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Abstract

Objective This study aims to compare an electrocardiogram (ECG)-gated four-dimensional (4D) phase-contrast (PC) mag-
netic resonance imaging (MRI) technique and computational fluid dynamics (CFD) using variables controlled in a laboratory
environment to minimize bias factors.

Materials and methods Data from 4D PC-MRI were compared with computational fluid dynamics using steady and pulsatile
flows at various inlet velocities. Anatomically realistic models for a normal aorta, a penetrating atherosclerotic ulcer, and an
abdominal aortic aneurysm were constructed using a three-dimensional printer.

Results For the normal aorta model, the errors in the peak and the average velocities were within 5%. The peak velocities
of the penetrating atherosclerotic ulcer and the abdominal aortic aneurysm models displayed a more extensive range of dif-
ferences because of the high-speed and vortical fluid flows generated by the shape of the blood vessel. However, the average
velocities revealed only relatively minor differences.

Conclusions This study compared the characteristics of PC-MRI and CFD through a phantom study that only included
controllable experimental parameters. Based on these results, 4D PC-MRI and CFD are powerful tools for analyzing blood

flow patterns in vivo. However, there is room for future developments to improve velocity measurement accuracy.
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Introduction

The hemodynamic properties of blood flow in blood ves-
sels are closely related to the development of cardiovascular
disease [1]. When hemodynamic forces on endothelial cells,

Jongmin Lee and Junghun Kim contributed equally to this article.

P4 Junghun Kim
fainal2 @naver.com

P< Jongmin Lee
jonglee @knu.ac.kr

Nonlinear Dynamics Research Center, Kyungpook National
University, Daegu, Republic of Korea

Bio-Medical Research Institute, Kyungpook National
University and Hospital, Daegu, Korea

Department of Biomedical Engineering, Mercer University,
Macon, GA 31207, USA

Department of Radiology, Kyungpook National University
and Hospital, 50, Sam-Duk 2 Ga, Jung Gu, Daegu 700-721,
Republic of Korea

such as pressure or frictional shear stress, change because of
abnormal blood flow, they can cause inflammatory lesions
that promote cardiovascular diseases such as atherosclerosis,
aortic dissections, and aneurysms [2—5]. In addition, forces
such as pressure on vessel walls directly affect the develop-
ment of arteriosclerotic plaque and an increase in aneurys-
mal ruptures [6, 7]. Therefore, an analysis of hemodynamic
factors in normal and patient groups can assist in the early
diagnoses and prognoses of cardiovascular diseases [8].
Two-dimensional phase-contrast magnetic resonance
imaging (2D PC- MRI) with one-directional velocity encod-
ing is often used to generate images within a short time
when evaluating hemodynamic information. However, to
ensure accurate blood flow encoding, 2D PC-MRI requires
that the examination area be perpendicular to the direction
of the blood flow. Thus, the shapes of blood vessels were one
limitation inhibiting the collection of blood flow information
using this method [9]. More recently, a four-dimensional
(4D) PC-MRI technique has been developed to overcome
this limitation of 2D PC-MRI. 4D PC-MRI is a flow visuali-
zation technology that can measure three-dimensional (3D)
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blood flow information by obtaining the orthogonal phase
information of three-directional velocities. This imaging
technique is appropriate for analyzing temporally varying
hemodynamic information from blood vessels at various
angles [10].

Furthermore, the vessel wall’s cross-sectional area, aver-
age velocity, maximum velocity, and wall shear stress (WSS)
acting on the vessel wall can be quantified within a specific
region of the vessel [11]. The ability to visualize this infor-
mation helps examine blood vessels with complex struc-
tures, by for example using streamlines to represent the flow
of blood and using vector fields to represent the magnitude
and direction of blood flow [12]. The 4D PC-MRI, which is
quite sensitive to spatial resolution, needs a high-resolution
scan to capture the flow of blood, which has a very complex
flow pattern [13]. However, this technique is chiefly scanned
at a lower resolution than the required resolution because the
high-resolution scan can increase the scan time that may also
cause an increase in patient discomfort and increased noise.
Low-resolution images result in the loss of flow information
regarding voxel velocity, partial volume effect, and inaccu-
rate definitions of the vessel walls [14].

Computational fluid dynamics (CFD), a branch of fluid
mechanics, is also applied to the cardiovascular system. CFD
numerically solves complex fluids flowing within ducts of
arbitrarily complex geometry with Navier—Stokes (NS) par-
tial differential equations and is usually assisted by computer
technology [15]. Combined with cardiovascular imaging,
CFD simulation enables detailed characterization of com-
plex flow fields which cannot be directly measured. The
CFD model is currently being utilized as a clinical tool for
physicians to treat coronary, valvular, congenital, myocardial
and peripheral vascular diseases [16-20].

Research has now focused on diagnosing various diseases
using 4D PC-MRI, and several research groups have con-
ducted studies to verify the clinical usefulness of PC-MRI.
For example, Cebral et al. [21] showed a good qualitative
agreement between CFD and 4D PC-MRI in intracranial
arteries. Boussel et al. [22] showed that velocity fields esti-
mated by 4D PC-MRI are acceptable for clinical use but did
not provide accurate measurements of WSS. Boccadifuoco
et al. [23] showed a generally good qualitative agreement of
MRI data with CFD for the velocity maps. Miyazaki et al.
[24] investigated the aorta’s flow rate, velocity, and WSS
using 4D PC-MRI. Based on a comparison of these data
gathered using computational fluid dynamics (CFD), the
velocities obtained were correlated in the ascending aorta.
However, the flow rate from 4D PC-MRI was underesti-
mated, and the WSS values disagreed.

Cibis et al. [25] measured the WSS of the carotid artery
using 4D PC-MRI. Compared with CFD, the pattern of
WSS matched well, but the error rate of the WSS value was
more than 30%. However, existing validation studies of 4D
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PC-MRI and CFD found differences due to the characteris-
tics of the technique and external variables of the measure-
ment object, such as breathing, motion of the object, and
elasticity of blood vessels. These external variables may
hamper the accurate quantification of hemodynamic char-
acteristics obtained using the 4D PC-MRI technique and
CFD by causing artifacts and errors. Therefore, it is desir-
able to quantify such validations by minimizing the external
variables used to analyze the hemodynamic characteristics
of aortic diseases. It is necessary to measure the velocity
using the two techniques by acquiring and comparing the
data through the phantom model, which can measure the
actual area and monitor the actual volume passing through
the phantom with a flowmeter. In addition, existing studies
confirmed the usefulness of 4D PC-MRI with simple geom-
etry [26, 27]. However, in the case of blood flow, which is
affected by geometry, to increase clinical usefulness, it is
necessary to verify the effect of 4D PC-MRI technology and
CFD using a phantom including actual anatomical informa-
tion of the human body.

This study focuses on comparing 4D PC-MRI and
CFD based on phantom studies by controlling core vari-
ables and minimizing external variables such as breath-
ing, motion, and vessel elasticity that could affect flow in
laboratory settings. This study is composed of two parts.
First, the average and maximum velocities of the phantom
are measured by 4D PC-MRI under controlled, steady flow
conditions and are then compared with CFD. Second, the
average velocity, maximum velocity, WSS, and the stream-
lines of the phantom are measured by 4D PC-MRI under
controlled pulsatile flow conditions and then compared
with CFD.

Methods

When the blood flow measurement characteristics of 4D
PC-MRI were evaluated, fluid flow was first investigated
under steady conditions using physiological, penetrating
atherosclerotic ulcer (PAU), and abdominal aortic aneu-
rysm (AAA) models printed using a 3D printer. Then, the
maximum velocity, average velocity, cross-sectional area,
and flow rate were quantitatively analyzed in low- and high-
speed steady flow environments before being compared with
CFD treatments.

In the second experiment, the hemodynamic properties
were investigated in a pulsatile flow environment using the
same Normal, PAU, and AAA models created with the 3D
printer to assess the blood flow measurement characteristics
of 4D PC-MRI during pulsatile flow. The maximum veloc-
ity, average velocity, average flow rate, WSS, and stream-
lines were quantitatively and qualitatively analyzed and then
compared with CFD.
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Flow phantom and flow system

The phantom was constructed, and the flow system was
configured to evaluate the accuracy of PC-MRI using only
controlled variables to identify any PC-MRI problems in a
laboratory environment. This model eliminated uncontrol-
lable factors from the in vivo experimental measurements,
such as breathing, movement, blood pressure, and vascular
elasticity [28, 29].

Computed tomography (CT) data having a spatial resolu-
tion higher than MRI was acquired to produce the flow phan-
toms. CT data acquisition was performed at the Department
of Radiology of the Kyungpook National University Hospi-
tal. The study was approved by the institutional review board
(IRB) of the Kyungpook National University (KNU 2018-
0175), and the IRB exempted consent from the patients,
given that it was a retrospective study. Before further data
processing, the CT data were anonymized.

A flow phantom was designed to validate the 4D PC-
MRI. Specifically, 3D printed abdominal aorta models were
created from clinical CT imaging data, which replicated the
anatomic characteristics of aortic diseases. The process

Fig. 1 Photograph of 3D printed phantom vessel designs. 3D printed
abdominal aorta models were created from clinical CT imaging data,
and these models replicated the anatomic characteristics of aortic

L1

created 3D printed models of a physiological abdominal
aorta, penetrating ulcer, and aneurysmal aortas from three
patients. Subsequently, CT images were segmented using
commercial software (ScanlP, Simpleware Ltd., Exeter,
UK) and later used to reconstruct the vessels. CT scans were
performed using a General Electric Revolution EVO (GE
Healthcare, Milwaukee, WI, USA). The phantoms were cre-
ated using a 3D printer (Project 7000, 3D Systems, USA), as
shown in Fig. 1. An inelastic material Visijet SL Clear (3D
Systems, USA), was used as the output material to produce
a controllable phantom. To obtain a sufficient signal, thus a
good SNR, the phantom was surrounded by agar at a concen-
tration of 3%, equivalent to human tissue signal intensity for
T1-weighted magnetic resonance (MR) scan images at 3.0 T
[30]. The T1 and T2 value of agar at a concentration of 3%
was 327 + 4 ms and 34 + 1 ms, respectively.

Each phantom vessel was connected to a pump that sup-
plied either steady or pulsatile flows. In Fig. 2, the flow sys-
tem is displayed. Note that 63% water and 37% glycerol were
mixed to mimic human blood viscosity and density, and this
fluid was supplied to the flow system [31, 32]. The T1 value
of the mixed fluid was 1184 + 54 ms.

L2L3 L4

LT L2 L3 L4

diseases. The average velocity and peak velocity were measured at
L1, L2, L3, and L4, respectively: (a) physiological, (b) PAU, and (c)
AAA phantoms

Magnetic resonance imaging shielding room

: Flowmeter
Reservoir

et

Phantom

PN
&

Rigid tube: ® 16 mm

Fig.2 Diagram of the flow system. Each phantom vessel was con-
nected to a pump that supplies steady or pulsatile flows. Water and
glycerol were mixed into a concentration of 6.3:3.7 to mimic human
blood viscosity and density, and this fluid was provided to the flow

I
Flow direction

system. The phantom supplied the flow by connecting a steady flow
pump and a 16 mm inner-diameter polyvinyl chloride tube. An elec-
tromagnetic flowmeter was used to quantify the injection rate
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Experiment 1: comparison between 4D PC-MRI
and CFD using the abdominal aortic model
with a steady flow

All image acquisitions were performed using a 36-channel
receive body coil on a 3.0 T MR scanner (Discovery 750,
GE Healthcare, Milwaukee, WI, USA). The 4D PC-MR
sequence parameters were as follows: repetition time (TR) =
4.4-5.9 ms, echo time (TE) = 2.4-2.8 ms, velocity encoding
(VENC) = 43-231 cm/s, views per segment (VPS) = 5-6,
field of view (FOV) = 30 x 30 x 27 cm, slice thickness =
3 mm, flip angle = 8°, and bandwidth = 62.5 Hz/pixel. TR,
TE, and VENC were determined based on the fluid veloc-
ity that was based on the Reynolds number (Re) (Table 1).
The sequence was performed using 3D fast field echo phase-
contrast during retrospective cardiac gating (20 frames per
cycle). The 3D CINE data was acquired using interleaved
four-point velocity encoding. The four 3D raw datasets were
collected with a reference scan and three velocity-encoded
acquisitions to measure three-directional blood flow veloci-
ties (Vx, Vy, and Vz) in each cardiac phase. Within each
heartbeat, a certain number of k-space lines were sampled
for each frame. This number is called the views per seg-
ment (VPS). The time resolution (7,,) of such a 4D phase-
contrast sequence is defined as follows: T,.,, = 4 X TR X
VPS, where TR is the repetition time. Factor 4 is the result

Table 1 4D MRI scan parameters using steady flow

Scan parameters Value

Surface coil 36-channel body coil

Repetition time (TR) 4.4-5.9 ms

Echo delay time (TE) 2.4-2.8 ms

Matrix size 200%200%90

Field of view (FOV) 30x30%27 cm

Slice thickness 3 mm

Flip angle 8°

Cardiac phase 20

Bandwidth 62.5 Hz/pixel

Velocity encoding (VENC) 43-231 cm/s
(a) (b)

of the sequence design [33]. Gradients in the magnet field
can create phase artifacts like eddy currents that cause blood
flow values to be incorrect. In this study, the corrections
for Maxwell phase effects and encoding errors related to
gradient field distortions were performed, and the eddy cur-
rent correction (ECC) was performed to correct background
velocity offset.

The fluid flow was maintained at steady flow conditions
and corresponded to Reynolds numbers of 1000, 2000, 3000,
and 4000 at the inlet, in which Re = %1 where p, v, d, and i
are density, velocity, diameter, and viscosity, respectively.
The phantom supplied the flow via a steady flow pump and
a 16 mm inner-diameter polyvinyl chloride (PVC) tube. An
electromagnetic flowmeter (VMZ204, SIKA, Kaufungen,
Germany) was used to check the injection rate.

Images acquired from 4D PC-MRI were analyzed using
Arterys software (Arterys Inc., San Francisco, CA, USA).
In Figure 1 shows the average and peak velocities measured
atL1, L2, L3, and L4, respectively. The first experiment was
to calibrate fluid flow. The coefficient of variation (CV) was
calculated to assess the difference in flow rate based on the
measurement level [34]. When the agreement between MRI
and CFD was assessed, error percentages were calculated,
and Bland-Altman plots were created for flow rate, area,
average, and peak velocities for the normal aorta, PAU, and
AAA.

ANSYS-CFX (ANSYS, Inc., USA) was used for the CFD
simulation. For a comparison with 4D PC-MRI, ANSYS
ICEM CFD (ANSYS, Inc., USA) imported the vessels
reconstructed from CT and created the mesh (Fig. 3). The
initial conditions were set the same to compare the two
modalities. Specifically, the working fluid used in both set-
ups had a density of 1083 kg/m® and viscosity of 0.0039 kg/
(ms) at 20 °C.

The velocity profile measured in 4D PC-MRI was then
assigned as the inlet boundary condition using equation (1),
where u is the average velocity, u’ is the centerline velocity,
r is the distance from the pipe axis, R is the radius, and n is
a constant [35, 36]. The average and peak velocities were
measured at the same location as for the 4D PC-MRI.

()

Fig. 3 CFD modeling. ANSYS-CFX was used to simulate the CFD. ANSYS ICEM CFD imported the vessels reconstructed from CT and cre-

ated the mesh: (a) normal aorta, (b) PAU, and (c) AAA
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0 (7))

Experiment 2: comparison between 4D PC-MRI
and CFD using the abdominal aortic model
with pulsatile flow

All measurements were performed using a 36-channel body
coil on a 3.0T scanner (Signa Architect, GE Healthcare, Mil-
waukee, WI, USA). The 4D PC-MR sequence parameters
were as follows: TR = 4.3-4.5 ms, TE = 2.3-2.4 ms, VENC
= 157-296 cm/s, views per segment (VPS) = 5-6, FOV =
30 X 30 X 27 cm, slice thickness = 3 mm, flip angle = 8°,
and bandwidth = 62.5 Hz/pixel. TR, TE, and VENC were
determined based on the velocity of fluid using the pump
settings, according to the motor’s rotational speed (in beats
per minute, BPM) (Table 2). The sequence was performed

Table 2 4D MRI scan parameters using pulsatile flow

Scan parameter Value

Surface coil 36-channel body coil

Repetition time (TR) 4.3-4.5 ms
Echo delay time (TE) 2.3-2.4 ms
Matrix size 200%200x90
Field of view (FOV) 30x30%27 cm
Slice thickness 3 mm

Flip angle 8°

Cardiac phase 20

Bandwidth 62.5 Hz/pixel
Velocity encoding (VENC) 157-296 cm/s

Fig.4 4D PC-MRI measure-
ment levels. The average veloc-
ity, peak velocity, average flow
rate, and WSS were measured
atLL1,L2, L3, L4, LS, and L6,
respectively: (a) normal aorta,
(b) PAU, and (c) AAA

with 3D fast field echo-phase contrast during retrospective
cardiac gating (20 frames per cycle).

The pulsatile flow was generated using a Harvard pump
(Model 55-3305, Harvard Inc., Holliston, MA, USA), and
the BPM settings were chosen to correspond to heart rates
at 60 BPM and 70 BPM. The systole to diastole ratio was 5
to 5, and the stroke volume referred to the volume ejected
per beat and was set to 80 ml. The pulsatile flow was sup-
plied to the phantom using a 16 mm inner-diameter PVC
tube connected to the Harvard pump. An electromagnetic
flowmeter was then used to monitor the injection rate, and
the images acquired from 4D PC-MRI were analyzed using
CVI42 analysis software (Circle Cardiovascular Imaging,
Calgary, Canada). In Fig. 4, the average velocity, peak
velocity, flow rate, and WSS were measured at L1, L2, L3,
L4, L5, and L6, respectively. Levels 5 and 6 in the second
experiment, which can confirm the bifurcation characteris-
tics, were measured as areas of interest because the human
body has pulsatile flow. WSS can be obtained by multiplying
the viscosity of the fluid by the local velocity gradient. The
first step to measure WSS is to obtain the surface shape of
the blood vessel from the blood vessel image acquired in
the previous pre-processing step. From this, it is possible to
extract the position of the vessel wall and the normal vector
information at each position. Then, along the normal vector,
the blood flow velocity near the vessel wall is extracted, and
the blood flow gradient is calculated. As a result, the calcu-
lated velocity gradient is multiplied by the blood viscosity
to obtain the WSS [8].

Fig. 5 shows the acquired 4D PC-MRI images to meas-
ure three-directional blood flow velocities and velocity
maps according to measurement levels and various timings.
The velocity vectors illustrate the streamline with vortices
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(a)
Magnitude Vx Vy Vz
Normal

o,
o

(c)

Normal

Fig.5 Data acquisition and analysis image for 4D PC-MRI (a) The
4D PC-MRI images were collected to measure three-directional
blood flow velocities (Vx, Vy, and Vz) for each model. (b) The veloc-

through the aneurysm in the AAA. There were large vor-
texes, and this was the main difference of flow characteristics
in the Normal model and AAA model.

Group differences were assessed through a paired Stu-
dent’s t-test using normally distributed data. This analysis
assessed the accuracy of PC-MRI obtained based on the con-
trollable variables by minimizing external variables such as
breathing, motion, and vessel elasticity. A Pearson’s cor-
relation coefficient was obtained using SPSS 20 (SPSS Inc.,
USA) between the CFD and the 4D PC-MRI data.

ANSYS-CFX was used to simulate the CFD, and
ANSYS ICEM CFD imported the vessels reconstructed
from the CT scans and created the mesh. The same experi-
mental conditions as in the steady flow experiments were
applied. In addition, the pulsatile inlet velocity profile

@ Springer

ity map according to measurement levels. (¢) The velocity at various
timings of the pulsatile flow. (d) The streamline of the Normal model
and AAA model

measured using 4D PC-MRI was assigned as the inlet
boundary condition. Furthermore, average velocity, peak
velocity, average flow rate, and WSS were then measured
at the same locations as those used for the 4D PC-MRI.

Results

Comparison between 4D PC-MRI and CFD using
the abdominal aortic model during steady flow

Figure 6 shows the flow rate and area for positions L1,
L2, L3, and L4 of the normal aorta (Normal), PAU, and
AAA phantoms, as measured by 4D PC-MRI and CFD,
at Reynolds numbers of 1000, 2000, 3000, and 4000. For
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Table3 CV of flow rate according to measurement level (L1, L2, L3,
and L4) for each Reynolds number (Re)

Label Re 1000 (%) Re 2000 (%) Re 3000 (%) Re 4000 (%)
Normal CV 2 1 1 1
PAU CV 2 1 4 1
AAA CV 5 4 3 4

each model, the error percentages for the flow rate and
each area were compared (4D PC-MRI vs. CFD). The error
percentages were within 5%, on average. The CV was then
calculated to evaluate any difference in the measurement
level of the flow rate. As shown in Table 3, the CVs for
the flow rate measurements at each level of 4D PC-MRI
was approximately 5%.

Fig. 7 presents the average velocity and peak veloc-
ity at positions L1, L2, L3, and L4 for each constructed
model, for Reynolds numbers 1000, 2000, 3000, and
4000. In the normal model, the error percentages for peak
velocity and average velocity obtained using PC-MRI and
CFD were within 5%, on average. For the PAU model, the
error percentage for the average velocity for all Reynolds
numbers and peak velocities when the Reynolds numbers
were 1000 and 2000 were within 10%. However, for the

Reynolds numbers of 3000 and 4000, the error percent-
ages for the peak velocities were more than 10% at L3
and L4. In the AAA model, error percentages of the peak
velocities differed by approximately 40% or more in some
levels, and the average velocities’ error percentages were
approximately 15%. For the Normal model, peak velocity
was higher in 4D PC-MRI than in CFD except for L1. For
the PAU model, peak velocity was higher in 4D PC-MRI
than in CFD except for L1 of all the Reynolds numbers
and L2 of the Reynolds numbers 1000 and 2000. For the
AAA model, peak velocity showed different results with
higher values for each measurement level and did not show
a constant trend.

The Bland-Altman analysis for these three models con-
firmed that the differences in peak velocities of PAU and
AAA models tended to be greater in the normal model. For
the Normal, PAU, and AAA models shown in Fig. 8, the
bias and 95% limits of agreement (average bias +2 SD) of
the flow rates were — 2.35 + 2.57 ml/s, — 4.66 + 3.48 ml/s,
and — 4.57 + 5.18 ml/s; the areas were 0.09 + 0.06 cm?,
0.002 + 0.04 cm?, and 0.15 + 0.25 cm?; the average veloci-
ties were — 2.98 + 2.47 cm/s, — 1.57 + 1.38 cm/s, — 2.23 +
2.13 cm/s; and the peak velocities were 0.38 + 2.7, 4.84 +
8.76, 6.31 + 20.4 cm/s.
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Fig.7 Error percentages between 4D PC-MRI and CFD for average
and peak velocities. The graphs show the average and peak velocities
at positions L1, L2, L3, and L4 for each model at Reynolds numbers
1000, 2000, 3000, and 4000. (a) In the Normal model, the percentage
error differences for the peak and average velocities estimated using
PC-MRI and CFD were within 10%. (b) In the PAU model, the per-
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centage error differences for the average velocities were within 10%.
However, error percentages for peak velocities increased to more than
10% at L3 and L4 when the Reynolds numbers were 3000 and 4000.
(c) In contrast, the error percentages of the peak velocities differed by
approximately 40% or more in the AAA model. However, the error
percentage for the average velocity was approximately 15%
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Fig.8 To assess the agreement between MRI and CFD, Bland-Alt-
man plots were created for the following: flow rate, area, average,
and peak velocities for the Normal, PAU, and AAA models. For the
Normal, PAU and AAA models, the bias and 95% limits of agree-
ment (average bias +2 SD) of the flow rates were -2.35+2.57 ml/s,—

Comparison between 4D PC-MRI and CFD using
the abdominal aortic model during pulsatile flow

Fig. 9 shows the plots of average velocity measured at L1,
L2, L3, L4, L5, and L6 for the Normal, PAU, and AAA
models when the Harvard pump was operated at 60 BPM
and 70 BPM, respectively. The peak velocity, average veloc-
ity, average flow rate, and WSS were obtained using both 4D
PC-MRI and CFD.

The Normal and the PAU models displayed no sig-
nificant differences in average velocity and flow rate, but
significant differences were observed in the AAA model.
Peak velocity and WSS showed significant differences
compared to the average velocity and flow rate. Specifi-
cally, there were significant differences at many levels of
the AAA model (Fig. 10). The Normal and PAU models
revealed high correlations in the average velocity, peak
velocity, flow rate, and WSS, with values being less than
0.5 at many levels of the AAA model (Fig. 11).

Mean of CFD and MRI

Mean of CFD and MRI

4.66+3.48 ml/s, and — 4.57 +£5.18 ml/s; the areas were 0.09 +0.06
cmz, 0.002+0.04 cm?, and 0.15+0.25 cm?; the average veloci-
ties were — 2.98+2.47, — 1.57+1.38, and — 2.23+2.13 cm/s; and
the peak velocities were 0.38+2.7 cm/s, 4.84+8.76 cm/s, and
6.31+20.4 cm/s

Fig. 12 presents the streamlines created by 4D PC-MRI
and CFD. From these experiments, it was confirmed that
the spatial patterns were similar, as it can be observed
that the velocities in the bifurcation regions were high in
all models. However, the velocity in the AAA model was
significantly low in the region before branching compared
to the Normal and PAU models. The helical flow patterns
were also matched within the aneurysmal area in the AAA
model.

Discussion

Blood flow affects endothelial cells and may result in
pathogenesis, such as atherosclerosis. Thus, the ability to
evaluate the hemodynamics of blood flow can be useful
in diagnosing and treating vascular diseases, including
blood vessel blockages and aneurysm ruptures. By ana-
lyzing blood flow, data from PC-MRI can provide valuable
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Fig.9 Velocity curves as a function of time for measurements
obtained using 4D PC-MRI and CFD. The graph shows the mean
velocities measured at L1, L2, L3, L4, L5, and L6 for the Normal,

information about the disease severity and provide support
for treatment choices [37]. However, PC-MRI has been
a traditionally powerful tool for analyzing blood flow
in vivo but has been insensitive in measuring the velocity
of a nonsteady flow, which is a characteristic of in vivo
blood flow. It is essential to identify the exact hemody-
namic characteristics of the PC-MRI data to analyze the
blood flow. Studies attempting to quantify flow turbu-
lence have recently been conducted in vascular diseases
such as vascular stenosis and aneurysmal rupture. Other
researches were done on technology that calculates the
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PAU, and AAA models when the Harvard pump was operated at 60
BPM and 70 BPM: (a) Normal, (b) PAU, and (¢) AAA models

WSS, closely related to cardiovascular diseases, affecting
vascular endothelial function [38, 39]. CFD can provide
additional insights at a significantly higher spatial and
temporal resolution to MRI. However, CFD requires an
accurate definition of boundary conditions for geometry
and physiology, and the reliable result depends on the pre-
cision of the boundary conditions [40].

The focus of this study was to verify the usefulness of
PC-MRI for use in fluid flow measurements. Problems with
these measurements include various bias factors, such as
irregular heartbeats and the varied shapes of blood vessels
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and CFD. Asterisks indicate significantly different values between
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Fig. 11 Correlation coefficients for pairwise biomarker comparisons
between 4D PC-MRI and CFD. The graph shows p values for mean
velocity (MeanVel), maximum velocity (MaxVel), flow rate, and
WSS. Specifically, the correlation between 4D PC-MRI and CFD for
Normal and PAU is high, while it is relatively low at 60 BPM and 70
BPM for AAA. N60; Normal 60 BPM, N70; Normal 70 BPM, P60;
PAU 60 BPM, P70; PAU 70 BPM, A60; AAA 60 BPM, A70; AAA
70 BPM

in the human body. The effects of these differences on the
verification of PC-MRI remain uncertain, and, therefore,
they are unreliable. Here, the study has measured the char-
acteristics of 4D PC-MRI, minimizing the number of bias
factors using a phantom model and compared with CFD.
The 4D PC-MRI was compared with CFD in the first
experiments, using the abdominal aortic model based on CT
data under a steady flow. As a result, the difference between
CFD data and 4D PC-MRI was found to differ as a func-
tion of the blood vessel’s shape. The difference was low in
the Normal, having no turbulence. The AAA models had
strong turbulence, while the PAU model had relatively light
turbulence. Yet, errors associated with the peak velocity

data of the region where turbulence occurred during high-
speed flow conditions increased at higher Reynolds num-
bers. Importantly, it became difficult to trust the 4D PC-
MRI data because the peak velocity error was prominent in
regions where heavy turbulence occurs, such as in the AAA
model. However, the average velocity appeared to display
a relatively small error. Thus, the average velocity is more
appropriate for reference rather than the peak velocity in
clinical practice.

In the second experiment, the characteristics of 4D
PC-MRI during a pulsatile flow were identified using the
abdominal aortic model. For comparison purposes, the ini-
tial conditions were set to match those of CFD. When there
was no turbulence, the correlation was high. However, the
correlation was seen to be affected by the shape of the blood
vessel. Therefore, the credibility of the velocity data was
again challenged. Nevertheless, when the streamlines were
visualized, features such as the velocity distribution and
turbulence appeared similar. These findings are similar to
those reported in published studies [25, 41, 42]. Ngo et al.
[41] reported that the 3D blood flow visualization, second-
ary flows, and recirculation regions were of poorer quality
when visualized through the 4D flow MRI. Kweon et al. [42]
reported 4D PC-MRI accurately measures the flow rate in
axial scans. However, there was a poor agreement for peak
velocity between the 4D PC-MRI and CFD.

Velocity measurement using 4D PC-MRI is based on the
principle of averaging the velocities within a voxel, which
mainly results in limited spatial resolution and inaccuracies
due to turbulent flow, thus resulting in loss of definition
of complex flow patterns relative to the high resolution of
CFD [21, 43]. Aneurysm or irregularly shaped vessels may
yield worse results than relatively straight vessels [44]. In
addition, if the velocity is significantly lowered due to an
increase in the cross-sectional area, such as an aneurysm,
the reliability is lower than the velocity close to the set Venc
[45].

This study differs from actual elastic blood vessel inves-
tigations wherein a nonelastic phantom was used to mini-
mize the number of variables that may affect the research
results. However, as a result of this study (i.e., with the
exclusion of the elastic variable), it was confirmed that
the differences were large when turbulence occurred.
Therefore, it must be considered that larger differences
may occur when measuring actual blood vessel models
that can make not only effect by the flow but also artifacts
by the motion of blood vessels.

In conclusion, this study analyzed and compared 4D
PC-MRI and CFD characteristics under well-controlled
and idealized conditions. In the absence of a turbulent flow,
4D PC-MRI showed a strong linear relationship with CFD.
However, the correlation grew weaker when considering
specific geometries and degrees of turbulence. Furthermore,
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AAA

Fig. 12 Streamlines obtained from 4D PC-MRI and CFD. The figure shows the streamlines created by 4D PC-MRI and CFD. It is confirmed

that similar patterns are obtained by each method

the velocity estimation of 4D PC-MRI depended on vessel
shape, blood flow pattern, and the generation of turbulence,
leading to inaccurate results. The streamline might be gener-
ally reliable by providing only global flow information—but
not for the direct estimation of WSS and maximum velocity.
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