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Abstract

Purpose Image-based blood flow simulations are increasingly used to investigate the hemodynamics in intracranial aneu-
rysms (IAs). However, a strong variability in segmentation approaches as well as the absence of individualized boundary
conditions (BCs) influence the quality of these simulation results leading to imprecision and decreased reliability. This study
aims to analyze these influences on relevant hemodynamic parameters within IAs.

Methods As a follow-up study of an international multiple aneurysms challenge, the segmentation results of five IAs differ-
ing in size and location were investigated. Specifically, five possible outlet BCs were considered in each of the IAs. These
are comprised of the zero-pressure condition (BC1), a flow distribution based on Murray’s law with the exponents n=2
(BC2) and n=3 (BC3) as well as two advanced flow-splitting models considering the real vessels by including circular cross
sections (BC4) or anatomical cross sections (BC5), respectively. In total, 120 time-dependent blood flow simulations were
analyzed qualitatively and quantitatively, focusing on five representative intra-aneurysmal flow and five shear parameters
such as vorticity and wall shear stress.

Results The outlet BC variation revealed substantial differences. Higher shear stresses (up to A9.69 Pa), intrasaccular veloci-
ties (up to AO.15 m/s) and vorticities (up to A629.22 1/s) were detected when advanced flow-splitting was applied compared
to the widely used zero-pressure BC. The tendency of outlets BCs to over- or underestimate hemodynamic parameters is
consistent across different segmentations of a single aneurysm model. Segmentation-induced variability reaches A19.58 Pa,
A0.42 m/s and A957.27 1/s, respectively. Excluding low fidelity segmentations, however, (a) reduces the deviation drastically
(>43%) and (b) leads to a lower impact of the outlet BC on hemodynamic predictions.

Conclusion With a more realistic lumen segmentation, the influence of the BC on the resulting hemodynamics is decreased.
A realistic lumen segmentation can be ensured, e.g., by using high-resolved 2D images. Furthermore, the selection of an
advanced outflow-splitting model is advised and the use of a zero-pressure BC and BC based on Murray’s law with exponent
n =3 should be avoided.

Keywords Intracranial aneurysm - Outlet boundary condition - Hemodynamic parameters - Lumen segmentation - Flow-
splitting
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Introduction

Image-based hemodynamic simulations enable the acquisi-
tion of patient-specific blood flow information at high spa-
tial and temporal resolutions. This is particularly helpful
in assessing the individual state of vascular diseases and
evaluating the progression and associated risk quantita-
tively. One prominent example of a serious neurovascular
pathology is represented by an intracranial aneurysm (IA).
In IAs, permanent dilatation of the cerebral arterial vessel
wall might cause neurological symptoms due to space-
occupying effects or can lead to a subarachnoid hemor-
rhage associated with high rates of mortality and morbid-
ity [1]. IAs can present in different sizes, shapes, locations
and even as multiple IAs. The processes leading to aneu-
rysm development are poorly understood, however once an
IA occurs, various hemodynamic metrics are among the
most relevant factors associated with aneurysm rupture
[2, 3]. Therefore, improvements in the understanding of
patient-specific hemodynamic environments are manda-
tory concerning the development and on top of that the
criteria for the treatment of IAs [1].

Cerebrovascular simulations of IAs claim to provide the
desired individual flow patterns, nevertheless the vascu-
lar geometry is often the only true patient-specific aspect.
Several assumptions and simplifications are necessary
for these flow simulations. Within the last decade, vari-
ous studies focused on these individual aspects related to
hemodynamic simulations in IAs. Exemplarily, Vo8 et al.
[4] compared fluid—structure-interaction simulations based
on patient-specific and constant vessel wall thicknesses
and highlighted the need for realistic data acquisition.
Apart from the vessel wall, simulations based on compu-
tational fluid dynamics (CFD) require sufficient inlet and
outlet boundary conditions (BCs) [5, 6]. Valen-Sendstad
et al. [7] investigated the scaling of inflow rates accord-
ing to the vessel diameter and demonstrated good agree-
ment between the square law and physiological flow rates.
The common zero-pressure outlet BC is widely used in
cerebral flow simulation studies [8§—10]. The importance
of sufficient outflow BCs is emphasized by Chnafa et al.
[11], who introduced an advanced flow-splitting tool for
an arbitrary vessel geometry. Saalfeld et al. [12] further
developed this flow-splitting approach by additionally con-
sidering the vessel morphology. Consequently, compar-
ing all five methods within the tool by Saalfeld et al., the
most realistic aspects are taken into account. The overall
implementation is still lacking in state-of-the-art research
and since the investigation of the vascular region of inter-
est, including a rising number of outflow cross sections,
continuously becomes more common, the consideration of
realistic outflow BCs becomes more and more important.
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Therefore, this study focuses on emphasizing the impor-
tance of outlet BCs for IA simulations by applying advanced
splitting methods and the related comparison between
widely used (e.g., zero pressure) and state-of-art (flow-
splitting) outflow BCs. This comparison is conducted as an
extension of the Multiple Aneurysms AnaTomy CHallenge
2018 (MATCH) [13] in which 26 groups from 13 countries
contributed the segmentation results of five patient-specific
IAs. The consideration of different segmentations is impor-
tant to include the entirety of manual processing, since the
local vessel cross-sections interact with the flow-splitting.
Hence, a real-world variability of possible segmentations
is considered, allowing for a realistic assessment of outflow
strategy related effects. Finally, it enables the estimation of
whether the influence of the outlet BC dominates over the
segmentation.

Methods
Patient Data

In the previous MATCH studies focusing on the impact
of segmentation variability, five IAs were analyzed, all
found in a patient with a subarachnoid hemorrhage [13,
14]. As described in Berg et al. [13] two IAs (A and B)
were located at the right middle cerebral artery (vessel
model 1), two (C and D) at the left middle cerebral artery
(vessel model 2) and one (E) at the left posterior inferior
cerebellar artery (vessel model 3). All three vessel models
are part of this study’s analysis.

Medical Imaging and Segmentation

To obtain the geometric information of the patient-specific
IA, 3D rotational angiography (0.28 mm isotropic spa-
tial resolution) was performed on an Artis Q angiography
system (Siemens Healthineers AG, Forchheim, Germany).
Afterwards, segmentation was carried out by 26 groups
in the framework of the MATCH study [13]. To assure a
wide range of segmentation approaches, no instructions
were given. Further details concerning this challenge can
be found in [13]. For two of the IAs, highly resolved 2D
reference images were available, enabling the quantifica-
tion of the segmentation results.

One of the two aneurysms used for validation shows
high segmentation variability over all groups compared
to the reference 2D DSA data [14-16]. Variations in the
segmentation are of high interest when analyzing the seg-
mentations’ influence, hence, this IA (aneurysm E) was
chosen to be analyzed containing every group’s segmen-
tation result in this study. Figure 1 illustrates the three
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outlet (6 and 15), respectively. Concerning the segmenta-
tions of IA E, clear differences in smoothing (e.g., groups
9 and 17 compared to groups 4 and 26) and in neck size,
with a bigger neck (groups 13 and 17) and smaller neck
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(groups 8 and 10) can be seen. The aneurysm appears to
show elevations and uneven spots (e.g., 7 and 23). This
applies as well to the vessel as shown for groups 1, 2, 11,
13, 14 and 18.

Note the individual outlet cross-sections of vessel
model 1 (O1: red arrow, O2: purple arrow, O3: green
arrow, O4: yellow arrow, O5: blue arrow), vessel model 2
(O1: red arrow, O2: light-blue arrow, O3: dark-blue arrow,
O4: orange arrow, O5: green arrow, O5: purple arrow) and
vessel model 3 (O1: yellow arrow, O2: green arrow, O3:
blue arrow), where the different outflow BCs are applied
(see "Outlet Boundary Conditions" and "Hemodynamic
Simulations" sections).

Outlet Boundary Conditions

In total, five outlet BCs were chosen. First, the most com-
monly applied zero-pressure condition (BC1) with a con-
stant pressure p =0 at each outlet was used. Second, two
flow-splitting techniques inspired by Murray’s law were
considered. This law is the particular case of the common
proportional relation between vessel flow rate and vessel
diameter [11]. Taking the mass conservation into account
and leaving out the branch junctions of the vessel, this law is
raised to two power exponents n=2 (BC2) and n=3 (BC3)
[11, 17, 18]. Equation (1) contains the Murray’s law rela-
tionship. The flow rates Q; and diameters D, at each vessel
cross section (i) are proportional.
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Next, a flow-splitting technique adapted from Eq. (1)
applied locally at each bifurcation, and based on the circular
vessel cross sections (BC4) [11], is implemented. Here, the
power exponent is set to n=2. This BC4 is closely related
to BC2, since it is using the equal law and relationship. Nev-
ertheless, the improvement is the local investigation of the
flow splitting at each branch junction [11].
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Finally, the fifth BC represents an advanced flow-splitting
model, which takes the true local vessel cross-section into
account (BC5) [12]. The approach used for BC4 is adapted
by replacing the squared diameter with the real luminal
cross-sectional area. This area is approximated as a polygo-
nal surface based on a raytracing approach, with rays origi-
nating at the vessel centerline and pointing at the surface
border [12].
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Since the latter method considers the most variance in
the geometry, it serves as the reference model in the overall
comparison. Due to missing in vivo flow data, it is applied
as a substitute for a ground truth. Equation-based, BCs 2, 4
and 5 show relations in accessing the splitting value, each
containing an improvement to the previous one (from 2 to 4
and to 5). BC1 and 3 fall out of this comparable basis, since
they refer only to a constant pressure or a relationship with
exponent=3 (BC3), whereas the latter cannot be related to
the vessel cross-section.

Hemodynamic Simulations

As indicated in "Medical Imaging and Segmentation" sec-
tion, the segmentation results of 22 MATCH participants
were considered in this study. To ensure consistent condi-
tions for all hemodynamic simulations, all models were spa-
tially discretized using identical mesh settings (mesh base
size of Ax=0.07-0.09 mm; cell count of 1.9-2.8 million
cells). For further information on the patient selection, seg-
mentation and meshing, see Berg et al. [13] and VoBf et al.
[14].

Inlet BCs were set to a representative time-varying flow
rate based on [19] and adapted depending on the individual
inlet cross section [13, 20]. To achieve a fully developed
flow profile, the inlet and outlet cross-sections were virtu-
ally extruded in the normal direction [21] by at least six
times the nominal diameter. This chosen time varying inflow
leads to transient outlet flow curves. The flow was assumed
to be laminar, and a constant time step size of At=0.001 s
and a convergence criterion (continuity) of 1E—04 were set.
Since the application of blood as a Newtonian or non-New-
tonian fluid in hemodynamic simulations of IAs is verifiably
insignificant, blood was considered Newtonian (viscosity
p=0.004 Pa s) [22, 23]. Blood density was assumed to be
incompressible with p=1055 kg/m?.

In total, 120 time-dependent blood flow simulations were
carried out using STAR CCM+ 12.02 (Siemens Product
Lifecycle Management Software, Inc., Plano, TX, USA)
considering five different outflow BCs for vessel model 1
containing aneurysms A and B, vessel model 2 containing
aneurysms C and D and 22 segmentations of vessel model
3 containing aneurysm E (recall "Outlet Boundary Condi-
tions" section). Each hemodynamic simulation contained
three cardiac cycles; however, the first two cycles were dis-
carded and only the third one was analyzed.
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Fig.2 Placement of the parent vessel part (colored in cyan) and the
ostium surface area inside the aneurysm (colored red and marked
with a red arrowhead) for all IAs (A-E)

Analysis

Relevant hemodynamic parameters were analyzed to evalu-
ate the dependencies of the five different outflow BCs on
the numerical flow predictions. The analysis was carried
out qualitatively as well as quantitatively. For the calcula-
tion of hemodynamic parameters and analysis of the results
ANSYS EnSight 2021 v10.2 (ANSYS, Inc., Canonsburg,
PA, USA) and MATLAB R2020b (MathWorks, Inc., Natick,
MA, USA) were used. Specific quantities, which will be
described in "Flow Parameters" and "Shear Parameters"
sections, require the definition of a parent vessel section
for reference. This parent vessel was chosen to be a part of
the vessel proximal to the aneurysm neck. Figure 2 shows
the selected parent vessel part for each aneurysm as well as
the selected ostium plane, which is the narrowest common
surface area at the neck of the aneurysm over all segmenta-
tions [5, 14].

Flow Parameters

The blood velocity (V) served as the basis for the fol-
lowing calculations. The temporal mean over one cardiac
cycle was taken for all quantifications. Aneurysm-related
parameters were spatially averaged. The flow rates (Q)
were calculated at all outlet surfaces of the overall geom-
etry (outlet flow), respectively.

Vorticity (o) describes the self-rotation of each fluid
element around its own axis. To calculate o, the velocity
components (u, v, w) of the velocity directions (X, y, z) are
taken into account [24].

o components are designated as §,, ¢, ¢, with u, v, w—
velocity components of velocity directions X, y, z:

aW a\/
€= Er )
au aW
¢, = a—z - —x (&)
C _ av au
z ax ay' (6)

The kinetic energy (KE) describes the part of the energy
related to motion inside the volume part of the TA [25].
The kinetic energy ratio (KER) describes the ratio between
KE occurring inside the aneurysm in relation to the parent
vessel [21, 26, 27].

KE:%*pW, @)

Aneurysm

parentvessel

KER =

The oscillatory velocity index (OVI) characterizes the
impact of vorticity and gives information about the tem-
poral velocity fluctuation. Hence, the vortex formation
inside a flow field can be examined. OVI ranges between
0 (steady flow) and 0.5 (high temporal changes) [28-30]
and was calculated as follows:
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Shear Parameters

Concerning the shear parameters occurring at the aneu-
rysm sac, the time-averaged wall shear stress (TAWSS)
and low shear area (LSA) were calculated [14, 25, 31].

T
TAWSS = %/ |WSS|dt. (10)
0

LSA is the aneurysm wall area which is exposed to
TAWSS values lower than the TAWSS at the parent ves-
sel wall minus its standard deviation [18, 27]. This area is
then normalized by the aneurysm surface area.

TAWSSpundary = TAWSS, ~ SD(TAWSS,

arentvessel) ’

an

arentvessel
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Fig.3 Overview of the differ-
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Finally, to enable a relative comparison of each aneu-
rysm, the TAWSS was normalized by using the ratio
between the shear stress on the aneurysm wall and the
parent vessel wall (nAWSS) [31] (recall Fig. 3).

TAWSS,

nTAWSS — aneurysm

TAWSS, (13)

arentvessel

Mean values describe the spatial mean inside the A sac
and on the IA sac surface.
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Results

Overall, 120 hemodynamic simulations were carried out
in order to analyze the influence of the different BCs and
segmentations on the flow and shear parameters in [As.
First, the resultant flow-splitting values are presented. Sec-
ond, flow visualizations and qualitative wall parameters
are shown. Third, the interplay between segmentation and
outlet BC is evaluated.
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Table 1 Resultant splitting BCI BC2 BC3 BC4 BC5
values for the outlets of each
vessel model 1-3 (rows) and Vessel model I Outlet I 0.513 (+41) 0.401 (+25)  0.465 (+35) 0345 (+13)  0.301
ZZS/?a]tBlS;(_)? ](;é’ll‘j“t‘g)gg‘; ti}r‘le% Outlet2  0.209 (—9) 0.207 (=10)  0.173(=31)  0.239 (+5) 0.227
Outlet 3 0.002 (—900) 0.016 (-25) 0.004 (—400) 0.019 (-5) 0.020
Outlet4 0.011(=555)  0.054(=33)  0.023(=213)  0.069 (—4) 0.072
Outlet5  0.265 (—44) 0.322 (—18) 0.335 (—14) 0.033 (—1055) 0.381
Vessel model 2 Outlet 1~ 0.397 (+36) 0.295 (+14) 0.351 (+28) 0.255 (+0) 0.254
Outlet2  0.187 (-1) 0.143 (-31) 0.119 (-58) 0.218 (+14) 0.188
Outlet3  0.011 (—=1009)  0.030 (=307) 0.011 (=1009) 0.139 (+12) 0.122
Outlet4  0.086 (+59) 0.095 (+63) 0.064 (+45) 0.026 (-35) 0.035
Outlet5  0.138 (—56) 0.181 (—19) 0.170 (-26) 0.194 (—11) 0.215
Outlet 6 0.180 (-3) 0.256 (+27) 0.284 (+35) 0.167 (—11) 0.186
Vessel model 3 Outlet 1 0.164 (—62) 0.236 (—13) 0.181 (—47) 0.274 (+3) 0.266
Outlet 2 0.098 (—82) 0.182 (+2) 0.123 (—45) 0.190 (+6) 0.178
Outlet3 0738 (+25) 0581 (+4)  0.697 (+20)  0.536 (=4) 0.555

Splitting Values

In Table 1 the outlet splitting values for each BC are listed
for the vessel models 1-3. Each outlet BC leads indirectly
(BC1) or directly (BC2-5) to a certain ratio of the vessel
outflow rate. When applying BC1, the splitting values are
calculated after each hemodynamic simulation based on the
corresponding outflow. For all other BCs, the splitting values
are calculated based on the geometric model prior to each

Fig.4 Contours through aneu-
rysm model colored with KE
within each IA (rows) for each
BC1-5 (columns)

Case A

Case B

Case C

Case E

simulation. The splitting value signifies its fraction of the
overall outflow rate.

Figure 3 presents the splitting values for vessel model 3
for each outlet BC over the different segmentations. As indi-
cated in Fig. 1, outlet O3 is the main outlet of vessel model 3
with the highest splitting values. An equal curve of the BCs
over the different segmentations is observed.

Kinetic energy O ms w200 (J)
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Time averaged wall shear stress

BC1

Case A

Case B

Case C

Case D

Case E

0 = m 30 (Pa)

B HG 8 A
S>>t

BB
SN M

Fig.5 Illustration of the TAWSS occurring on the luminal surface of each IA (rows) considering BC1-5 (columns)

Outlet Boundary Condition

To compare the impact of the BC on the aneurysmal flow, a
plane through the aneurysm colored according to the tem-
poral mean KE is shown in Fig. 4 for all IAs and BCs. Com-
paring the aneurysms column-wise illustrates the effect of
the BC, and the different IA models are presented row-wise,
respectively. Regardless of the BC, the incoming flow forms
a vortex inside the aneurysm with higher KE closer to the
aneurysm wall and lower KE inside the sac for each IA. The
difference between the impact of the BCs is clearly visible
within the magnitude of KE. With BC1 and 3, the KE inside
the aneurysm tends to be smaller than with BC2, 4 and 5.
The highest values are shown within BC4 and 5. This is
consistent for all 5 IAs.

Figure 5 shows the TAWSS over one cardiac cycle for all
IAs and BCs. The wall parameter shows an equal pattern
for each IA over the different BCs. Noticeable differences
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are visible regarding the magnitude, as observed for KE
in Fig. 4. The visualization further confirms the differ-
ence between BC1 and 3 versus the other conditions, with
TAWSS being slightly lower for these two BCs than for the
remaining ones.

Lumen Segmentation

To further investigate the influence of the segmentation
on the flow parameters and the relevant BCs, OVI iso-vol-
umes (threshold OVI>0.1) are shown for all outlet BCs
and segmentations only of vessel model 3 (see Fig. 6).
The distribution of the OVI iso-volumes shows an equal
pattern over the segmentations and a high variation of
the magnitude. Concerning the impact of the BC, the pat-
tern of the visualized parameter remains equal and only
the magnitude slightly differs. BC1 and 3 tend to show
larger OVI iso-volumes than the remaining BCs (e.g.,
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Fig.6 Resultant OVI iso-volume with a threshold of 0.1 for each segmentation of IA E (rows) comparing the five different BCs (columns). In
each row the impact of the different BCs on the resulting OVI distribution is shown

groups 9, 17 and 19). Groups 4 and 26 show abnormal
behavior which appears to result from non-physiological
segmentation. For OVI, it can be observed that different
segmentations cause larger deviations than the variation
of the BC. Nevertheless, the BC shows an equal impact
on each underlying TA and segmentation model.

The distribution of the shown parameters has an equal
pattern over the different IAs and segmentations. Their
magnitude differs especially for BC1 and 3 compared to
the remaining BCs. The latter will be examined further
in the subsequent quantitative analysis.

Interplay Between the Impact of Boundary
Condition and Lumen Segmentation

Looking at the qualitative results, an interaction of the two
variants (1) BC and (2) lumen segmentation is not recogniz-
able, still an interplay can be found which is analyzed within
this section.

First, in Fig. 7a, the two parameters mean V and TAWSS
are presented each in a graph over all IAs (first row) and
over all segmentations of IA E (second row) for BC1-5. The
graphs reveal the differences in magnitude as was already
seen in the qualitative analysis ("Outlet Boundary Condition
section). BC1 and 3 show lower and BC4 and 5 higher mean
V and TAWSS values for the aneurysms A, B, C, E and
all segmentations. Only for aneurysm D, BC2 and 3 differ
from the other cases with the overall highest value. Graphs
for BC2 and 4 of the groups’ segmentation results are close
together and in between the remaining BCs (lower than BC5
and higher than BC1 and 3). The most commonly applied
zero-pressure BC defines the lower bound over all [As and
segmentations. The advanced flow-splitting based on Chnafa
et al. [11] leads to the highest values in these example aneu-
rysms, despite IA D. The graphs show high similarity and
differ mostly in a shift along the ordinate. That is, the BC
responds similarly to the segmentation, yet a deviation from
the overall course can be seen for BC4 and 5.
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hemodynamic parameters KER, mean o, normalized TAWSS and
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Table 2 Effect of the selected outlet BC (second to third column) or precise segmentation (fourth to last column) on the relative deviation

regarding four chosen hemodynamic parameters

Averaged deviation from mean value before and after exclusion of BC1 and 3 (%)

nAWSS

LSA

KER

Mean ®

Before/after (reduction)

12.2/3.8 (—69)

11.1/6.3 (—44)

16.2/7.1 (—56)

17.2/13.5 (=22)

Averaged deviation from mean value before and after exclusion of segmentation outliers (%)

nAWSS

LSA

KER

Mean o

Before/after (reduction)

BCl1 31.4/10.8 (—66) 35.0/14.3 (=59)
BC2 23.9/8.7 (—64) 36.9/16.5 (—=55)
BC3 28.6/12.7 (—56) 37.1/17.2 (=54)
BC4 26.2/11.4 (=57) 45.0/20.8 (=54)
BC5 21.8/10.1 (=53) 33.8/19.4 (—-43)

51.0/11.5 (=78)
38.7/10.6 (—73)
47.4/14.1 (=70)
40.6/17.6 (=57)
35.7/14.4 (—60)

21.8/14.5 (-33)
19.2/12.9 (-33)
19.4/13.4 (=31)
17.6/8.5 (=52)

15.5/10.2 (=34)

Segmentation of group 22 reveals the lowest results
and appears to show the highest underestimation concern-
ing the relative difference to the reference 2D solution (as
mentioned in "Medical Imaging and Segmentation" section:
reference figure can be found in [16]). The highest over-
estimation is shown within the segmentation of group 13.
Still, an overestimation over 20% appears for groups 2, 4, 9,
13, 14, 17 and 18, which can be related to higher values of
hemodynamic parameters.

Second, in Fig. 7b the impact of the outlet BC on two
wall-related and two flow-related hemodynamic param-
eters inside the aneurysm E for the different segmentations
is shown. Boxplots of IA E are presented for all segmen-
tations (a: blue) and for segmentations adjusted for outli-
ers (b: green). The latter are defined as parameter values
which deviate more than a three scaled absolute median
from the median solution. This affects the segmentations
of groups 2, 4,9, 12, 13, 14, 17, 18 and 22, respectively.
Furthermore, groups for which the segmentation results
did not meet the requirements of an appropriate surface
were excluded as well. This applies for groups 4 and 26,
where clear step patterns are present, which affect wall
parameters in a non-physiological way. The resulting out-
liers can be identified with an over- or underestimation
when compared to the 2D reference image as presented
in [16].

A clear trend in the outlet BCs is visible over the segmen-
tations and the four hemodynamic parameters. BC2, 4, and
5 consistently differ from BC1 and 3, as already seen in the
qualitative analysis as well as in Fig. 7a. Mean ®, KER and
nAWSS are higher for BC2, 4, and 5, while LSA is lower
for BC2, 4 and 5, respectively. BC1 shows the lowest val-
ues compared to the remaining BCs for mean o, KER and
nAWSS. Regarding LSA, BC1 shows the highest values.

With a high-fidelity segmentation, namely exclusion of
the outliers, the results are more consistent and present a
lower scatter. Especially between the different BCs, resulting
mean values are less scattered. This trend also strengthens
the finding, that each BC responds to each segmentation
similarly.

Table 2 lists in the first part the standard deviation of
the four hemodynamic parameters from their mean, aver-
aged over all BCs before and after exclusion of BC1 and 3
together with the according reduction (presented in brack-
ets). Three of the parameters are reduced by more than 44%,
only mean o is reduced slightly less.

In the second part, the standard deviations from mean
value of IA E and all segmentations before and after exclu-
sion of outliers are shown, separated by BC. The according
reduction is presented in brackets. A reduction of more than
43% can be seen for all parameters, despite for o, which is
reduced slightly less for BC2, 4, and 5. The results show a
consistent range of deviation, independent of the chosen BC.
Thus, high-fidelity segmentations lead to a crucial reduction
of the parameter deviations. However, deviations of around
10% or sometimes 20% remain, regardless of the selected
BC.

Discussion

Image-based blood flow simulations are increasingly per-
formed to assess apparently patient-specific hemodynamics
in neurovascular diseases without harming the individual.
Although the underlying techniques provide superior spatial
and temporal resolutions compared to state-of-the-art in vivo
imaging modalities, divergent findings with respect to the
underlying phenomena are reported [1, 27]. Indeed, with
the increasing size of the vascular domain considered, the
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importance of appropriate BCs rises. In most studies claim-
ing to analyze patient-specific neurovascular diseases, only
the vessel lumen relates to the actual patient data after being
captured using in vivo image acquisition. However, impor-
tant model assumptions influencing the simulation accuracy
(e.g., in- and outflow BCs and wall constitution) are either
taken from the literature or acquired from healthy repre-
sentative volunteers [32]. On top of that, image processing
is not overall as realistic as it should be for investigating
patient-specific vessel models.

To overcome the limitation of uncertainty in blood flow
simulation results, this study focuses on the evaluation of
existing outflow BC approaches and real-life image process-
ing results. Specifically, the influence of five outlet meth-
ods on the relevant flow and shear parameters associated
with IA rupture was assessed. In addition, the contributions
of a recent multiple aneurysms challenge [13] were used
to demonstrate the potential interaction of the underly-
ing segmentation technique. The analysis of the resulting
120 time-dependent hemodynamic simulations confirms
the already reported importance of an appropriate outflow
BC and segmentation technique. Variation in the resulting
hemodynamic parameters can be associated with over- and
under-segmentation, which was previously quantified based
on 2D reference images [16].

Despite qualitative similarities with respect to KE or
WSS, non-negligible differences become visible due to dif-
ferent outlet BCs. Regardless of the specific IA, the BCs
affect the hemodynamics similarly. The patient-specific
shape has a clear impact on the individual flow behavior of
each IA, but the changes in magnitude still remain similar for
each TA (Figs. 4, 5). These findings are supported by a sub-
sequent quantification of two representative hemodynamic
parameters (V and TAWSS) for all IAs which also identi-
fies the potential parameter space (recall Fig. 7a). Higher
mean o and KER were obtained when a realistic splitting
(BC2, 4 and 5) was applied. Considerably lower values were
present for BC1. This goes in line with Saalfeld et al., who
developed and investigated advanced splitting techniques
[12]. They found out that avoiding the commonly applied
zero-pressure assumption and using advanced flow-splitting
techniques instead can result in more accurate parameter
calculations [11, 12]. Furthermore, the results within this
study show that the flow-splitting method based on Murray’s
law with an exponent of n=2 (BC2) can lead to the stronger
similarity with the advanced techniques (BC4 and 5).

This result is also consistent when different segmenta-
tions of one IA are considered (Figs. 6, 7). The upper and
lower quartiles of nAWSS and LSA exhibit a large spread-
ing. This is mainly an effect of poor segmentations which
result in outliers and exposes the need for high-fidelity
segmentations. Hence, it confirms the primary effect of the
segmentation on both the flow and the shear distribution
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highlighted by Vo8 et al. [14] and Goubergrits et al. [15]
(recall the row-wise comparison in Figs. 6 and 7).

Thus, the standalone impact of BC and segmentation is
shown and related to previous studies. Nevertheless, in this
study, both effects (outlet BC and segmentation) are assessed
to identify their interplay and the potentially dominant one.
As presented in Table 2, abandoning unsuitable outlet BCs
(1 and 3) reduces deviation substantially for nAWSS (69%)
and KER (56%) and slightly less for LSA (—44%) and mean
® (—22%). Omitting low-fidelity segmentations reduces
the deviation for nAWSS by 53-66%, for LSA by 54-59%
(despite BCS5), and for KER by 57-78%. Mean o is reduced
slightly less again. Thus, the presence of poor segmenta-
tion causes the influence of BC to be larger. This leads to
the assumption that segmentation fidelity has a higher influ-
ence than outlet BC choice. Lumen segmentation is therefore
highly important to be as realistic as possible, so that the
chosen BC has less impact on the resulting hemodynamics.

Consideration of high-fidelity segmentation is particu-
larly important when investigating the effects of geometric
markers on rupture, since the analysis of one IA geometry
is biased by the underlying segmentation [9]. In particular,
the large variations in TAWSS are critical, as this quantity is
associated with aneurysm rupture and important for the rup-
ture risk assessment (e.g., Xu et al. [8]). Therefore, dynamic
flow effects or even internal fluctuations, which were cor-
related with increasing rupture risk, might be overlooked.
Consequently, previous studies correlating low TAWSS and
nAWSS as well as increased LSA with pathological phe-
nomena in IAs might have resulted in different conclusions
if a more realistic outlet BC had been chosen [2, 33-35].

Regarding the limitations of this study, first, only five
IAs were taken into account and one was selected to be
analyzed further using 22 segmentation results. Since this
was part of a well-documented study focusing on segmen-
tation variability, still a real-world variability is considered
[13—16]. Second, a ground truth is missing since no pre-
cise in vivo measurements of the actual patient-specific
flow-splitting were available. Therefore, it is assumed that
for now the most realistic models can serve as a reference
[11, 12]. Third, the blood flow simulations contain fur-
ther modeling assumptions apart from the outflow BCs,
namely the inlet mass flow rates, which are based on lit-
erature, the Newtonian blood modeling and the normal-
resolution approach (time step size At=1 ms; mesh base
size Ax=0.07-0.09 mm). However, normal-resolution
simulations are conventional approaches to assess hemo-
dynamics in IAs [19]. Normal-resolution was considered
as sufficient in this study, due to the focus on mean values.
An insight into highly-resolved fluctuations as proposed by
Valen-Sendstadt et al. [20, 36] is particularly important for
highly time-dependent phenomena. Moreover, all compu-
tations are carried out under identical settings (except for
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the outlet BC variation) and fulfill the recommendations
for neurovascular hemodynamic simulations recently for-
mulated by Berg et al. [5].

Conclusion

In this study, the comparison of the hemodynamics based
on different segmentation accuracies of the IA lumen,
reveals strong variation in hemodynamic patterns. Com-
paring the impact of five BCs on intracranial hemody-
namics reveals little variation in magnitude. When high-
fidelity segmentation is performed, the BC has an even
lower impact on the parameter deviation. This leads to the
conclusion that realistic lumen segmentation has a stronger
impact than the chosen outlet BC on hemodynamic predic-
tions. Performing high-fidelity lumen segmentation can be
supported by using high-resolved 2D images. Moreover,
the application of advanced splitting methods or at least
Murray’s law with exponent n=2 is recommended for neu-
rovascular blood flow simulations.
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