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Abstract: A multimodality approach was applied using four-dimensional flow magnetic resonance
imaging (4D flow MRI), time-of-flight magnetic resonance angiography (TOF-MRA) signal intensity
gradient (SIG), and computational fluid dynamics (CFD) to investigate the 3D blood flow characteris-
tics and wall shear stress (WSS) of the cerebral arteries. TOF-MRA and 4D flow MRI were performed
on the major cerebral arteries in 16 healthy volunteers (mean age 34.7 & 7.6 years). The flow rate

Hemodynamic Visualization in measured with 4D flow MRI in the internal carotid artery, middle cerebral artery, and anterior

Cerebral Arteries: Can Magnetic

cerebral artery were 3.8, 2.5, and 1.2 mL/s, respectively. The 3D blood flow pattern obtained through
Resonance Imaging Replace CFD and 4D flow MRI on the cerebral arteries showed reasonable consensus. CFD delivered much
greater resolution than 4D flow MRI. TOF-MRA SIG and CFD WSS of the major cerebral arteries
showed reasonable consensus with the locations where the WSS was relatively high. However, the
visualizations were very different between TOF-MRA SIG and CFD WSS at the internal carotid artery
bifurcations, the anterior cerebral arteries, and the anterior communicating arteries. 4D flow MRI,
TOF-MRA SIG, and CFD are complementary methods that can provide additional insight into the

hemodynamics of the human cerebral artery.
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1. Introduction

Stroke is ranked as the world’s leading cause of death, with an annual mortality rate
of approximately 5.5 million. This places stroke high on the 21st century public health
agenda, highlighting its importance in health research [1]. Stroke is a disease affecting the
arteries that lead to the brain and those within it [2]. Awareness of the hemodynamics of
the human cerebral arteries is essential to better understand the mechanisms underlying
disease initiation and progression.

In a specific vessel or lesion, a complete description of the hemodynamics requires a
knowledge of the blood flow pattern. Abnormal patterns of blood flow, such as turbulent
blood flow or transitional flow, may lead to disease progression [3]. Blood pressure,
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the natural stress acting against the vessel wall, has been commonly used as a vascular
disease biomarker [4]. Currently, the wall shear stress (WSS) distribution in arterial flow is
gaining attention due to emerging evidence that it is associated with atherosclerosis and
vascular disease [5-7]. The effect of WSS on remodeling of arteries and its implication on
vascular graft has become helpful in supporting clinical decision-making with regard to
cardiovascular disease as well as designing new cardiovascular medical devices [5,8].

Nowadays, new radiological techniques have been introduced that assess the flow
conditions in the circulatory system and that can demonstrate the pathophysiology of
vascular disease [9]. Due to advances in the magnetic resonance (MR) technique and data
processing capabilities, four-dimensional flow magnetic resonance imaging (4D flow MRI)
has recently gained prominence. However, the restricted spatio-temporal resolution of 4D
flow MRI sequences limits its clinical applications. Computational fluid dynamics (CFD)
with image-based vasculature geometry extraction was used to obtain detailed knowledge
of 3D fluid flow fields [10,11], but there was insufficient evidence that the results of the
CFD simulation were physiologically true [12-14]. Han et al. [15] conducted a series of
validation experiments on time-of-flight magnetic resonance angiography (TOF-MRA)
signal intensity gradient (SIG) and showed that this approach is feasible to rapidly assess
the arterial WSS. However, studies on the validation of this new method are rare.

This study presents an approach using 4D flow MRI, TOF-MRA SIG, and CFD as
complementary methods to visualize the 3D blood flow pattern and arterial WSS of the
cerebral arteries. The blood flow velocity of the major cerebral arteries was measured using
4D flow MRI. We used TOF-MRA data for the 3D CFD models and the flowrate obtained
from the 4D flow MRI for the inlet boundary conditions in CFD simulation. Both CFD and
4D flow MRI were performed to visualize the 3D blood flow pattern. The maps of WSS
described by CFD and TOF-MRA SIG were also compared.

2. Materials and Methods
2.1. Study Population

Sixteen healthy volunteers with no medical history of cardiovascular disease were
included in this study. The mean age of the subjects was 34.7 £ 7.6 years. The protocol
of this study was approved by our institutional review board (The Ethics Committee of
Jeonbuk National University Medical School and Jeonbuk National University Hospital;
JUH 2018-09-033).

2.2. Outline of the Workflow

The study method is illustrated in Figure 1. We used phase-contrast MRI (PC MRI)
source data for the subject-specific 4D flow MRI study. The TOF-MRA source data were
segmented and converted into 3D geometry for CFD simulations. The velocity obtained
from the 4D flow MRI analysis was applied to CFD simulations as the boundary conditions.
The TOF-MRA SIG was performed based on the TOF-MRA images. 4D flow MRI was used
for measuring the blood flow velocity. Both CFD and 4D flow MRI were performed to
visualize the 3D blood flow characteristics. Additionally, CFD and TOF-MRA SIG were
used to represent the arterial WSS.

2.3. Imaging and Data Acquisition

A brain TOF-MRA scan was performed for each subject by using a Verio 3T MRI scan-
ner (Siemens Healthcare, Erlangen, Germany). The scanning parameters used in this study
were as follows: repetition time =40.08 ms, echo time =2.79 ms, field of view = 146-174 mm?,
flip angle = 7°, slice thickness = 0.6 mm, matrix = 331-384, voxel = 0.84 x 0.84 x 0.03 mm.
The acquisition time was 4-5 min.

After the TOF-MRA scan, 3D volumetric coverage of the cerebral arteries and 3-
directional velocity encoding were performed in the PC MRI procedure. Prospective
ECG gating was synchronized with data acquisition. The scanning parameters were as

follows: repetition time = 18 ms, echo time = 3.11 ms, field of view = 151.6-151.6 mm?,
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flip angle = 20°, slice thickness = 3 mm, matrix = 155-256, spatial resolution =1.2 x 1.2 x
1.2 mm.

The velocity encoding (Venc) of 100 cm/s was set. The total acquisition time was
15-20 min. The term 4D flow MRI refers to PC MRI, which includes all flow encoding
resolved in all three dimensions of space with time (4D = 3D + time) during the cardiac
cycle [16].
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Figure 1. Flow chart of the multi-modality hemodynamic analysis of four-dimensional flow magnetic

resonance imaging (4D flow MRI), computational fluid dynamics (CFD), and time-of-flight magnetic
resonance angiography (TOF-MRA) signal intensity gradient (SIG).

2.4. 4D Flow MRI Analysis

Using in-house software written in MATLAB (MathWorks, Natick, MA, USA), all 4D
flow MRI data were preprocessed to remove Maxwell terms, eddy currents, and velocity
aliasing, as described previously [17]. 3D blood flow characteristics and flowrate included
in the resulting data were then analyzed by a 3D visualization and analysis software
package (EnSight; CEL, Apex, NC, USA).

For the cerebral blood flow quantification, the 2D segmented planes were manually
positioned at the anatomic landmarks of the major cerebral arteries within the anterior
cerebral circulation: internal carotid artery (ICA, paraophthalmic segment), middle cerebral
artery (MCA, middle M1 segment), and anterior cerebral artery (ACA, middle Al segment).
The mean (averaged over the vessel lumens that have been segmented) flow rate—-time
curves was calculated. For the 3D blood flow characteristics visualization, the 3D streamline
was used, which displayed traces along a 3D velocity field at a particular point in time.

2.5. MRI Reconstruction and 3D Cerebral Arteries Model

Using Mimics software (version 21.0; Materialise NV, Leuven, Belgium), the obtained
TOF-MRA DICOM images of sixteen cerebral arteries were reconstructed from 2D into 3D
geometry using the thresholding method. Since the reconstruction method was crucial in
this study, two experienced radiologists confirmed all the processes of segmentation. In
this study, only cerebral arteries with anterior circulation were included using a crop mask
tool. The edit mask in the 3D tool was employed to cut unnecessary branches. Before CFD
simulation, all 3D cerebral artery models were smoothed.

2.6. Computational Fluid Dynamics Analysis

The geometry of the cerebral artery was exported in STL format file from Mimics and
imported into COMSOL Multiphysics 5.2a software (COMSOL Inc., Burlington, MA, USA).
By changing mesh element size parameters (maximum element size, minimum element
size, maximum element growth rate, curvature factor, and resolution of narrow regions),
the optimal number for mesh was found when there was no more variation in pressure
and velocity. The meshes were formed with approximately 500,000 tetrahedral elements.



J. Pers. Med. 2021, 11, 253

40f12

The Reynolds number at peak systole ranged from 279 to 812 for the ICA. For the smallest
vessel at ACA Al, the Reynolds number ranged from 30 to 540. The analyzed Reynolds
number was confirmed to be similar to that previously reported [18]. The blood flow
was assumed to be incompressible, laminar Newtonian fluid that followed the previously
stated continuity equation [19]. At the inflows, the flow conditions derived from 4D flow
MRI measurements at the ICAs were applied to the inlet boundary condition in the same
arteries [20]. Three cardiac cycles were calculated and the second cycle was taken for the
results. The traction-free boundary condition was applied at the outlets [21]. The arterial
wall was assumed to be rigid with a no-slip condition [22]. Using the fully coupled method,
the dependent variables such as pressure and velocity were calculated. For the numerical
solving, iterative solver (generalized minimal residual algorithm (GMRES)) was used. The
relative tolerance was set to 0.01 for the convergence of the solution.

3D streamline was used for the visualization of blood flow and WSS distributions
were calculated for comparison with SIG [18]. To better display complex blood flow
characteristics, all images in the figures are presented at peak systole.

2.7. Assessment of the TOF-MRA SIG

The workflow of TOF-MRA SIG analysis was described in previous publications [15,23].
The 2D source TOF-MRA images was imputed into the in-house-developed software
(VINT64). Using this software, the 3D vascular geometry of the cerebral arteries was
generated and segmented. The arterial segment from the supraclinoid ICA (ICA just after
the branching site of the ophthalmic artery) to the MCA bifurcation and to the ACA A2 on
the bilateral side was manually isolated. Finally, the SIG visualization of the segmented
model was automatically performed. The time required for the TOF-MRA SIG analysis
process was less than five minutes for each subject.

3. Results
3.1. Blood Flow Quantitative Analysis with 4D Flow MRI

The mean flow rates for the major arteries of the anterior cerebral circulation measured
on 4D flow MRI data are summarized in Table 1. On an average, a flow rate measured with
4D flow MRI atthe ICA was 3.8 mL/s. The flow division at the bifurcation was 65.8% for
MCA M1 (2.5 mL/s) and 31.6% for ACA Al (1.2 mL/s).

Table 1. Comparison of previously reported data of mean flow rates calculated with PC MRI in
healthy volunteers.

Vascular Segment

Study ICA M1 Al PC MRI Correction Schemes
Wahlin [24] 4.0 (0.6) 2.3(0.3) 1.4 (0.5) 2D No correction
Zarrinkoob [25] 4.3 (0.8) 2.4 (0.5) 1.4 (0.3) 2D No correction
MacDonald [26] 49 (1.5) 2.4 (0.8) 1.7 (0.7) 3D No correction
Bouillot [27] 3.4(0.7) 1.9 (0.5) 1.1(0.4) 3D Correction
This study 3.8 (0.8) 2.5(0.4) 1.2 (0.5) 3D Correction

Mean flow rates in mL/s, standard deviation in parenthesis. ICA: internal carotid arter-ies-paraophthalmic
segment, M1: middle cerebral arteries-middle M1 segment, Al: anterior cerebral arteries-middle Al segment,
PC MRI: phase-contrast magnetic resonance imaging.

3.2. 3D Blood Flow Patterns Derived Using 4D Flow MRI and CFD

For all subjects, the results were obtained using 3D streamlines for a representative
description of the characteristics of the systolic blood flow. For all models, the blood
flow was well-visualized in the ICA, MCA, and ACA. Major flow structures and the
recirculation regions observed in the CFD coincided with the 4D flow MRI, as shown in
Figure 2. Generally, the blood flow patterns given by both methods showed reasonable
consensus with the locations where the flow velocity was relatively low and where it was
relatively high. However, similar to the reports of several previous studies [21,28-31],
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the maximum velocity magnitude of the blood flow tended to be lower in the 4D flow
MRI models than in CFD simulations. The velocity fields from the CFD and 4D flow MRI
showed large differences at ACA A2.

10 mm

Velocity
1
W =
S = )
0.4
\
3
\ e \
'/‘ —— 0.1
e = i N Sl .
” v .’4 m/s
CFD 4D flow MRI

Figure 2. 3D blood flow characteristics of the cerebral arteries obtained from CFD and 4D flow MRI.
The major flow structures (white arrow) and the recirculation regions (black arrow) observed in the
CFD coincided with those in 4D flow MRI. The same velocity scale bar with color was applied for all
the images ranging from 0-1 m/s.

Figure 3 identifies several differences between the two methods in the 3D blood flow
characteristics: (1) The blood flow in the anterior communicating artery (ACoA) was better
visualized in CFD than in 4D flow MRI; (2) low flows near the vessel wall were better
captured by CFD; (3) recirculation region at the ICA bifurcation visualized by CFD was of
higher quality compared to those by 4D flow MRI. These results reflect that CFD has the
ability to deliver much higher resolution than 4D flow MRL

3.3. Comparison of WSS Derived by CFD with TOF-MRA SIG

The TOF-MRA SIG for all subjects was visually compared with the WSS distribution
derived by the subject-specific CFD simulation. Generally, we identified that the signal
intensity of the arterial wall could provide specific hemodynamic information for each
subject. However, although TOF-MRA SIG and CFD WSS of the major cerebral arteries
showed fairly reasonable consensus with the locations where the arterial WSS was rela-
tively high (Figure 4), the discrepancies between the two methods remained important
in the detailed illustration of the WSS distribution. The visualization was very different
between CFD WSS and TOF-MRA SIG for small vessels (i.e., ACA and ACoA) and the ICA
bifurcation, as shown in Figure 5.
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Figure 3. The differences in blood flow visualization between CFD and 4D flow MRI. (A) The blood
flow in the anterior communicating artery (ACoA) is better visualized in CFD. (B) Low flows near
the vessel wall are better captured by CFD. (C) Transitional flows at the ICA bifurcation visualized
by CFD are of higher quality. The same velocity scale bar with color was applied for all the images
ranging from 0-1 m/s.

CFD —
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Figure 4. 3D wall shear stress (WSS) mapping derived from CFD and TOF-MRA SIG. A consistency
was seen in the regions of high WSS at the right middle cerebral artery (MCA) M1 (black arrows) and
left anterior cerebral artery (ACA) A1 (white arrows).
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Figure 5. Comparison of CFD WSS with TOF-MRA SIG. The visualization was very different between
the two techniques at the ACA (A), ACoA (B), and ICA bifurcation (C).

4. Discussion

In the present study, the use of 4D flow MRI was an efficient means of assessing
the multidirectional blood flow of intracranial vessels. Compared with several reported
data on healthy subjects (Table 1), the flow rates measured by employing the present
approach were lower than published data of Wahlin et al. [24], Zarrinkoob et al. [25],
and MacDonald et al. [26]. These findings, however, were mainly derived from manual
delineation or semiautomatic thresholding of the vessel, and the partial volume effects
were ignored. Typically, the critical zone theoretically influenced by partial volume effects
is the peripheral area of the region of interest [27]. As a result, a subset of these important
voxels with obvious velocity information was most likely included without any correction.
By contrast, the flow rate measurement in this study was higher than that reported by
Pierre Bouillot et al. [27], although the pre-processing approach was used in both. This
difference can be explained by, in the present study, the subjects were much younger (35 vs.
53 years old on average); ageing could also affect the flow rate. In a study using 4D flow
MRI for the assessment of cerebral blood flow, Wu et al. [32] identified that the cerebral
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blood flow parameters are highly associated with age. Another study by Zhao et al. [33]
confirmed that the cerebral arterial blood flow decreases significantly with age.

In the 3D blood flow pattern visualized by CFD and 4D flow MRI in this study, the
results identified several differences as the primary limitation in using 4D flow MRI is
the spatio-temporal resolution. The limited spatial and temporal resolution leads to an
insufficient number of velocity data points within the fluid flow from which to estimate
model parameters [18]. As a result, 4D flow MRI visualization displays poorer complex
flow patterns quality compared with CFD models, i.e., more parallel flows, less swirling,
and fewer transition flows in the ICA bifurcation.

The velocity fields from the CFD and 4D flow MRI showed large differences at the
ACA A2. This may be due to deviation in the geometry created by the two approaches.
The majority of these issues stem from the difficulty of image segmentation as a result of
poor image contrast of 4D flow MRI. The unprecise geometric segmentation in the distal
ACA created by the 4D flow MRI may introduce an error in velocity magnitude estimation.
Moreover, the influence of inadequate resolution can also be noticed from the shape of 4D
flow MRI profiles. This impact is predominantly present in the small vessels, where the
vessels are tortuous and therefore cannot be covered by as many voxels [9,17,34].

To overcome these constraints and to recreate denoised, divergence-free, high-resolution
flow fields, the current approach combined 4D flow MRI and CFD. The systematic use of
4D flow MRI measurements and the methodology of adapted flow rate extraction provided
subject-specific inflow rates required for reliable simulation.

The CFD overcame the limitations of 4D flow MRI in image segmentation, rendering
them with a much finer spatial resolution. By applying complementary vessel geometry
information from TOF-MRA with higher spatial resolution and contrast than 4D flow
MRI, the CFD had advantages in demonstrating the 3D vessel geometry and outlining
the arterial wall. Since TOF-MRA is a mandatory neurovascular disease examination, no
additional acquisition time was required.

As can be seen in the 3D blood flow pattern derived by the two methods, the CFD
reconstructed result was not only able to recover the underlying blood flow characteristics,
but also greatly improved streamline lengths. The blood flow through the ACoA and the
low flows near the vessel wall were more accurately captured by the CFD than the 4D flow
MRI. This demonstrates that the current algorithm can recreate high-resolution velocity
profiles from noisy 4D flow MRI data with low resolution. Moreover, recirculation regions
at the bifurcation visualized by CFD are of higher quality compared with 4D flow MRIL
Visualization of recirculation regions is essential for clinicians when evaluating vascular
disease [35]. Therefore, this complementary method could better provide insight into the
pathophysiology of cerebrovascular disease.

We used both CFD and TOF-MRA SIG as methods for representing WSS. Although a
relative agreement was observed between TOF-MRA SIG and CFD WSS, the discrepancy
between the two methods remained obvious in the visualization of small vessels (i.e., ACA
and ACoA) and at the ICA bifurcation. These differences resulted from the limitations of the
TOF-MRA SIG methods, which displayed the relative difference in signal intensity along
the arterial wall. As the imaging signal is visualized poorer at small arteries, the resolutions
of MRI are inadequate to accurately resolve the signal intensity gradient. The TOF-MRA
sequence has proved sensitive to signal loss induced by flow disturbances [36,37], which
may limit its application at the locations of the vascular systems where the vessels are
relatively complex, such as the ICA bifurcation.

Despite these limitations, the TOE-MRA SIG method has the potential to aid in clinical
management. With a workflow that takes less than 5 min, the present study suggests
that TOF-MRA SIG could provide specific hemodynamic information for each subject.
Thus, it can help clinicians make rapid decisions by offering an effective screening process
regarding the risk of cardiovascular disease for a patient and in deciding whether or not
further examination is required [15].
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Despite CFD being currently the best approach for WSS analysis, its limitations have
been noted [38,39]. Wey assumed that the vessel walls were rigid, reducing CFD processing
complexity. However, in reality, the arterial wall is not rigid and is known to have inherent
elasticity, which reduces the WSS [40]. Therefore, the discrepancy of WSS estimations
derived by the two methods may not just be due to the lower resolution of TOF-MRA SIG,
but may also be related to a relative overestimation of the CFD simulation.

The current study had several limitations. We did not conduct a comparison between
the 4D flow MRI and CFD for velocity measurement, as the use of 4D flow MRI data
as inlet boundary conditions for CFD simulations could introduce bias for subsequent
comparison data of the two methods. However, the purpose of this study was merely
to test the capability of the two techniques to generate a 3D specific model. The present
methods improve the clinical application feasibility with subject-specific models.

A further limitation was the spatio-temporal resolution used in the MRI scans. With a
scan time of 20 min in the conventional 3D PC MRI acquisition, spatial resolution could
not be better than 1.1 mm?>. A longer PC MRI scan time would enable these resolutions to
improve, but would also increase the likelihood of artifacts due to patient motion, which can
result in a substantial reduction in the quality of MR images. Recent developments in the
technique for accelerating PC MRI acquisition will lead to the widespread implementation
of 4D flow MRI in clinical trials [41].

For CFD, the limitations related to the CFD models were due to the simplifications of
the current approach. In this study, blood was considered as Newtonian viscosity fluid.
However, blood actually behaves as a non-Newtonian fluid of which viscosity continuously
changes according to shear rates. If this non-Newtonian viscosity change was applied
as a boundary condition, a large variation in wall shear stress would be observed in the
ICA bifurcations due to sudden changes in shear rates. The setup of boundary conditions
is of great importance for solving the Navier-Stokes equations, but the validity of the
outlet boundary conditions application is still debatable [38,39]. In the present study, the
traction-free outlet boundary condition was applied. This approach was chosen due to
the lack of data regarding absolute pressure in the various outlet branches. Since current
imaging techniques cannot realistically visualize very small intracranial arteries, these
small branches are overlooked in such computational studies. Thus, the calculated sum of
all outlet blood flow rates results in a smaller value compared to total inlet flow rates in
CFD simulations [28].

We also did not perform a comparison between the 4D flow MRI and TOF-MRA SIG
for determining WSS. 4D flow MRI, which is based on dynamic phase display of the flow,
can provide the arterial WSS distribution [7], but previous studies have reported that it is
not appropriate for analyzing arterial WSS [29,39]. In clinical practice, the use of 4D flow
MRI for estimating WSS remains limited due to the unclear relevance of WSS and concerns
about its accuracy due to poor spatial resolution along the arterial wall [15].

Finally, while the methods of 4D flow MRI, TOF-MRA SIG, and CFD were success-
fully performed in healthy subjects, further studies are required to decide whether this
multimodality approach is also accurate for potential applications in elderly subjects and
patients with neurovascular disease.

5. Conclusions

In this study, a multimodality analysis was conducted using 4D flow MRI, TOF-MRA
SIG, and CFD to investigate the 3D blood flow characteristics and WSS of the cerebral
arteries. Consistent with previous references, we identified that 4D flow MRI allows a
direct and accurate quantification of the velocity magnitudes of the major cerebral arteries.
Our approach combines 4D flow MRI data and subject-specific CFD simulation and can
recreate the underlying 3D blood flow pattern at higher spatial resolutions. This current
study also showed that TOF-MRA SIG and CFD WSS of the major cerebral arteries were
reasonably in agreement with the locations where the arterial WSS was relatively high.
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However, further studies are required for the validation of this new method of SIG in the
assessment of WSS in cerebral arteries, especially for small vessels and bifurcations.
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