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ABSTRACT

By visualizing vascular walls of intracranial an-
eurysms (IA) using black blood magnetic resonance
imaging (BB MRI), wall adjacent and luminal hyper-
intense signal intensity (SI) is found. These SI have
been linked to vessel wall inflammation, higher rup-
ture risk, and slow flow. However, the relationship
between SI and other hemodynamic features has not
been investigated before. Therefore, here computa-
tional fluid dynamics (CFD) simulations are carried
out to compare the flow behaviour to the SI values. In
this study, three patient-specific aneurysm phantoms
are undergone BB MRI. Next BB MRI SI were evalu-
ated inside the aneurysm lumen and is then compared
to in-silico flow behaviour. The comparison is per-
formed by taking both, the time-averaged (TA) and
time-resolved CFD data into account. The overall
comparison reveals high dependencies of increasing
velocity and kinetic energy (KE) to decreasing SI,
which can be explained by the design of BB MRI.
BB MRI eliminate the signal of flowing fluid and
works best for higher flows. Still, not all BB sig-
nal originated from fluid with high average velocities
was eliminated, in this case it shows higher oscillat-
ory velocity indices. By analysing regions of vor-
tex formation within the highly-resolved CFD data, a
correlation to low SI is found. The comparative in-
vestigation of BB and CFD results indicates specific
relations between hemodynamics and SI noticeable
in velocity, KE and vortex formation. The analysis
of BB MRI SI reveals correspondences to hemody-
namic parameters for TA values, a strong correlation
has to be further proofed.

Keywords: Computational fluid dynamics, Black
blood magnetic resonance imaging, Hemodynam-
ics, Intracranial aneurysm

NOMENCLATURE

KE [/] kinetic energy

OVI [-] oscillatory velocity index
SI [a.u.] signal intensity

VEL [m/s] velocity

Subscripts and Superscripts
BB black blood
CFD computational fluid dynamics

IA intracranial aneurysm

MAD  median absolute deviations
MRI magnetic resonance imaging
TA time average

VC vortex core

\AYY vessel wall

1. INTRODUCTION

Intracranial aneurysms (IAs) are a pathology oc-
curring in cerebral arteries, presenting as a dilata-
tion of the vessel [[1]. Due to the weak structure
of an aneurysm dome, IAs carry the risk of rupture
which leads to subarachnoid bleedings. IAs can be
treated, but each intervention has complication risk,
moreover some [As do not rupture during the life-
time. However, reliable aneurysm rupture risk as-
sessment is a clinical challenge [2][3]. Many met-
rics associated with rupture risk can be derived from
state-of-the-art CFD methods [4]. Specific hemo-
dynamic parameters characterizing the blood flow
are linked to rupture like oscillatory shear index and
wall shear stress. Recently, signal enhancement on
BB MRI was linked to the aneurysm wall inflam-
mation and higher aneurysm rupture risk [S][6][7].
BB MRI recordings comprise of signal intensity and
is designed to suppress the signal of flowing blood
[81[9]. Low SI within measurements of IAs has been
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related with high velocities. Nevertheless, recent
studies show that low or high velocities can lead to
low SI [8]][10]. Overall the link between SI and an-
eurysm hemodynamics is of great interest concern-
ing the estimation of rupture risks of IAs. Since this
link was poorly investigated up to now, the purpose
of this study is to determine relations of the intra-
aneurysmal flow field to the BB SI. To explain the
variations in SI trends and pseudo enhancement, the
SI is compared to specific hemodynamic parameters.

2. MATERIAL AND METHODS

The underlying experiments and simulations are
based on previous studies by Gaidzik et al. [[10] and
Pravdivsteva et al. [8]].

2.1. Patient selection

Three IA models are created using 3D rotational
angiography (3D RA, Allura XperFD 20/10, Philips,
Best, The Netherlands) of three different patients
over the age of 50. Each patient-specific IA model
has a unique shape, size and location to ensure a di-
verse basis for the study. Size and shape of each
model is shown in Figure [I]and are further described
in [TO](8].

M1 M2 M3

i 4
38x28 mm2 36x25 mm2 12x10 mm?2

Figure 1. Aneurysm models (M1-3) of three dif-
ferent patients with varying anatomical cross sec-
tions (mm?) located at the basilar tip (M1), the
carotid terminus (M2) and the middle cerebral
artery bifurcation (M3).

2.2. Black blood MRI

Blood flow inside the IA models is analysed via
in-vitro experiments of the patient-specific models.
The IA geometry models are 3D-printed for this pur-
pose and a blood mimicking fluid is pumped through
the vessels with a pulsatile flow. Blood flow is then
recorded with BB MRI. Within BB MRI the flowing
blood is suppressed and enhancement zones further
visualized. If the suppression sequencing is success-
ful, blood is visualized as black (in contrast to this for
in-vivo experiments the static tissue is illuminated).
These visualizations are digitised to SI values, which
are time averaged over one cardiac cycle. Resolution
of the BB MRI voxel is 0.7mm3. For further details
on the experimental setup the interested reader is re-
ferred to [8]].

2.3. Hemodynamic simulations

For each model a blood-flow simulation is car-
ried out based on the experimental setup to create
a basis for comparison. The detailed setup is given
in [10]. Fluid properties are set to equal the exper-
imental parameters with a density of 1114.5 kg/m3
and a dynamic viscosity of 3.72 mPas, respectively.
Time dependent pulsatile flow curves, recorded dur-
ing the experiments, are set as inlet boundary condi-
tions. Two different flow curves are imposed to ana-
lyse the impact of a high and low flow field. The
mean value of the low flow curves are 160 ml/min
(M1), 203 ml/min (M2) and 208 ml/min (M3). For
the high flow curves, the mean values are 266 ml/min
(M1), 307 ml/min (M2) and 311 ml/min (M3). Out-
let boundary conditions are pressure curves, like-
wise recorded and set equal for high and low in-
flow conditions. The mesh comprises of polyhed-
ral and prismatic cells with a base size is 0.1 mm
and the discretised models comprised of 9.8 (M1),
15.1 (M2) and 8.5 (M3) million elements. The finite-
volume solver used for the simulations is StarCCM+
(Siemens Product Lifecycle Management Software
Inc., Plato, TX, USA).

2.4. Analysis

To compare the SI data recorded within the BB
MRI experiments to the CFD data, relevant hemo-
dynamic parameters are evaluated from the numer-
ical simulations. Accordingly, velocity magnitude as
well as velocity components (V,, V,, V), kinetic en-
ergy (KE), and oscillatory velocity index (OVI) are
analysed [[L1][12].
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The qualitative as well as quantitative evaluation
of the raw CFD data is carried out in EnSight v10.2
(ANSYS Inc., Canonsburg, PA, USA). MATLAB
R2020b (MathWorks, USA) is used for the analysis
of the processed data [13]]. For an accurate compar-
ison the BB SI data has to be registered onto the nu-
merical model results. Registration is carried out in
Blender 3.1 (Blender Foundation, Amsterdam, NL).
Once this SI data is registered, the CFD data, whether
time-averaged or resolved, can be mapped, using En-
sight, onto the BB voxels to allow for direct compar-
ison.

2.4.1. Time-averaged data analysis

After registration of the SI data onto the hemo-
dynamic simulation parameters, the latter are aver-
aged and mapped onto the registered SI data. Thus,
a point-wise comparison of the averaged data is ac-
complished. Since the mapped, time-averaged (TA)
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data still may be slightly misaligned, a voxel-wise
comparison is completed as well. For this, the CFD
data is spatially discretised and the averaged para-
meters are calculated for a new, artificial voxelisa-
tion. This new voxel size is 2.1mm3, which is three
times the size of the BB MRI resolution. The spa-
tially averaged CFD data are then similarly mapped
onto the new SI data which is spatially averaged to
the same resolution, to analyze the correlation of the
data voxel-wise.

Additionally, the mapped SI data is clustered
into 10 and 25 regions depending on the value of the
SI. Thus, the cluster boundaries feature a regular in-
terval and the dimensions of each cluster differs in
size. The cluster-wise averages of the hemodynamic
parameters depending on the SI values within each
cluster, are then correlated to the cluster-wise SI val-
ues.

To define these clusters, the range of SI is di-
vided in equal amounts between the minimum and
maximum based on the number of regions. Thus,
every cluster has a specific size and discretizing a
model into more than 25 clusters would not improve
the analysis since clusters become bare or completely
void. On top of that, for the highly resolved CFD
data, the OVI is calculated. Since this index shows
the fluctuation of velocity over time, it is first cal-
culated and then mapped onto the registered BB SI
data. Here, a cluster-wise correlation allows for an
analysis of the dependency of velocity fluctuations
over time onto SI.

2.4.2. Time-resolved data analysis

To further investigate the fluxes of SI observ-
able in the flow fields and possible causes of pseudo-
enhancement, the time-resolved CFD data is ana-
lysed in detail and then mapped onto the BB SI. This
analysis contains the evaluation of each time-step’s
velocity values. Focusing on the systolic time-step,
the inflow jet into the aneurysm is evaluated and the
depending velocity parameters are analysed.

Next, the dependencies between vortex forma-
tion and BB MRI are analysed. By extracting the vor-
tex core (VC) lines from the high resolved CFD data,
the geometric points of the inner vortex is formed.
These are given over 20 time-steps within one car-
diac cycle. After the vortex core region is located,
the BB SI is analysed in this location. The variation
of high and low BB SI and the mean and median val-
ues are analysed.

3. RESULTS
3.1. Qualitative results

Figure [2|shows the qualitative comparison of the
three models. A contour inside each aneurysm model
is colored by time-averaged KE (first and third row)
and SI (second and forth row). Similar flow patterns
are present within M1 and M2 for SI and KE for low
and high flow rates, constituting the appearance of
higher SI in areas with lower KE (see black arrow

heads). This is also noticeable within M3 for the high
flow rate (see black arrow heads). KE pattern is sim-
ilar within M3 for low and high flow rate, but the SI
pattern shows a different behaviour between low and
high flow. Furthermore, SI is much lower (highest
value 830 a.u. lower) within M3 for low flow.

Low flow
M1 M2 M3
KE (J) KE ) KE )
ol w4
SI (au) SI (a.u.)

-1000 200 [N 270

‘}
2 ’

High flow
M2 M3
KE (J) KE ()
[ = . ) o = __

Figure 2. Contour through each aneurysm model
(M1-M3) colored with KE (first and third row)
and with SI (second and forth row) for the two
applied flow rates. Areas with higher KE correl-
ate with areas with lower SI and vice versa (black
arrow heads).

3.2. Quantitative results
3.2.1. Time-averaged data

As previously reported, the mean TA velocity
correlates to the inverse of the SI when clustering the
domain into regions based on equivalent intervals of
SI. Comparing the values point-wise and voxel-wise
as described in section 2.4 does not give insight into
the flow behaviour and its impact on the SI. Never-
theless, the cluster-wise comparison shows similarit-
ies between the BB MRI SI and other hemodynamic
parameters. In Figure [3|the TA velocity is presented
for each of the ten SI clusters. In this Figure as well
as in Figure [4]and Figure [3]the SI values are nor-
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malized by the highest SI value outside the aneurysm
lumen. In the graph on the left, the TA velocity is
plotted with all data points while the graph on the
right shows the data with outlying velocity removed.
Outliers are defined as points with more than three
scaled median absolute deviations (MAD). Figure El
shows the wide range of velocities that can induce
low SI for M1. While high velocities are expected in
the lower range of SI, a large percentage of the first
two clusters show a vast range which includes very
low velocity. After removing the outliers, the me-
dian shifts most noticeably for the first, second and
third clusters. Considering only the velocities falling
within three MAD of the median, shows that the last
region’s median velocity is similar to the results in-
cluding the outliers. Therefore, further investigation

Sl vs TA Velocity

Sl vs TA Velocity (Outliers removed)

3
25, | mean _
, - mean sans outliers
=15
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TA Velocity (m/s) TA Velocity (m/s)

Figure 3. TA velocity (m/s) over the SI clusters
(1-10) with (left) and without (right) outliers.

is performed to elucidate the correspondence of this
large scale of velocities and SI.

3.2.2. Time-resolved data

Concerning the time-resolved CFD data, the
systolic time step is analysed first. Here, the high
velocity and the corresponding OVI are taken into
account. The high velocity inflow of M1 at systolic
state is shown in Figure [dalong with the OVI. In the
first row, the velocity inflow jet is presented using
only velocity above the 90th (left) and 99th (right)
percentile of the overall velocity values. The jet is
colored by velocity; the red dots are a subset of the
CFD resolution thereby representing the aneurysm.
In the second row, the jet is simply colored blue
while the aneurysm representative dots are scaled
and colored by OVI. The high velocity zone has a
consistent direction throughout the cardiac cycle pro-
ducing a low OVI. However, the fluid surrounding
the jet changes direction throughout the cycle.

A high OVI (OVI > 0.2) is typically found in
low velocity areas where relatively minor change in
direction or particularly in magnitude can lead to an
elevation of OVI. In Figure [3|the distribution of the
OVI in the aneurysm lumen is presented on the left.
In the middle, the aneurysm lumen is presented with
blue dots. Using the first quartile of velocity as a
limit, velocity in this range exhibits a high OVI over
the entire range of SI as shown in Figure [5]in the

90th percentile 99th percentile

of velocity of velocity
1.4
1
1.2
0.5
( \ 0.01 \ 0.01
g
0 0

Figure 4. Velocity inflow jet into aneurysm M1
scaled by OVI inside the red colored aneurysm
(first row) and the velocity inflow jet colored
blue inside the aneurysm scaled with OVI (second
row).

middle. However, for the fluid with velocity greater
than the mean and OVI greater than 0.2, the SI tends
to be in its higher range (see Figure [5|right). The

oV OVI>0.25 OVI>0.20
& Vel < Q1 & Vel > Q2
ov . sI SI
0.4 " ;\
\ 1]
02 ."& T !
3 \
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Figure 5. OVI distribution inside the aneurysm
(left). Distribution of OVI>0.25 and velocity
lower than the first cluster (middle). Distribution
of OVI>0.2 and velocity higher than the second
cluster (right).

relationship between TA velocity and SI does not
hold for time-resolved velocities in most cases even
at systole where the largest ranges of velocity would
be seen. The M1 high flow case saw the largest ve-
locities of the study. In Figure [6] the velocities of
systolic flow are analysed in comparison to the av-
eraged cardiac cycle. Here it is more apparent that
a majority of flow, even at median velocities, is sup-
pressed well in the first two regions. However, av-
erage velocity does not correlate with SI. A lack of
any trend between velocity and SI is noted when the
clustering is based on velocity.

Concerning the vortex core analysis, the SI, re-
vealed in the vortex core regions, is analysed for each
time-step. No specific curve representing a period-
icity of the SI is found over time. Calculating the
mean values of the SI of each time-steps reveals very
low (<first cluster = 50 a.u.) SI values. In Figure |Z|
the mean and median as well as maximum and min-
imum values are shown. The maximum comprises
of a high range (&230 a.u.) over SI, while the mean,
median and minimum values range only up to 4 a.u..
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Figure 6. SI plotted over velocity in systolic state
(left column) and TA (right column).
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Figure 7. SI values on the VC of aneurysm M1,
comprising the median, mean, maximum, and
minimum values of SI for each time-step over one
cardiac cycle.

4. DISCUSSION

Investigating the dependencies between SI and
hemodynamics reveals a visible connection that with
increasing kinetic energies the SI decreases. This
strengthens the findings by [10]] and [8]. A point-
wise correlation, whether using highly-resolved or
voxelised data, does not provide any clear correla-
tion. For the high resolution data, this could be at-
tributed to the manual registration and lower resolu-
tion of BB MRI. The artificial voxelisation provides

an averaging effect that can obscure registration er-
rors, but also erases important information like velo-
city component directions and peaks. Thus, still no
direct relationship arose between the hemodynamics
and SI, when analysing spatial averages. Dividing
the SI data into 10 clusters reveals a correlation to
TA velocity. The analysis of the time-resolved data
is narrowed down by focusing on systole and diastole
along with OVI, a metric summarising the entire car-
diac cycle. There is no specific correlation found for
the time-resolved data. Since the SI data is inher-
ently time-averaged itself, this may mean that only
time-averaged data is able to be infered. Similarly
and more surprisingly, time-averaged data may be the
only way of determining why enhancement and other
artifacts arise in BB MRI. This leads to the assump-
tion that SI data correlates solely to TA hemodynam-
ics. Velocities greater than the first quartile of values
is much less likely to have an OVI > 0.2; however,
when these velocities, particularly when greater than
the mean, experience high OVI, the flow exhibits a
higher SI. This indicates that higher average velocit-
ies that are not consistently suppressed are yielding a
higher SI due to an elevated OVI. This corresponds
with Henningson et al., who found out that the sig-
nal suppression is more successful when a stronger
turbulence appears [14]. A relationship is found for
the TA data, but does vary between models. A lar-
ger number of models must be analysed to further
strengthen the study.

5. CONCLUSION

In this study, three IA models are analysed with
BB MRI and CFD to investigate their correlation.
Therefore, the correlation between hemodynamic
parameters calculated in CFD are linked to SI meas-
ured in VW MRI to investigate any possible corres-
pondence. In summary, a qualitative and quantitative
relation is clear for TA data. However, point-wise
comparison as well as spatial discretization reveals
no fertile insights. Especially when analysing the
time-resolved CFD data separately, low OVI values
paired with high velocities lead to better signal sup-
pression (low SI). Vortex core lines are also correl-
ated with low SI. All in all, a relation is found for BB
MRI SI and TA hemodynamic parameters, showing
lower velocity values with higher SI values.
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