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Abstract

Flow changes after flow diverter (FD) placement may be assessed by 4D phase-contrast MR-angiography (4D flow MRI) or
simulated by computational fluid dynamics (CFD). However, cross-validation and future assessments with both approaches
to take advantage of their individual strengths are required. In this study, we investigate the influence of a FD on intra-aneu-
rysmal blood flow using both MRI experiments and CFD simulations. MR measurements were performed in a true-to-scale
silicone model of a wide-neck saccular aneurysm of the distal internal carotid artery before and after FD deployment. An
experimental setup, including a computer-controlled piston pump, was assembled to simulate pulsatile blood flow. For CFD
studies, a virtual stenting technique was used to place a FD into the aneurysm model. Boundary conditions were applied
according to MRI-measured flow data. A qualitative and quantitative agreement of velocity fields measured by CFD and MRI
both before and after FD placement was demonstrated. The intra-aneurysmal flow reduction in the CFD results was 19%,
while a reduction of 23% was measured by 4D flow MRI. Despite of the low spatial resolution, MRI was able to correctly
determine the flow pattern in the aneurysm. The pre-treatment CFD simulation could be helpful in predicting the outcome
of a FD treatment, while a post-interventional MRI could prove the desired treatment effect.
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1 Introduction

A flow diverter (FD) is a modern device for treatment of
un-coilable, wide-neck side-wall aneurysms and dysplastic
parent vessels. The first FDs were used in clinical practice
since 2007 and showed a high occlusion rate (Wong et al.
2011; Pierot and Wakhloo 2013; Walcott et al. 2016). The
goal of a FD is to adjust the flow to its natural path using
a braided fine mesh stent. However, the hemodynamic
alterations caused by FD implantation cannot be precisely
predicted (Zanaty et al. 2014). In some cases a FD even
increased an inflow jet to the aneurysm sac which led to
growth and rupture of the aneurysm (Darsaut et al. 2013).
Thus, several studies reported ruptures of aneurysms after
FD placement (Cebral et al. 2011; Kulcsar et al. 2011;
Turowski et al. 2011; Chitale et al. 2014; Rouchaud et al.
2016). To prevent such scenarios, simulations before FD
placement as well as a non-invasive quantification of the
blood flow after FD placement is highly wanted to guide
clinical decisions.

A number of studies were done to evaluate hemody-
namic changes after treatment with a FD. Larrabide et al.
demonstrated that the hemodynamics after FD placement
strongly depends on aneurysm morphology as well as posi-
tion and orientation of the aneurysm with respect to parent
artery (Larrabide et al. 2015). Mut et al. found that the
occlusion time of cerebral aneurysms treated with FDs
can be predicted by the hemodynamic conditions created
immediately after stent implantation (Mut et al. 2015).
Specifically, low postoperative flow velocity, inflow rate,
and shear rate are associated with fast occlusion. Ouared
et al. suggested the criterion, which states that for success-
ful treatment with a FD, the postoperative velocity in the
aneurysm should be reduced by at least one-third com-
pared to the preoperative condition (Ouared et al. 2016).
The considered studies were done using Computational
Fluid Dynamics (CFD).

However, of particular interest for physicians are meth-
ods which allow evaluating the intra-aneurysmal flow
in vivo. One of such methods is magnetic resonance imag-
ing (MRI), which is a promising non-invasive method for
analyzing intracranial hemodynamics (Papaharilaou et al.
2001; Isoda et al. 2006; Naito et al. 2012; Muir et al. 2014;
Berg et al. 2014; Karmonik et al. 2014; Kono and Terada
2014). Several groups have used MRI velocity measure-
ments to estimate directly the hemodynamic characteristics
in the aneurysm region. Papathanasopoulou et al. (2003)
found a good general agreement between MRI-derived and
CFD-predicted results for a physiologically realistic model
of the human carotid bifurcation. van Ooij et al. (2013)
observed that for low velocities the flow patterns for MRI
and CFD were different due to the low signal-to-noise ratio
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(SNR) of MRI measurements. In Boussel et al. (2009),
it was shown that direct MRI measurements of velocity
magnitude, maximum shear stress and wall shear stress
(WSS) distribution had a good agreement in comparison
with patient-specific CFD prediction. Nevertheless, the
absolute values of WSS were different between two tech-
niques. This reflects the fact that CFD is capable of much
higher resolution than MRI.

Recent studies showed the feasibility of using MRI for
assessment of intra-aneurysmal flow alteration after FD
placement (MacDonald et al. 2015; Pereira et al. 2015). In a
feasibility study (Pereira et al. 2015), it was concluded that
MRI in the context of FD could be of great value for validat-
ing or cross-validating CFD studies. Both approaches have
advantages: CFD could be used to simulate outcomes before
FDs are placed and has much higher spatial and temporal
resolution, but requires many assumptions that might be met
or not, while 4D flow MRI presents quantitative measures
obtained without models or assumptions, but with meas-
urement errors and limited spatial and temporal resolution.
Therefore, cross-validation and future assessments with both
approaches to take advantage of their individual strength
are required.

The aim of the present study is to investigate the influ-
ence of a FD on intra-aneurysmal blood flow using both
MRI experiments and CFD simulations. Although promising
results showing the potential of both techniques for aneu-
rysm thrombosis prediction have been published recently,
there is a lack of cross-validation analysis, which would help
in better understanding the limitations of both techniques.

2 Materials and methods
2.1 Preprocessing of medical data

We studied a wide-neck aneurysm of the distal left internal
carotid artery from a 58-year-old male, who was treated by
FD placement. This aneurysm had a complex morphology
with close spatial relationship to the optic nerve, prevent-
ing simple coiling to be the first treatment option. In this
patient, the initial FD had no effect on the aneurysm size
and an occlusion of the aneurysm was only achieved after
several treatment sessions including additional coiling and
five overlapping FDs implanted. The geometrical data used
in this study were obtained by a CT-angiography (recon-
structed voxel size: 0.39x0.39 x0.75 mm?>; Sensation 64,
SIEMENS) prior to the first FD placement. The segmen-
tation of CT-data was done manually slice-by-slice by an
experienced physician using ImageJ64 (imagej.nih.gov). A
smoothed STL model of the parent artery with aneurysm
was created from the segmented data using the stlwrite-
function in MATLAB (MathWorks, Natick, Massachusetts).
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Fig.1 Geometry of intracranial aneurysm model at different pro-
jections: inlet—internal carotid artery; branch 1—middle cerebral
artery; branch 2—anterior cerebral artery

Figure 1 shows the geometry of the aneurysm model.
Dimensions of the model are presented in Table 1. The
aspect ratio (AR) of aneurysm depth to aneurysm neck
was 0.86 (Ujiie et al. 2001). According to the study (Brin-
jikji et al. 2009), such AR requires usage of complicated
adjunctive techniques in case of coiling. Therefore, in such
a complex case a FD is preferable. To simplify the con-
nection of the model to hoses of the experimental setup,
two artificial cylinders were attached to the inlet and outlet
branches. Two outlet cylinders were joined to form one
outlet segment.

2.2 MRI studies
2.2.1 Experimental model

A patient-specific silicone model was used for experimental
studies. The model was created using a lost-wax technique
(Sugiu et al. 2003). The obtained STL model of the parent
artery with aneurysm was used to print a high precision 3D
wax model in a 3D printer. Then the silicone was poured
around the wax model. The wax was later removed and thus
sustaining a copy of the anatomical structure. Since lost-wax
techniques are known to cause susceptibility artifacts/distor-
tions in the MRI data, especially for slow flow measures
close to the wall due to wax residue, we conducted a careful
visual inspection to ensure that there were no wax residues in
the model. The dimensions of the model were the following:
length =76 mm, height=55 mm and width =45 mm. The
prepared silicone model is presented in Fig. 2. The model
was re-imaged with the same CT scanner and protocol to
ensure similarity of the created model with the real geometry
and estimate an error of fabrication. Differences in geometry
were obtained using open-source software CloudCompare
(http://www.danielgm.net/cc/), which has been designed to
perform direct comparison between dense 3D point clouds.
One million sample points were generated for both initial
segmentation and reimaged model to obtain point clouds
for comparison. Then cloud/cloud distance was computed,
providing the following results: average distance =0.01 mm,
max distance = 1.08 mm, sigma=0.08 mm, max error (dis-
tance of the point to the fitted plane)=0.31 mm, which
ensured a good match between the initial segmentation and
the fabricated model.

Two copies of the model were used in the study: the first
one for preoperative velocity field measurements without FD
and the second one for postoperative measurements with the
implanted FD. An Acandis DERIVO® Embolisation Device
(Acandis GmbH, Pforzheim, Germany) was deployed to the
second model copy using the corresponding delivery sys-
tem. The FD dimensions were the following: diameter was
5.5 mm and length was 20 mm. The position of the FD is
shown in Fig. 3a.

Table 1 Dimensions of the PA.
parent artery and aneurysm !

PAW din

iout an a

80 35 5

All dimensions are in mm

PA, length of parent artery, PA,, width of parent artery, d;, and d,

e inlet and outlet diameters, a;, aneurysm

height, a,, aneurysm width, a,; aneurysm depth, a,, aneurysm neck
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Fig.2 Patient-specific silicone model of the aneurysm of the left
internal carotid artery

2.2.2 MRimaging

The MR measurements were performed on a 3 T Philips
Ingenia MR Scanner (Philips Healthcare, Best, The Neth-
erlands). The silicone model was placed in a wrist coil for
adequate SNR at higher spatial resolutions. Velocity meas-
urements within the aneurysm model were performed by
a 4D phase-contrast MR-angiography. The scan protocol
comprised scanning with phase encoding in three spatial
directions and an additional static measurement without
velocity encoding.

Quantitative flow maps were calculated by the Philips
scanner software and included magnetic field inhomoge-
neity correction by the static measurement. For each flow
direction, 14 measurements were sampled per cardiac cycle.
Image acquisition was performed by a multi-shot 3D turbo
field echo (TFE) sequence, a special gradient echo pulse
sequence with data acquisition after an initial 180° prepara-
tion pulse for contrast enhancement. The acquisition param-
eters were as follows: TE=2.9 ms, TR=6.1 ms, a=10°,
TFE factor=35, acquired voxel size RL X AP X FH =0.60 x
0.61 x0.60 mm?>, reconstructed voxel size 0.27 x0.27 x 0.3
mm? and matrix size of 224 x 224 x 187 within a total scan
duration of 51 min. The velocity encoding level (VENC) was
set to 100 cm/s. The acquired data were manually checked
for aliasing in all spatial directions at systolic peak in the
aneurysm region.

2.2.3 Experimental setup

Figure 4 shows a scheme of the experimental setup, which
was assembled to conduct MRI measurements of blood
velocity in the aneurysm model. The following italic num-
bers are referenced to the scheme as shown in Fig. 4. The
MR measurements of the aneurysm model 1 were performed

@ Springer

() (b)

Fig.3 Flow diverter: a angio visualization of flow diverter position:
AP projection and LAT projection; b flow diverter position after vir-
tual implantation into patient-specific model of cerebral aneurysm

at room temperature. An in-house computer driven piston
pump 6, consisting of a linear motor (Linmot, Switzerland)
connected to a piston, was used to produce realistic flow
conditions. The trigger signal 7 of the piston pump was used
as external cardiac gate device for the MR scanner.

The elastic tube 4 and aortic valve 5 (Bjork—Shiley) were
used to simulate the behavior of the aorta. The inlet flow and
outlet pressure were measured using a high-precision flow
meter 2 (SWF-4, Zepeda Instruments, Seattle, WA, USA)
and pressure transducers 3, 10 (Druck PMP4010, GE Meas-
urement and Control, Billerica, MA, USA), respectively.
The pulse frequency of the piston pump was 65 bpm, which
combined with the 14 measurements per cycle, results in a
temporal resolution of 66 ms. Auxiliary reservoirs 8, 9 were
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Fig.4 Scheme of an experimental setup used for MRI measure-
ments of hemodynamic parameters in the patient-specific aneurysm
model: 1—silicone model of aneurysm; 2—flow meter; 3—inlet pres-
sure transducer; 4—elastic tube to model the elastic properties of the

used to ensure a constant pressure level. The circulation fluid
was a 58% glycerol-water solution, which exhibits Newto-
nian behavior (Balasso et al. 2014). The fluid had density of
1141 kg/m? and the dynamic viscosity of 4.1 mPa-s, which
correlate with arterial blood density (1050 kg/m?) and vis-
cosity (4 mPa s).

2.2.4 Post-processing of MRl data

The MRI data were saved as DICOM files containing mag-
nitude and phase-contrast information for all three directions
(FH, AP, RL). The DICOM files were read into MATLAB
using the dicomread function. The vessel anatomy was
reconstructed by threshold-based semi-automatic segmenta-
tion of the magnitude data. This was done slice by slice with
correction by an experienced physician. Voxels outside the
vessel anatomy were set to have no flow in any direction. No
anti-aliasing technique was implemented since the maximum
flow in the aneurysm region (85.4 cm/s) was below VENC
of 100 cm/s, which was confirmed by careful visual data
inspection. For visual representation, the measured velocity
data were further post-processed by the Cell Data to Point
Data filter in ParaView open-source visualization software
(Kitware, USA), which averages the values of the cells sur-
rounding a point to compute a smooth interpolation.

2.3 CFD studies
2.3.1 FDimplantation

A geometrical model of the Acandis DERIVO® Emboli-
sation Device was constructed for hemodynamic studies.
The FD consisted of 48 Nitinol wires and had the follow-
ing dimensions according to specifications: the length
S;. =20 mm and the diameter Sp=5.5 mm. The wire
thickness was 0.04 mm and the braiding angle a was 30°.

aorta; 5—aortic valve; 6—piston pump; 7—trigger; 8—Ilower reser-
voir; 9—upper reservoir; 10—outlet pressure transducer; 11—com-
puter

(b)

Fig.5 Geometrical model of flow diverter: a isometric projection of
the flow diverter model; b cells of the flow diverter braid

Figure 5 shows the geometrical model of the FD that was
constructed using the open-source 3D modeling software
Blender (Blender Foundation, Amsterdam, Netherlands).

The fast virtual stenting technique, proposed by Larrabide
et al. (2012) and Bernardini et al. (2012), was used for vir-
tual placement of the FD in the vascular model. The FD
struts and their connectivity were defined over a subset of
points of a 2-simplex mesh with a size of 4 x4, which was
repeated 24 times circumferentially (resulting in 48 wires, 24
rotating right and 24 rotating left). The position and geom-
etry of the implanted FD are shown in Fig. 3b.

@ Springer
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2.3.2 Generation of the computational mesh

To generate a computational mesh for CFD studies, the
STL file with the aneurysm geometry was pre-processed:
geometrical defects were fixed and aneurysm surface was
smoothed to eliminate irregularities caused by segmenta-
tion of the medical data.

The snappyHexMesh tool from the OpenFOAM pack-
age (CFD Direct, Caversham, England) was used to gen-
erate a hexahedral mesh for preoperative and postopera-
tive studies. For preoperative study, a total number of
cells were about 6 million. The mesh for postoperative
study was generated with higher spatial resolution due
to the size of FD wires. The computational mesh con-
sisted of about 20 million cells to ensure the accuracy of
blood flow simulation with FD implanted into the aneu-
rysm model. For both cases, a mesh doubling test was
conducted to ensure a mesh independence of numerical
results.

2.3.3 Simulation of blood flow in cerebral aneurysm

The following assumptions were accepted to simulate
the blood flow in the intracranial aneurysm: vessel wall
is rigid, blood is incompressible Newtonian fluid, and
external forces were neglected.

The governing Navier—Stokes equations were used to
describe the flow of blood in the patient-specific model
of the cerebral aneurysm:

%=—(Q-V)Q+VAE—%VP, N
u
v==,
p @
div u=0,

where 1 is the velocity; v is the dynamic viscosity; u is the
kinematic viscosity; p is the fluid density; P is the pressure.
CFD studies of preoperative and postoperative hemo-
dynamic changes were done using open source software
OpenFOAM. The PIMPLE algorithm was used for solv-
ing Eqgs. (1) and (2). The temporal resolution was 0.0005s.
High-performance computing technique was applied
to minimize the computational time of the simulation.
Therefore, the computational domain was divided into
subdomains using Scotch algorithm; each subdomain
was processed by a separate computational thread. The
“Lomonosov” supercomputer of Moscow State University
was used to conduct a HPC-simulation utilizing message
passing interface (MPI) technology (Vetter 2015).

@ Springer

2.3.4 Initial and boundary conditions

The flow values measured by the flow meter 2 were used
to control performance of piston pump 6 and could not
be used as boundary condition for numerical simulations
due to relatively large distance between the model and the
flow meter and possible damping effect of elastic hoses
connecting components of the experimental setup. There-
fore, the boundary conditions for CFD simulations were
applied according to MRI-measured data. Since the inlet
segment of the model is a cylinder, the velocity values
for CFD inlet boundary condition were measured at the
middle-length of it rather than at the cylinder beginning
to minimize measurements errors, which are usually high
at the edge of the field of view. Due to relatively large
length of connection hoses, we assumed flow entering
the model has a developed parabolic profile, which was
further checked by 4D Flow MRI measurements. Initially,
velocity profile was measured across the inlet segment.
Then measured values were post-processed to obtain the
average velocity over the cross-section and fully devel-
oped Poiseuille profile was generated and imposed at the
inlet. The pressure at outlet (mmHg) obtained by experi-
mental studies was converted to kinematic pressure (m?/
s?) and imposed at outlet. The experimental data were

Inlet flow rate

5.5
5
L
€ 45
g
S 4
z
o
L 35
3
0 0.2 0.4 0.6 0.8 1 1.2
Time, s
(a)
Oultlet pressure
w, 19.4
e 18.9
o
S 184
1]
g 17.9
o
o 174
o
£ 16.9
[}
c
< 16.4
0 0.2 0.4 0.6 0.8 1 1.2
Time, s
(b)

Fig.6 Boundary conditions for CFD studies: a flow rate at the inlet;
b pressure at the outlet
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approximated with cubic splines to eliminate data noise.
The curves for inlet flow rate and outlet pressure are
shown in Fig. 6. The flow regime was laminar with the
Reynolds number at the inlet varied in range from 223 to
333 during the cardiac cycle. Three cardiac cycles were
simulated to omit initial perturbations of velocity field in
the aneurysm sac and the last, third, cycle was analyzed.

2.4 Flow reduction

The aim of a FD is to redirect a blood flow from the aneu-
rysm sac to its physiological direction along the vessel.
To characterize the effect of flow-diversion, a flow reduc-
tion R was used. The flow reduction R represents a rate to
which an intra-aneurysmal velocity reduces in compari-
son with preoperative velocity and can be described as:

u - EFD
R=-" " x100%, 3)
upre
where i, is the average intra-aneurysmal velocity in aneu-

rysm without FD; @i, is the average intra-aneurysmal veloc-
ity in aneurysm with implanted FD. We evaluated velocity
averaged over space and cardiac cycle for the cases with
and without implanted FD. Only the aneurysm volume was
considered, excluding the parent artery.

Fig.7 Velocity magnitude over
central cross-section at systolic
peak: a CFD; b MRI. Dashed
line corresponds to the neck of
the aneurysm

3 Results
3.1 Preoperative analysis

Figure 7a, b shows the velocity distribution at the median
plane inside the aneurysm model for CFD and MRI, respec-
tively. Velocity reached its maximum at t=0.45 s, there-
fore, this moment was used for analysis. Both CFD and
MRI results showed a similar flow pattern. The difference
for maximum velocity was 9.21%. On both cross-sections
the maximum velocity magnitude, 0.684 m/s and 0.621 m/s
for CFD and MRI, respectively, was observed at the region
near the left side of the aneurysm. The velocity value on the
right side of the aneurysm cross-section (in the aneurysm
bleb) was about 0.057 m/s for CFD and 0.062 m/s for MRI.
The average velocity over cross-section was 0.127 m/s for
CFD and 0.132 m/s for MRI. Thus, the difference in average
velocity was 3.94%.

The distribution of velocity magnitude for the median
cross-section is presented in Fig. 8. A similar distribution
pattern was observed for CFD and MRI. For most of the
velocity values, the ratios for CFD and MRI results were
similar. However, for MRI the low velocity (<0.1 m/s) share
was 61%, whereas for CFD it was only 45%.

For a detailed comparison of preoperative hemodynam-
ics, a set of six cross-sections was used. The comparative
image of these cross-sections is presented in Fig. 9. A com-
parative analysis of CFD and MRI data showed that a similar

U (m/s) U (m/s)
E0'68 0.62
- 051 -0.47
£ 034 o3
§0.17 -0.16

t_o:oo EO:OO

(b)
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Fig. 8 Distribution of velocity for central cross-section of aneurysm model before stenting at systolic peak

main flow pattern was obtained for each cross-section of the
intracranial aneurysm model.

Two control points on the central cross-section were
selected to compare a velocity change over the cardiac
cycle for CFD and MRI. The first point corresponded to a
high velocity zone, which belongs to the parent artery. The
second one was located in the center of the aneurysm sac,
where the lowest velocity values were observed. A differ-
ence between CFD and MRI should be maximal at these
points. A position of the control points and obtained veloc-
ity curves are presented in Fig. 10. Each MRI value was
compared with the corresponding CFD value and an average
difference D for each control point was calculated as:

N
| < |CFD, — MRI,|
D=1\—[;—x100%, @)

CFD,

where N is a number of temporal values for MRI; CFD; is
the ith temporal value for CFD; MRYI, is the ith temporal
value for MRI.

The difference between CFD and MRI for the first control
point was about 4.75% (for the high velocity zone), while
for the second control point it increased to 18.64% (for the
low velocity zone).

3.2 Postoperative analysis

Similarly, Fig. 11a, b shows the velocity distribution at the
median plane inside the aneurysm model. The FD place-
ment significantly altered the intra-aneurysmal flow pat-
tern. Both CFD and MRI results showed a similar flow
pattern postoperative as well as for preoperative case. The
maximum velocity values, 1.13 m/s and 0.962 m/s for CFD
and MRI, respectively, were observed inside the region

@ Springer

enclosed by the FD. For the maximum velocity values,
the difference was 14.86%. The metallic FD braid caused
a small artifact in the MRI measurements; this region was
excluded for analysis of mean velocity over central cross-
section. The average velocity over cross-section reduced
to 0.112 m/s for CFD and to 0.108 m/s for MRI. Thus, the
difference between both methods in average velocity was
3.7% in a case of FD placement.

For the postoperative case, the distribution of veloc-
ity magnitude for the median cross-section is presented in
Fig. 12. A similar distribution was observed for CFD and
MRI results. For MRI results, the ratio of low velocities was
71.1%, whereas for CFD it was only 55%. The compara-
tive image of six cross-sections for CFD and MRI after FD
placement is presented in Fig. 13. Again, a similar main flow
pattern was observed for CFD and MRI results.

Two control points on the central cross-section were used
to compare a velocity change over the cardiac cycle for CFD
and MRI after the treatment. A position of the points was
similar as for preoperative analysis. For the treated aneu-
rysm, the first control point was located inside the FD. The
second control point was in the aneurysm sac near the FD
mesh. The position of the control points as well as velocity
curves are shown in Fig. 14. Equation (4) was used to calcu-
late a difference between the two methods. The difference for
the high velocity zone was 11%, while for the low velocity
zone it was 20%. In comparison with the preoperative state,
the difference D increased both for high and low velocity
zones. It should be caused by the presence of the metallic
braid of the FD near the control points, which could poten-
tially affect the results of the MRI measurements.

The obtained MRI and CFD results were averaged over
space and cardiac cycle in the aneurysm volume, excluding
the parent artery. Equation (3) was used to calculate a flow
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Fig.9 Velocity map for six different cross-sections of aneurysm model before stenting at systolic peak. From inlet (1) to outlet (6), in each pair:

left—CFD; right—MRI

reduction R after the FD implantation. For MRI, the flow
reduction was 23%, whereas for CFD it was 19%.

4 Discussion
Estimation of intra-aneurysmal flow right after the FD

deployment is of great interest for neurointerventional-
ists and could provide valuable information regarding a

flow-diverting effect caused by the implanted stent. One of
the clinically applicable methods is 4D flow MRI, which
could assess flow reduction in vivo in a significantly less
time compared to CFD simulations of the post-treatment
flow field (Schnell et al. 2016). Moreover, 4D flow MRI
measurements could overcome several limitations of
numerical simulations, such as assumption of rigid vessel
walls, Newtonian fluid, etc. Several in vivo studies have
been done in the recent years evaluating FD performance
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Fig. 10 Velocity over time at the control points before a FD implantation for CFD and MRI

Fig. 11 Velocity map for central
cross-section after FD place-
ment at systolic peak: a CFD;

b MRI

(a)

after stenting. Thus, MacDonald et al. measured flow
alterations in a giant cerebral aneurysm treated with a FD
stent both before and after the treatment, and showed that
MRI could visualize and assess hemodynamic alterations
with sufficient resolution for clinical practice (MacDon-
ald et al. 2015). In another study, intra-aneurysmal flow
modifications for ten patients treated with different FDs
were assessed by 4D flow MRI as well as problems and

@ Springer

(b)

limitations of the method were described (Pereira et al.
2015). Nevertheless, in vivo measurements of FD altered
flow field are still challenging and more studies required
with a large cohort to assess limitations of the method
applicability. Moreover, the cross-validation studies
between CFD and MRI are necessary to analyze advances
and limitations of both methods for evaluation of post-
treatment flow changes induced by FD implantation.
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Fig. 12 Distribution of velocity for central cross-section of aneurysm model after FD placement at systolic peak

In the present study, we found a good correspondence
between CFD- and MRI-measured velocity both before and
after FD treatment. The comparison between CFD and MRI
was mostly based on global (averaged) measures of the flow
fields. When compared side-by-side, these velocity fields
have similar tendencies, but differ more than the averaged
values suggest, e.g., the shapes of dominant flow features
(e.g., high velocity zones) were frequently in the similar
area, but of different shape. Nevertheless, despite low spa-
tial and temporal resolution, the flow pattern in the aneurysm
model was correctly measured using 4D flow MRI, which
was proven by numerical simulations. As this correspond-
ence persisted after FD placement, we can conclude that
our virtual FD placement provided correct boundary condi-
tions for an accurate CFD simulation. Thus, MRI provides
a non-invasive way of evaluating the local hemodynamics
of cerebral aneurysms after the stent placement. It should
be noted that, this is true in our case for an in vitro measure-
ment that took about 50 min of scan time, but not necessarily
for a generic 4D flow MRI scan used in vivo due to shorter
scan time and additional artifacts. Therefore, further studies
required to address this topic.

Matching CFD and experimental MRI data is challeng-
ing, as small differences in boundary conditions of CFD and
measurement errors in MRI may have large effects on the
results. Even temperature changes in the experimental fluid
might have an impact on both methods. Boundary condi-
tions were identified with great care and adapted to the MRI
scenario; however, in the comparative analysis, we mainly
focused on the comparison of flow patterns, main flow fea-
tures and prioritized a qualitative over a quantitative com-
parison as displayed in the magnitude flow maps.

Typically, CFD and MRI results require comparison with
some in vitro high precision laser-optical methods such as

particle image velocimetry (PIV) or laser Doppler anemom-
eter (LDA), which utilize special experimental setup with an
aneurysm model as well as experimental blood-like fluid.
However, both of these techniques are affected by equip-
ment used and accuracy of an operator. Moreover, the small
mismatch in the refractive index between aneurysm wall and
fluid may influence the measured velocity field (Ugron et al.
2012). Nevertheless, several studies clearly demonstrated
that computed velocity fields agree well with PIV-measured
ones if mesh independency is ensured, e.g. (Ford et al. 2008;
Raschi et al. 2012). Thus, Cito et al. reported good agree-
ment between CFD and PIV for patient-specific hemody-
namics study by six independent research groups during
Virtual Intracranial Stenting Challenge 2011 (Cito et al.
2015). The PIV result was reproduced well by each research
group and the obtained normalized root-mean-square error
was about 7.28%, which is comparable with error in case
if different PIV system is used for velocity measurements
in the same model (Palero et al. 2010). On the other hand,
Frolov et al. compared LDA-measured and CFD-simulated
flow fields and found a good agreement between both meth-
ods for the patient-specific internal carotid artery aneurysm
model (Frolov et al. 2016). Thus, the aforementioned con-
siderations supported our intention to use CFD results as a
reference in this study without additional use of LDA or PIV
measurements.

Analysis of pre- and post-treatment hemodynamic char-
acteristics showed a flow reduction in the sac of treated
aneurysm. There was a good general agreement between
MRI-measured and CFD-calculated velocity values (recall
Figs. 9, 13). We observed a reduction of blood velocity
in both cases: for CFD the reduction of flow in aneurysm
sac was 19%, while for MRI data the flow reduction was
23%. However, the obtained flow reduction seems not to
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Fig. 13 Velocity map for six different cross-sections of aneurysm model after FD placement at systolic peak. From inlet (1) to outlet (6), in each

pair: left—CFD; right—MRI

be sufficient. According to criteria by (Ouared et al. 2016),
for successful treatment with FD, the flow reduction should
be at least one-third of the initial condition. This statement
could potentially explain why the studied aneurysm was
unsuccessfully treated with a FD: 6 months after treatment
there was still perfusion in the aneurysm dome and occlu-
sion could only be achieved with further treatment.

The individual geometry of a cerebral aneurysm has a
significant influence on the distribution of hemodynamic
characteristics (Larrabide et al. 2015). The addition of two

@ Springer

artificial segments for inlet and outlet could potentially lead
to complex flows in the parent artery upstream aneurysm;
however, only intra-aneurysmal blood flow was considered
in the present study. A Newtonian fluid was used both for
MRI measurements and CFD simulations, since the results
for Newtonian and non-Newtonian fluids mainly differ only
in the low-velocity zones, where the velocities are near zero.
However, the spatial resolution of MRI is not high enough
to precisely detect these zones, which is demonstrated in our
study and agrees well with the recent studies (MacDonald
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et al. 2015; Pereira et al. 2015). Although a high resolu-
tion of the velocity field cannot be achieved by in vivo MRI
measurement in intracranial arteries, MRI is able to deter-
mine an inlet flow rate with enough precision, which is nec-
essary for a CFD simulation and was used for definition of
boundary conditions in the present study. Also the length
of the pipes between the piston pump and the phantom in
the MR-setup might slightly damp the pulsation. However,
the presented data showed clear pulsation to mimic realistic
physiological conditions.

The FD geometry and placement also play a significant
role on alteration of hemodynamic characteristics in a cer-
ebral aneurysm; however, alterations of cerebral artery
shape could be neglected since FD is mechanically soft
and cannot expand the lumen substantially. Therefore, only
flow alterations caused by stent braiding should be taken
into account. In the recent years, there is a trend of utilizing
a patient-specific FD placement instead of idealized ones
for CFD simulation (Bernardini et al. 2011; Paliwal et al.
2016). Therefore, in the present study, we used a fast virtual
stent implantation procedure, provided by Ignacio Larrabide
(Bernardini et al. 2012; Larrabide et al. 2012), to obtain a
realistic deployment of the FD inside the aneurysm. The
comparison between real and virtual deployments showed
a good agreement and therefore the deployments could be
considered similar. One advantage of MRI compared to CFD
is that deployment of FD does not need to be simulated. This
omits possible errors which could happen during the virtual
deployment of the FD. However, CFD allows simulating
different scenarios of FD deployment as well as different

0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02

Velocity, m/s

0 01 02 03 04 05 06 0.7 08 09 1
Time, s
= CFD ¢ MRI

.14 Velocity over time at the control points after a FD implantation for CFD and MRI

types of FDs, which potentially could be used for supporting
a physician during a clinical decision making process. Both
CFD and MRI methods seem to be complementary; there-
fore, both of them could be used to use their advantages. On
the other hand, MRI is also prone to several measurement
errors. In 4D flow MRI, the correct setting for VENC is
problematic: it is important to have a good velocity resolu-
tion in low flow areas such as in the aneurysm sac, whereas
you might encounter aliasing in high velocity regions such
as in the FD if the VENC is set too low. To control for these
errors, we did not use an aliasing algorithm, but manually
inspected the velocity data slice-by-slice. Aliasing was
detected only in the in- and outflow vessels, but not in the
aneurysm region itself, i.e., in the regions of interest where
flow was not altered by aliasing artifacts.

Due to Rician noise in MRI, we expected to overestimate
low velocities in the MR measurement which is in compli-
ance with the described higher ratio of velocities < 10 cm/s
compared to the CFD simulations, which is in agreement
with in vivo studies, e.g., (Pereira et al. 2015). As we com-
pared absolute velocities, the Rician noise is not cancelled
out (there are no negative values) and therefore the mean of
the noise could introduce a small offset in low flow regions.
In addition, possible phase wrapping could contribute to
underestimation of high velocities in the studied model,
despite it was not observed visually. Limitations of the tem-
poral resolution for the MR measurements might lead to an
underestimation of the systolic phase peak. This undersam-
pling artifact contributes to deviations between MRI and
CFD flow maps. The increased difference between CFD and
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MRI results for the postoperative compared to the preop-
erative case could be the result of susceptibility artifacts of
the metallic FD, which are consisted with previous studies,
e.g., (MacDonald et al. 2015; Pereira et al. 2015). The flow
diverter caused only a very local signal cancellation in the
area of the struts due to weak susceptibility perturbations.
The affected voxels were excluded from analysis based on
the real images. By comparing the parent vessel just before
and inside the flow diverter, no systematic differences were
observed in the center of the vessel. Furthermore, the field
inhomogeneities, induced by the flow diverter, could cause
additional dephasing and thereby phase errors affecting
the measured velocities. Careful inspection did not reveal
those effects. However, we cannot fully exclude phase errors
induced by the flow diverter. To analyze the influence of
temporal resolution on flow underestimations might be
investigated in further studies.

Partial volume effects might be another error source in
MRI (Tang et al. 1993, 1995). However, as the MRI magni-
tude data showed well defined borders for the vessel anat-
omy, no artificial resolution enhancement was performed.
Slice-by-slice correction by an experienced physician of
threshold based semi-automatic segmentation showed very
good agreement between anatomy and acquired data. The
presented study has some limitations. The study was con-
ducted on a single aneurysm case only, which limits the
interpretation of comparison results on aneurysms of dif-
ferent size and shape. Therefore, a number of clinical cases
should be extended to evaluate the ability of MRI to pre-
cisely estimate the hemodynamic parameters in cerebral
aneurysms after FD implantation. The vessel wall was
assumed to be rigid. Due to susceptibility artifacts of the
metallic FD there is no flow information close to the FD.
The algorithm to define the volume of interest should be
improved to prevent the exclusion of low-value velocities
at the boundaries from measured data. One of the possible
ways is to apply a global threshold method proposed in (Otsu
1979). This method can be applied to the histogram of the
magnitude data to calculate a global threshold, so the result-
ing segmentation does not rely on human choices for the
boundary. This would be a topic of future studies.

5 Conclusions

In the present study, we investigated hemodynamics in a
patient-specific model of a wide-neck aneurysm of the left
internal carotid artery. We compared CFD and MRI methods
for quantification of intra-aneurysmal flow patterns before
and after FD placement. We showed a qualitative and quan-
titative agreement of velocity fields measured by CFD and
MRI both before and after FD placement in a patient-specific
model of an intracranial aneurysm. Although the velocity

@ Springer

field could not be resolved in high spatial resolution by MRI,
MRI was able to correctly determine the main flow pattern
in a cerebral aneurysm. While it requires a number of clini-
cal validations, MRI measurements have the potential to
be used in future for in vivo evaluation of post-treatment
hemodynamic changes induced by FD placement. The pre-
treatment CFD simulation could be helpful in predicting the
outcome of a FD treatment, which would be of interest for
interventional planning.
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