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Abstract.

BACKGROUND: Hemodynamics and their clinical outcome of cerebral aneurysms treated with flow diverter (FD) stents have
thus far been investigated using computational fluid dynamics (CFD) simulations. Although human blood is characterized as a
non-Newtonian patientspecific fluid, non-patient-specific blood properties (PSBP) were applied in most extant studies.
OBJECTIVE: To investigate the hemodynamic effects caused by PSBPs in aneurysms treated with FD stents.

METHODS: We measured blood properties (density and viscosity) for 12 patients who underwent FD stent deployment. We
conducted CFD simulations with the measured PSBPs and non-PSBPs quoted from previous studies. The average blood flow
velocity and wall shear stress within the aneurysms were calculated and two simulation patterns were compared.

RESULTS: The velocity and wall shear stress changed by 2.93% and 3.16% on average, respectively, without an FD stent
deployed. Conversely, with the FD stents deployed, the change rates increased to 11.1% and 9.06% on average, respectively.
CONCLUSIONS: The change in hemodynamic parameters if PSBPs are considered, may not be negligible when conducting
CFD simulations of FD stent deployed aneurysms To obtain an adequate hemodynamic environment for cerebral aneurysms with
FD stents deployed, it is recommended to use PSBPs for CFD simulations.

Keywords: Hemodynamics, flow diverter stent, blood flow simulation, non-Newtonian fluid, patient-specific blood properties,
velocity, wall shear stress, CFD

1. Introduction

Flow diverter (FD) stent treatment is based on a concept that induces thrombosis by altering the
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hemodynamics of a cerebral aneurysm, and various investigations using computational fluid dynamics
(CFD) simulations have been carried out on this topic. In previous studies, hemodynamic parameters
such as wall shear stress (WSS) and blood flow velocity in the aneurysm have been investigated using
CFD simulations, to explore factors that contribute to aneurysm occlusion with FD stents [1-4].

In these studies, blood was assumed to be a Newtonian fluid without patient-specific constant density
and viscosity. In reality, the blood density naturally varies between patients; human blood is a non-
Newtonian fluid, and its viscosity depends on shear rate. When the shear rate increases, the blood
viscosity approaches a constant value. In contrast, when the shear rate decreases, blood exhibits a non-
Newtonian behavior, indicating that the viscosity increases because of bio-related mechanisms such as
red blood cell aggregation [5,6]. However, according to a meta-analysis conducted by Saqr et al., almost
90% of studies on aneurysm hemodynamics employed the Newtonian viscosity assumption [7]. The
hemodynamic effects caused by the non-Newtonian viscosity assumption in the CFD simulation have
been also investigated. Gambaruto et al. reported that the WSS value of a non-Newtonian viscosity model
differed by approximately 5% from that of the Newtonian viscosity model [8]. Xiang et al. suggested
that the WSS value is overestimated if a Newtonian viscosity model is applied [9]. Schirmer et al.
conducted CFD simulation for coil embolized basic aneurysm models with non-Newtonian viscosity and
showed the viscosity increased in the distal region of the aneurysm [10]. Otani et al. also showed that the
Newtonian viscosity model underestimated the degree of shear rate reduction in the low shear rate region,
which is a known trigger of thrombosis formation for coil embolized aneurysms [11]. Morales et al.
introduced a non-Newtonian viscosity model to simulate the blood flow with coil embolized aneurysms
and demonstrated that the viscosity values increased in certain regions. They concluded that the Newtonian
model can be employed for CFD simulations because the high viscosity region slightly influenced the flow
structure in the aneurysm [12]. Consequently, it is still unclear whether the Newtonian or non-Newtonian
model should be applied to CFD simulations of cerebral aneurysms. Additionally, the non-Newtonian
effect has not been fully investigated in aneurysms with FD stents deployed Although it was pointed out
in the literature that FD stent implantation induces a lower shear rate within the aneurysm and raises the
viscosity value, previous studies applied mostly the non-patient-specific Newtonian viscosity to perform
blood flow simulation with FD stent deployment [1-4,13].

In this study, we obtained whole blood samples from patients who underwent FD stent deployment and
measured their blood properties (density and viscosity), conducting CFD simulations with and without the
patient-specific blood properties (PSBPs). We investigated differences in hemodynamic parameters caused
by introducing PSBPs into CFD simulations and compared the differences between the CFD simulations
with and without FD stents deployed, to clarify hemodynamic effects related to the introduction of PSBPs
and the deployment of FD stents, respectively.

2. Materials and methods
2.1. Patient-selection and measurement of blood properties

This study was approved by the Ethics Committee of the Jikei University School of Medicine in Japan.
We obtained written consent from each patient participating in this study. From 39 cases treated with FD
stents from October 2016 till January 2020 at the Jikei University School of Medicine, we selected the
cases for this study based on the following criteria: (1) blood sample was collected during the treatment
(20/39 cases), (2) aneurysm was < 30 mm with a simple geometry to perform the CFD simulation (17/20
cases) (3) spatial resolution of medical images was sufficient to perform the CFD simulation (12/20 cases).
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Twelve patients were included in the final analysis (mean age during the treatment was 69.1 & 12.6 years,
all females). All cases were treated with the Pipeline Embolization Device (Covidien/Medtronic, Irvine,
CA, USA) and 6 out of the 12 chosen cases included coiling.

Blood density and viscosity were used as PSBPs. Whole blood samples were collected from each
patient right before the surgery, using an EDTK-2K coated evacuated tube (Japan Becton Dickinson
CO., Ltd., Tokyo, Japan) to prevent blood coagulation during the measurement. Since blood properties
are believed to be altered by its components and the environment such as its temperature [14,15], the
temperature of the blood samples was kept at 37°C, as is the normal human body temperature, using
a thermostat. We used a portable densitometer DMA35 (Anton Paar, Graz, Austria) to measure the
density. We also used a falling needle rheometer to measure viscosity with a relatively small amount of
blood [16,17]. The expanded uncertainty of the rheometer in the viscosity measurement of unknown
samples is less than 0.90% (coverage factor = 2) at 610 kg/m?, as reported by Matsunaga et al. [18]. The
rheometer can plot various viscosity values that depend on shear rate, thereby creating a continuous data
curve, in conjunction with a non-Newtonian viscosity model. Blood viscosity i can be described by the
Casson model as follows:

where 79 is the yield stress, - is the shear rate and i is the Newtonian viscosity. However, the viscosity
diverges when the shear rate approaches zero, thus the equation can be modified as follows:

oo [ (55 ]

In this equation, the constant m controls the maximum viscosity value when the shear rate ~ approaches
zero. In this study, the value of the constant m was 100 as was reported for normal human blood [19]. To
fit the viscosity curve with the modified Casson model, the yield stress 79 and the Newtonian viscosity fig
were calculated by using the measured values at the lowest and second lowest shear rates [20].

2

2.2. CFD simulation procedure

All patients underwent three-dimensional digital subtraction angiography (3D-DSA; Artis Q biplane,
Siemens Healthcare GmbH, Forchheim, Germany) before the FD stent deployment. The images were
reconstructed to stereolithography (STL) format using Amira 5.6 (Thermo Fisher Scientific, Waltham,
MA, USA). Deployed FD stents were reproduced with our in-house code in the Tokyo University of
Science based on a methodology described by Bouillot et al. as follows [21]: (1) extraction of the parent
artery by separating the aneurysmal sac from the original image voxel data and conversion of its surface
into STL format; (2) calculation of a centerline of the parent artery and a minimum inscribed sphere
radius corresponding to the centerline by using VMTK (Vascular Modeling Toolkit, www.vmtk.org);
(3) reproduction of the FD stent wires based on the information computed above. We reproduced the
geometry of the Pipeline with the design parameters described in a previous study [22], and used the
value of 0.03 mm also described in another previous study as the diameter of each wire constituting the
Pipeline to reproduce the FD stent geometry [23]. Coil deployment was not considered and only the stent
geometry was used to perform the blood flow simulations.

Computational meshes were generated using ANSYS ICEM CFD 18.1 (ANSYS Inc., Canonsburg,
PA, USA). In this study, we created a cross-sectional plane at 1 mm proximally from the aneurysm neck
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and defined an aneurysmal inlet. Similarly, an aneurysmal outlet was set at 1 mm distally from the neck.
A computational domain was defined as a region enclosed by the arterial wall and both the aneurysmal
inlet and outlet. We defined the aneurysm region as the area of the aneurysmal sac, not including FD
stent structures. The mesh type used was set as unstructured, and the meshes consisted of both tetrahedral
and prism meshes. In the vicinity of the vessel wall, seven prism mesh layers were aligned at a height
of 0.3 mm, and the size of the elements varied depending on the diameter of the vessel where each
element was located. The tetrahedral mesh size in the vicinity of the FD stent wires was set at 0.008 mm
dividing the wire diameter by an approximate factor of 12, based on a previous study [24]. With those
computational mesh settings, the mesh convergence was accomplished. The total number of generated
elements was 10.3 million on average, for cases without FD stent, and 197 million for cases with FD
stent. Finally, extension tubes with a length of 75 mm were connected to all inlets and outlets to reduce
the effect caused by boundary conditions and develop the flow.

We conducted the blood flow simulations assuming incompressible laminar flow. Both the vessel wall
and the FD stent wire were assumed to be rigid non-slip walls. Although the vessel wall is originally
viscoelastic [25], the characters and mechanical properties of the vessel wall and the FD stent were
not considered in this study. As non-PSBPs related, density and Newtonian viscosity were assumed
as 1,050 kg/m? and 36 mPa-s, respectively [26]. We set the steady mass flow rate at 0.003465 kg/s
(corresponding to the value at diastole end reported by Ford et al.), as an inflow condition for both blood
flow simulations considering non-PSBPs or PSBPs [27]. This is because flow pattern depends on aneurysm
geometry, especially in large aneurysm that are eligible for FD stent deployment, contrary to inflow [28].
We first performed blood flow simulations without FD stents deployed, considering non-PSBPs, then we
performed the simulation considering PSBPs with the same geometry and inflow conditions. We also
performed the blood flow simulations with FD stents deployed, considering non-PSBPs and PSBPs. In
the final analysis, we performed 4 blood flow simulations for each patient, resulting in a total of 48 blood
flow simulations for 12 patients

2.3. Quantitative evaluation
We calculated the absolute change rate of the average blood flow velocity and the WSS within the

aneurysms, because these parameters are subject to change. The absolute change rate is described as
follows:

X oo X
absolute change rate = | Xpatien non-patin| 3)

X non-patient

where X0, means a parameter calculated while including PSBPs and X,,,,-pasiens means the parameter
calculated excluding PSBPs.

3. Results
3.1. Measured values for patient-specific blood properties

The average measured blood density was 1043.1 & 4.0 kg/m3. Figure 1 shows viscosity curves for
each case fitted to the measured values using the falling needle rheometer. Additionally, Table 1 describes

the specific viscosity values and their fitted viscosity curve ranges for different shear rates. Each patient-
specific viscosity curve differed from the other, depending on the patient. We calculated the apparent



Y. Uchiyama et al. / Role of patient-specific blood properties in CFD simulation

Table 1
Specific viscosity values for each shear rate

Apparent viscosity [mPa-s]

Shear rate y [s™'] 10 50 100 200 300 400 500 600
Newtonian 360 360 360 3.60 3.60 3.60 3.60 3.60
Case A 623 444 406 380 3.69 362 358 355
B 6.51 426 380 349 336 328 323 3.19
C 7.87 499 440 401 384 374 368 3.63
D 794 485 423 382 3.64 354 347 342
E 4.66 370 349 335 328 325 322 320
F 5.04 361 331 310 3.01 29 292 290
G 856 521 454 409 390 379 371 3.66
H 748 5.06 456 422 407 398 392 388
1 524 406 381 3.63 355 351 348 345
J 416 3.62 350 342 338 336 335 3.33
K 825 539 480 440 423 413 4.07 4.02
L 748 5.06 456 422 407 398 392 3.88
Range Max 856 539 480 440 423 413 4.07 4.02
Min 416 3.61 331 310 301 296 292 290

Apparent Viscosity ¢ [mPa-s]

0 100

200

300
Shear Rate y [s7']

400

500

843

Fig. 1. Relationship between shear rate and apparent viscosity. Each patient-specific viscosity decreases when the shear rate
increases and asymptotes to a constant value, while the Newtonian viscosity has a constant value regardless of the shear rate.

Newtonian viscosity value to average the value in a high shear rate (y > 160 s~1) according to Yamamoto
et al. [16]. The highest apparent Newtonian viscosity value was 4.18 mPa-s for Case K, and the lowest
was 2.98 mPa-s for Case F. The non-patient-specific Newtonian viscosity value was 3.6 mPa-s, leading to
a 16.1% difference with the highest patient-specific apparent Newtonian viscosity and a 17.2% difference
with the lowest one. Additionally, as in Table 1, the ranges of the patient-specific viscosity calculated by
subtracting the minimum viscosity value from the maximum value for each shear rate tends to increase
for lower shear rates, for example the maximum and minimum values for the shear rate as 10 s~ were
8.56 mPa-s and 4.16 mPa-s, respectively. Therefore, the range was 4.40 mPa-s. In contrast, the values for
the shear rate as 600 s~ were 4.02 mPa-s and 2.90 mPa-s, respectively. Thus the range was 1.12 mPa-s.
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Fig. 2. Bar graphs showing absolute change rate of velocity and WSS caused by introducing PSBPs. The rate with an FD stent
implanted exceeds the rate without an FD stent implanted, in almost all cases.

Moreover, the patient-specific viscosity curves had different trends depending on the shear rate. For
example, the curve for Case F showed a lower viscosity value than that for Case J, for shear rate values
above 50 s~!; however, an inverted trend was observed at shear rate values below 50 s~!. Additionally,
cases that had lower viscosity in high shear rate regions (such as Cases E, F and J) tended to display a
steep viscosity slope in the low shear rate region. On the contrary, cases that had relatively high viscosity
values in high shear rate regions (such as Cases G, K and L) tended to display more gradual variations with
the decreasing shear rate, in comparison with previous cases. In all cases considered, the patient-specific
viscosity value exceeded the non-patient-specific viscosity value at shear rate values below 50 s~

3.2. Qualitative and quantitative difference in CFD simulations

The absolute change rates of velocity and WSS calculated in our CFD simulations, with and without
PSBPs, are illustrated in Fig. 2. The average absolute change rate of aneurysmal velocity for all cases was
3.06% without FD stent deployment, and 11.6% with FD stent deployment. Additionally, the average
absolute change rate of WSS at aneurysmal dome was 3.31% in the cases without FD stent deployment,
and 9.63% for cases with FD stent deployment. The calculated absolute change rate of each parameter
tended to be greater in the cases with FD stent deployment.

Figure 3 depicts a streamline and color contour map of WSS for the illustrative Case G which had
the largest absolute change rate in velocity and the second largest absolute change rate in WSS, among
aneurysms with FD stent deployed (see Fig. 2). A different flow structure circled by the dashed line
was observed in Fig. 3, and flow appeared to be stagnant in the CFD simulations while considering
PSBPs. The average flow velocity in the aneurysm was 0.0134 m/s without considering PSBPs, and
0.00949 m/s while considering PSBPs. Therefore, a 28.8% difference was observed between the two
simulation results. Also, a locally high WSS region appeared in the simulation without the PSBPs pattern
(circled by a continuous line in Fig. 3). The region appeared to be smaller in size in the simulation with
PSBPs pattern, however, the WSS value increased in the entire aneurysmal wall reflecting the increase in
the apparent viscosity. The average WSS value was 0.0674 Pa without considering PSBPs and 0.0804 Pa
while considering PSBPs, leading to a 19.4% difference between the two simulation results.
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Table 2
Aneurysmal average shear rate and viscosity values

Shear rate [s '] Viscosity [mPa-s]
w/oFD w/FD w/oFD  w/FD

112 58.9 4.29 4.61
53.8 39.5 4.96 6.18
83.4 34.7 4.99 11.7
56.3 22.9 5.53 7.17
153 72.2 3.53 3.77
72.0 24.6 3.75 4.78
16.6 4.48 9.02 68.2
238 134 3.40 3.67
112 427 3.93 4.75
201 122 3.53 3.54
49.2 204 6.56 17.5
394 210 4.12 4.38
Mean 128 65.5 4.80 11.7
Standard deviation 101 57.8 1.56 17.5
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Fig. 3. Streamlines and WSS color contour map with PSBPs and without PSBPs.

Because the patient-specific blood viscosity increased when the shear rate decreased, as shown in
Fig. 1, we calculated the spatial average shear rate and viscosity values in the aneurysm. The computed
shear rate and viscosity values are shown in Table 2. As shown in Table 2, the mean shear rate for all cases
was 128 s~! without and 65.5 s~! with the FD stent deployed pattern. Additionally, the mean viscosity
value averaged in the aneurysm was 4.80 mPa-s without and 11.7 mPa-s with FD the stent deployed
pattern.

As a further investigation of the shear rate, we captured a contour map of the shear rate in Fig. 4 taken
from the illustrative Case A, which depicts its state in the aneurysmal dome and the vicinity of the FD
stent. This illustrative figure indicates that the shear rate tends to increase in the vicinity of the FD stent,
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Fig. 4. A color contour map of shear rate for an illustrative case (Case A). The shear rate value is considerably higher in the
vicinity of the FD stent mesh (marked by a square).

as indicated by a square shown in this figure, and because of the dense mesh of the FD stent, the main
flow of the parent artery had high velocity.

4. Discussion
4.1. Differences between patient-specific and non-patient-specific blood properties

We measured patient-specific whole blood properties including density and viscosity and found that
patient-specific viscosity had a specific curve for each patient (see Fig. 1). The average measured
density was 1043.1 kg/m3, very close to the value of 1050.0 kg/m? obtained in CFD simulations without
considering PSBPs. In previous studies, a non-patient-specific, non-Newtonian viscosity model was
applied to investigate the hemodynamic impact [8—12], which did not necessitate the measurement of
blood properties. However, patient-specific blood viscosity is closely related to several blood components
such as plasma, red blood cell, fibrinogen [6]. Thus, the relative distribution of these components
may explain the difference in patient-specific viscosity curves, however the individual effects of these
components were not considered in this study. As shown in Table 1, patient-specific viscosity values in a
high shear rate region (y > 200 s~!) ranged from approximately 3 mPa-s to 4 mPa-s. The non-patient-
specific, Newtonian blood viscosity used in previous studies was in the same range [1-4,12,19].

4.2. Relationship between hemodynamic influence of blood properties and presence of FD stents

Hemodynamic effects caused by the introduction of PSBPs in the simulation were greater in the
presence of FD stents. An average WSS difference of 3.06% was observed in comparison with the
simulation without FD stents, which is close to the value reported by Gambaruto et al. [8]. However,
this difference became 9.63% in the simulation with FD stents deployed. The effect of the PSBPs on
the aneurysm hemodynamics became larger for the FD stent deployed pattern in relation to the shear
rate value in the aneurysm. In Table 2, the shear rate values in the aneurysm were generally lower than
200 s~ 1, except for the Case L. Additionally, the shear rate values decreased for the FD stent deployed
pattern. Corresponding to the decrease in the shear rate, the viscosity in the aneurysm increased for the
FD stent deployed pattern. Particularly, the viscosity in Case G was 68.2 mPa-s due to the low shear rate
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(4.48 s~1). This implies that the hemodynamic parameters had larger variations in the FD stent deployed
cases. Moreover, these variations can be associated with the low shear rate in the flow stagnant region,
as seen in Fig. 3. Flow velocity in the depth of the aneurysmal sac tended to be lower which caused a
lower shear rate value in this region. The decreased shear rate led to a higher viscosity value and induced
flow stagnation. This phenomenon is comparable to the non-Newtonian viscosity increasing in value in
complex-shaped aneurysms and blebs, as reported by Hippelheuser et al. [29].

As can be seen in Fig. 4, the shear rate increases in vicinity of the FD stent wires. Blood viscosity had
a Newtonian behavior in this region because its values did not vary in the high shear rate range (v >
500 s—1). However, once the flow went through the stent mesh and entered the aneurysmal sac, the shear
rate value became considerably low. Our results imply that the applicability of Newtonian viscosity model
may be limited in hemodynamic studies with FD stents deployed. For example, measuring flow resistance
of the FD stent mesh is possible using the Newtonian viscosity model, as a high shear rate exists around
the mesh.

In contrast, we observed a specific shear rate decrease in the aneurysmal sac which implies that PSBPs
considering a non-Newtonian viscosity ought to be used in the blood flow simulation of an aneurysm with
a deployed FD stent. Although we did not follow the clinical outcomes of the cases considered in this
study the investigated hemodynamic parameters (velocity and WSS) were also used in previous studies as
factors facilitating aneurysm thrombosis by FD stent deployment 1,2,3,4. Our results imply that these
hemodynamic parameters might not reflect the actual state without introducing PSBPs. Clauser et al.
conducted in Vitro particle image velocimetry (PIV) measurements using several kinds of fluids having
different properties [30]. They reported that the flow diversion effect caused by the FD stent deployment
is influenced by the fluid properties and that the velocity reduction caused by FD stent deployment was
larger in the case of a fluid that had a non-Newtonian viscosity. Additionally, Gijsen et al. experimentally
investigated the effect of the non-Newtonian fluid in the carotid bifurcation models with laser Doppler
anemometry and reported that there were striking differences in the flow field between experiments with
the Newtonian fluid and non-Newtonian fluid [31]. These experimental results show us a necessity of
the non-Newtonian viscosity to investigate the hemodynamics in arteries including a cerebral aneurysm.
Particularly the in Vitro results from Clauser et al. concur with our findings that the effects of considering
PSBPs in CFD simulations are stronger when FD stents are deployed. Our study might be a first one to
investigate the hemodynamic effects caused by introducing PSBPs in CFD simulations, evaluating the
effect of an FD stent placement in Silico, and leading to similar results than the in Vitro measurements

4.3. Limitations and further investigations

This study presents some limitations. We considered 12 cases adapted to our case selection criteria.
Morales et al. investigated the hemodynamic influences in 3 coil embolized aneurysms, using the non-
Newtonian viscosity model [12]. Thus we also believe that conducting a statistical analysis was not
necessary, as the number of cases considered was sufficient to examine the hemodynamic effects of the
PSBPs on blood flow simulations of FD deployed aneurysms. However, we would need a larger sample
size and a statistical evaluation, for more detailed investigations.

Additionally, as mentioned in Section 2, inflow conditions do not affect the flow pattern in the aneurysm;
however, hemodynamic parameters can be quantitatively affected by these inflow conditions. Evju et
al. investigated how the hemodynamic parameter WSS was altered by introducing 4 viscosity models
and 3 boundary conditions [32]. They concluded that the WSS are strongly correlated to the boundary
conditions, rather than the viscosity models. Khan et al. also investigated the impact of rheology models
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against the impact of a CFD solution strategy for predictions of aneurysm flow instabilities [33]. They
indicated that solution strategy and other likely “first-order” effects such as vessel lumen segmentation
and choice of flow rates appear to be more important than the effect of the rheology. Particularly,
patient-specific inflow boundary conditions are desirable for blood flow simulations and methodology
for acquisition the conditions have been developing. 2D magnetic resonance imaging (MRI) and 4D
phase-contrast MRI are being used to measure patient-specific inflow conditions, and these techniques
should be adopted in future investigations to perform CFD simulations reflecting more accurately the
actual patient’s state [34,35].

5. Conclusions

We obtained whole blood samples from 12 patients who underwent FD stent deployment, and measured
patient-specific blood density and viscosity. We introduced these blood properties into CFD simulations.
The average differences caused by introducing the blood properties were 11.6% and 9.63% for aneurysmal
velocity and WSS at aneurysmal dome, respectively, with an FD stent already placed. These differences
were larger than the values without any FD stent deployed. Our results imply that consideration of PSBPs
is recommended when conducting CFD simulations with an FD stent deployed, to obtain an accurate
hemodynamics assessment and a proper prognosis of the aneurysm occlusion.
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