

cases display negative f at peak systole while the failed cases possess positive f in this peak flow phase.

A remark on the underlying reasoning in terms of hemodynamics is in order. In a viscous flow, energy is always dissipated in
moving a fluid against internal friction. For the present situation of cerebral aneurysm, a successful surgical intervention will
imply less blood flow into aneurysmal sac, resulting in less energy loss or a negative 8. On the other hand, a failed surgical
procedure is usually associated with sustained flow in the sac. Moreover, the fluid must squeeze through the small apertures
on the flow diverter too, resulting in more energy dissipation and thus a positive 5. The geometry of Patient 2 exhibited a
relatively higher change in energy loss as compared with the other three geometries because of its small size (Table 1).
Viscosity in blood would result in an energy loss and a smaller geometric size would amplify this effect. Figure 7 shows the
streamlines at peak systole for Patient 1 through Patient 4. In general, blood was diverted away from the aneurysm sac after

FD deployment. A common conjecture is that a slower flow rate in the aneurysm may promote the chance of thrombosis and
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clotting.

3.2) Volume flow rate (VFR)

Volume flow rate into aneurysm was reduced for all four patient cases after FD deployment. Reductions of volume flow rate
into aneurysm were again concentrated in the systolic phase (Fig. 8), and the decrease in time-averaged volume flow rate, VF,
ranged from 45% to 78% (Table 3). Percentage change in VF after FDs deployment did not show a discriminative trend
between successful cases and failed cases. FDs served their purpose in this aspect. They drastically reduce blood flow into

the aneurysm sac.

3.3) Comparison between modeling a FD as a virtual stent versus a porous medium

Patient 1 was a successful case while Patient 3 was a failed case. Geometric configurations of bifurcation aneurysm of
Patients 1 and sidewall aneurysm of Patient 3 were further modeled as a porous medium, employing the formulations of
Section 2.2. More precisely, simulations using two sets of parameters corresponding to ‘tangential orientation’ and ‘normal

orientation’ [32] were compared with those from virtual stent deployment, in terms of streamlines plots (Fig. 9).

Although the patterns might look qualitatively similar, a more quantitative assessment can be made by defining a

dimensionless parameter y which measures the effective inflow volume flux ratio of the blood into aneurysmal sac as

)
|

y=—
v|A ©)

where V = inflow velocity vector on the neck orifice (m s), A= area vector normal to the neck orifice (mm?). The

area-weighted average of yayerage is defined as

J oA
faa
(10)
In other words, yayerage Measures the averaged effective inflow volume flux ratio into the aneurysmal sac. Mathematically 0 <
Yaverage < 1, and a value of unity is attained only if the inflow velocity is everywhere perpendicular to the surface area of the
orifice. Data from Patient 1 demonstrate that the virtual stent scheme generally permits a higher effective volume influx ratio
than those from the porous medium approximations (Fig. 10). Although the virtual stent scheme is likely to provide a more
realistic description of the flow, the actual verification might require an experimental or clinical measurement. Indeed this

feature is also reflected in the streamline patterns of Fig. 8, where the streamlines of the virtual stent case are more likely to

enter the sac in a direction perpendicular to the stent surface.
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Table 4 shows the VFR (volume flow rate at peak systole) and VF (volume flow rate averaged over one period) of the
pre-operation and post-operation stages for both Patients 1 and 3. The post-operation stage includes all three versions
considered, namely, virtual stent, porous medium: ‘tangential orientation’, and porous medium: ‘normal orientation’. In
terms of percentages, VF reductions range from 54.3% to 78.4% for Patient 1, and 71.6% to 77.3% for Patient 3. The
corresponding trends for volume flow rate at peak systole are 38.7% to 65.6% for Patient 1, and 59.8% to 73.3% for Patient
3. Hence values of these reductions can differ from each other by as much as 27%, depending on the precise modeling
techniques employed. In particular, for Patient 3, the porous medium approximation (‘tangential orientation’) displays a
higher reduction of volume flow rate at peak systole than virtual stent case. However, the virtual stent has a higher overall

VF reduction. Flow patterns simulated by the virtual stent and porous medium scenarios can thus be drastically different.

A plot of the parameter f (difference of energy loss between pre-operation and post-operation) versus time shows similar
pattern for both Patient 1 and Patient 3 (Fig. 11). The actual values of energy loss and f are also tabulated (Table 5). In terms
of percentages of the pre-operation values of energy loss, £ ranges from -2.62% to -1.55% for Patient 1, and -0.31% to
1.76% for Patient 3. The remarkable feature occurs for Patient 3, where the sign of the parameter $ for the virtual stent
modeling and porous media approximations are different, highlighting the fact that the mode of modeling may have an
important bearing on the computational results. The flow patterns inside the aneurysm for the virtual stent case and the

porous medium scheme are different from each other too.

4. Discussion

The energy loss parameter S (Eq. (6)) at peak systole exhibits a notable difference between the clinically successful cases and
failed cases. Figure 6 and Table 3 reflect this difference in medical outcomes after stent deployment. A qualitative
explanation can be put forward to elucidate this correlation with clinical outcome. For a successful flow diverter treatment of
intracranial aneurysm, most blood will flow along the parent vessel instead of a ‘longer’ route into the aneurysm. Hence, less
energy should be dissipated and g should be negative (Eq. (6)). However, for a failed clinical procedure, where a significant
amount of blood still maintains a circulation within the sac, the blood will need to be squeezed through the stent pores (Fig.
7). This scenario results in more energy loss and leads to a positive value for g after stenting. Hence, by examining the sign

of g, prediction and correlation of treatment outcome may be possible.

In the current study, both side-wall and bifurcation aneurysms were investigated. They corresponded to two different forms
of aneurysm which would induce different flow patterns. Under this condition, the selected successful and failed cases
display negative and positive values of S respectively, regardless of the shape and size of aneurysm. Nevertheless, only a few

selected patients were tested in this preliminary study and more data will need to be collected before a definitive conclusion
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can be drawn on using f to correlate with treatment outcomes.

To contrast the flow patterns into the sac for the virtual stent and porous media cases, quantitative indicators are defined.
Parameters for porous medium modeling perhaps need to be adjusted carefully, depending on the orientation of the stent and
setting of the simulation. Experimental flow visualization or clinical measurement might be needed in the future to assess the
most accurate or reliable model to be utilized. In terms of viscosity model, a previous work in the literature [34] indicated
that the intra-aneurysmal flow was not altered substantially by the change of viscosity model and wall shear stress data on
cerebral aneurysm were taken from a CFD study [35] performed by using Newtonian fluid. However, in regions with slow
blood flow or vessels of dimensions smaller than those considered here, non-Newtonian properties will become important

[33]. The effect of non-Newtonian properties [43] on the energy loss parameter will be left for further study.

Further on the issue of volume inflow rate to aneurysm, a porous medium model_can reproduce the volume flow rate and VF
reduction. However, the time evolution of volume flow rate and magnitude in reduction of this model were significantly
different from virtual stent cases which can be shown in (Fig. 11). Furthermore, the values of the parameter $ at peak systole
after the operation in Patient 3 calculated from the virtual stent model and the porous medium approximation display
different signs. This difference implies that the choice of modeling techniques could have a large influence on the value of g.
Hence, a porous medium approximation should be implemented carefully. On the other hand, in a virtual stent simulation,
porosity plays a pivotal role [21], the determination and analysis of stent porosity in the numerical simulations should be

verified experimentally or clinically if possible.

5. Conclusions

The present study focuses on the computer simulations of the hemodynamics of cerebral aneurysms, both before and after
flow diverter stent deployment. The energy loss parameter measures the work necessary to push fluid from one point to
another through the viscous resistance of the fluid. A successful surgical procedure would lead to less blood flow into the sac
and more fluid moving along the parent vessel, resulting in a smaller amount of energy loss. Hence the parameter 5, defined
as the difference between the post-operation and pre-operation values of the energy loss for the same patient, should be
negative for a successful surgical procedure. On the other hand, a significant persisting flow into the aneurysm is usually
associated with a failed surgical procedure. Blood squeezing through the stent will imply a larger energy loss, and hence S
should be positive for such unsuccessful treatment. Our findings were consistent with previous studies [13]. Nevertheless,

more patient data need to be collected and tested, before this energy loss parameter can become a reliable clinical indicator.

A remark on the constraint or limitations of the present approach is appropriate. Blood flow is in general unsteady, three
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dimensional (or helical), and often in turbulent or transitional state. The complex geometry of vessels aggravates the
situation. Hence a simple indicator like the energy loss parameter is unlikely to be universally applicable. Indeed, it is
intended as a ‘conservative’ measure to highlight a trend which hopefully provides useful insight in most clinical

applications.

Technically the refined and improved aspect in the analysis implemented in this work is that a virtual stent is employed in the
simulations, instead of a porous medium approximation. This action should serve as a more realistic description. When flows
are described by a porous medium approach, different sets of input parameter values are possible, arising from the
approximate orientation schemes used. Depending on this choice, the signs of g can be positive and negative. Furthermore,
the flow patterns computed from the porous medium and virtual stent schemes are different. Hence, clinical as well as

experimental verifications are needed in the future.
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Appendix

Some technical details concerning the quality assurance on the accuracy of the simulations would be given here. Two
columns of data were listed in the following table which described the number of cells used in all the meshes utilized. The
parameter ‘Energy Loss’ was calculated at a time instance when f has the largest variation across different meshes. The
adjectives, ‘Large’, ‘Medium’ and ‘Small” were then used to designate these meshes. According to [44], Grid Convergence

Index (GCI) was calculated and recorded for one of the cases.
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Case 1 — Successful case

Case la: Pre-operation

Details of grid size was tabulated in Table 6. Number of cells utilized in the study = 539,662
The ‘Energy Loss’ parameter was thus quite insensitive to the number of cells (error < 0.5%) once a threshold is reached, a

feature also illustrated in Fig. 12.

Analysis

The refinement ratio r was approximately 1.44, while the observed order of convergence p was very close to 2.50. For the
three-grid study, a factor of safety (Fs) given by Fs = 1.25 was used for calculating grid convergence index (GCI) for the
finer grids [44], Employing these established procedures, standard calculations yielded:

GClyegium-sman = 0.459% , GCILarge—Medium =1.136% .

A quality assurance check was conducted to test if the solutions were in the asymptotic range:

GCIMedium—SmaII / ( rp GCILarge-Medium) =0.9946 .

This value of approximately unity thus confirmed that the solution was within the appropriate asymptotic range. Similar

patterns are observed in other simulations reported in the text.
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Figure legends

Fig. 1 Patient-specific geometries,(a)-(d), ranging from Patient 1 to Patient 4 for performing CFD simulations , (left column)
Pre-operation condition, (right column) Post-operation condition, solid arrow indicates the inlet position, hollow arrow(s)
indicate(s) outlet position(s), dash line(s) indicate(s) aneurysm or flow diverter

Fig. 2 Detail configuration of a stent unit of PED [7]

Fig. 3 lllustration of the additional pressure drop term on porous medium modeling, refer to Eq. (1) for abbreviations.
Fig. 4 Pulsatile blood volume flow rate imposed at the inlet [37], the cross indicates peak systole

Fig. 5 Physiologically realistic pressure waveform which simulates the physiological condition imposed at outlet(s) [38]

Fig. 6 Time evolution of energy loss for each case — (left column) pre-operation condition, (right column) g, as defined in Eq.
(6), a measure of energy loss, after inserting a virtual stent: Successful cases have a negative S at peak systole while failed
cases have positive S (a) Patient 1, Successful case (b) Patient 2, Successful case (c) Patient 3, Failed case (d) Patient 4,
Failed case

Fig. 7 Streamline plot of each case at peak systole, (left column) Streamline before stenting, (right column) Streamline after
inserting virtual stent which indicates a reduction in volume flow, (2) Patient 1, Successful case (b) Patient 2, Successful case
(c) Patient 3, Failed case (d) Patient 4, Failed case

Fig. 8 Time evolution of volume flow rate into aneurysm (a) Patient 1, Successful case (b) Patient 2, Successful case (c)
Patient 3, Failed case (d) Patient 4, Failed case

Fig. 9 Streamline plots of different modeling techniques at peak systole for (left column) Patient 1 & (right column) Patient 3
(a) FD modeled as a virtual stent (b) FD modeled by porous medium (parameters as adopted from the ‘Tangential
Orientation’ approximation) [32] (c) FD modeled by porous medium (parameters as adopted from the ‘Normal Orientation’
approximation) [32]

Fig. 10 Time evolution of the area-weighted average volume influx parameter (y) for the post-operation geometry of Patient
1 with different modeling techniques, namely, virtual stent, porous medium with “Tangential Orientation’ and ‘Normal
Orientation’ parameters [32]

Fig. 11 Comparison between different flow-diverter modeling techniques and parameters, namely, virtual stent, porous
medium with ‘tangential orientation’ parameters & porous medium with ‘normal orientation’ parameters [32] (a) volume
flow rate into aneurysm (b) 3, as defined in Eq. (6), a measure of energy loss, (left column) Patient 1, (right column) Patient
3

Fig. 12 Energy loss for the pre-operation condition for different mesh sizes versus time in one cardiac cycle for Patient 1
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Table legends

Table 1 Patient-specific geometries information, number of tetrahedral elements and flow parameters
Table 2 Porous medium parameters modeling FDs [32]

Table 3 Energy loss at peak systole and time-averaged volume flow rate passing aneurysm sac for successful cases and failed
cases

Table 4 Volume flow rates of different post-operation modeling and their percentage difference with the pre-operation case
Table 5 Energy loss at peak systole for pre-operation and different post-operation modeling and the corresponding s

Table 6 Number of cells and corresponding energy loss for different meshes
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Table 7 Patient-specific geometries information, number of tetrahedral elements

and flow parameters

Patient 1 2 3 4
Aneurysm type Bifurcation  Side-wall  Bifurcation  Side-wall
Volume (mm?®) 43 10 127 201

Aneurysm neck size
6.2 4.1 5.9 4.2
(mm)
Treatment outcome Successful ~ Successful Failed Failed
Number of elements
) 539,662 115,890 212,642 687,787
(Pre-operation case)
Number of elements
_ 2,265,762 2,539,721 3,000,236 2,419,143
(Post-operation case)
Porosity (%) 75.5 74.5 72.8 72.5
Reynolds number (Re) 452 910 678 516
Womersley number (\Wo) 4.6 2.2 3.0 4.0
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Table 8 Porous medium parameters modeling FDs [32]

Viscous resistance Pressure-jump coefficient
1/ a (M) C (m")
Orientation of FDs Tangential ~ Normal Tangential Normal

Orientation Orientation  Orientation  Orientation

Porous medium parameters ~ 1.7*10° 8.9*10° 4,697 8,703
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Table 9 Energy loss at peak systole and time-averaged volume flow rate passing aneurysm sac for successful cases and failed cases

_ Energy Loss at peak systole
Patient

(Clinical Outcome)  Pre-operation Post-operation

L(milli-Watt)
[% w.r.t pre-operation
Energy Loss]

VF (Volume flow rate averaged over one period)

Pre-operation  Post-operation Percentage

(milli-Watt) (milli-Watt) (milli-liter s (milli-liter s™) change (%)
1 (Successful) 5.21 5.08 -0.136 [-2.62%)] 1.094 0.236 -718.4
2 (Successful) 43.12 41.79 -1.328 [-3.08%)] 0.991 0.547 -44.8
3 (Failed) 4.30 4.38 0.076 [+1.76%]" 1.611 0.366 -77.3
4 (Failed) 3.12 3.20 0.075 [+2.41%]" 0.512 0.155 -69.7

* Positive f represented higher energy loss was needed to push the blood through the vessel system after stent deployment
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Table 10 Volume flow rates of different post-operation modeling and their percentage
difference with the pre-operation case

VF (milli-liter s*) Percentage VFR (milli-liter s*) Percentage

(volume flow rate difference (volume flow rate at difference

averaged over (%) peak systole) (%)
one period)
Patient 1
Pre-operation 1.094 N/A 2.265 N/A
Virtual stent 0.236 -78.4 0.779 -65.6
Porous medium
_ _ _ 0.340 -68.9 1.046 -53.8
(“Tangential Orientation’)
Porous medium
_ _ 0.500 -54.3 1.389 -38.7
(‘“Normal Orientation’)
Patient 3
Pre-operation 1.611 N/A 3.328 N/A
Virtual stent 0.366 -17.3 0.964 -71.0
Porous medium
_ _ _ 0.368 -77.1 0.889 -73.3
(“Tangential Orientation”)
Porous medium
0.457 -71.6 1.339 -59.8

(“Normal Orientation’)
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Table 11 Energy loss at peak systole for pre-operation and different post-operation
modeling and the corresponding fs

Energy Loss S (milli-Watt)
(milli-Watt) [% w.r.t pre-operation Energy Loss]
Patient 1
Pre-operation 5.21 N/A
Virtual stent 5.08 -0.136 [-2.62%)]
Porous medium
] _ _ 5.09 -0.127 [-2.44%)]
(“Tangential Orientation”)
Porous medium
_ _ 5.13 -0.081 [-1.55%)]
(‘Normal Orientation’)
Patient 3
Pre-operation 4.30 N/A
Virtual stent 4.38 0.076[+1.76%]
Porous medium .
) _ _ 4.29 -0.014[-0.31%)]
(“Tangential Orientation’)
Porous medium .
4.29 -0.010[-0.23%)]

(‘Normal Orientation’)

*B has different signs
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Table 6 Number of cells and corresponding energy loss for different meshes

Grid size Number of cells Energy loss (milli-Watt)
Large 361*103 3.28

Medium 540*103 3.23
Small 750*103 3.22
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Fig7
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