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Abstract

Background Three-dimensional, ECG-gated, time-resolved, three-directional, velocity-encoded phase-contrast MRI (4D
flow MRI) has been applied extensively to measure blood velocity in great vessels but has been much less used in diseased
carotid arteries. Carotid artery webs (CaW) are non-inflammatory intraluminal shelf-like projections into the internal carotid
artery (ICA) bulb that are associated with complex flow and cryptogenic stroke.

Purpose Optimize 4D flow MRI for measuring the velocity field of complex flow in the carotid artery bifurcation model
that contains a CaW.

Methods A 3D printed phantom model created from computed tomography angiography (CTA) of a subject with CaW
was placed in a pulsatile flow loop within the MRI scanner. 4D Flow MRI images of the phantom were acquired with five
different spatial resolutions (0.50-2.00 mm?) and four different temporal resolutions (23-96 ms) and compared to a com-
putational fluid dynamics (CFD) solution of the flow field as a reference. We examined four planes perpendicular to the
vessel centerline, one in the common carotid artery (CCA) and three in the internal carotid artery (ICA) where complex flow
was expected. At these four planes pixel-by-pixel velocity values, flow, and time average wall shear stress (TAWSS) were
compared between 4D flow MRI and CFD.

Hypothesis An optimized 4D flow MRI protocol will provide a good correlation with CFD velocity and TAWSS values in
areas of complex flow within a clinically feasible scan time (~ 10 min).

Results Spatial resolution affected the velocity values, time average flow, and TAWSS measurements. Qualitatively, a spa-
tial resolution of 0.50 mm? resulted in higher noise, while a lower spatial resolution of 1.50-2.00 mm?® did not adequately
resolve the velocity profile. Isotropic spatial resolutions of 0.50-1.00 mm?> showed no significant difference in total flow
compared to CFD. Pixel-by-pixel velocity correlation coefficients between 4D flow MRI and CFD were > 0.75 for 0.50-1.00
mm? but were <0.5 for 1.50 and 2.00 mm?. Regional TAWSS values determined from 4D flow MRI were generally lower
than CFD and decreased at lower spatial resolutions (larger pixel sizes). TAWSS differences between 4D flow and CFD were
not statistically significant at spatial resolutions of 0.50—1.00 mm? but were different at 1.50 and 2.00 mm®. Differences
in temporal resolution only affected the flow values when temporal resolution was >48.4 ms; temporal resolution did not
affect TAWSS values.

Conclusion A spatial resolution of 0.74-1.00 mm? and a temporal resolution of 23—48 ms (1-2 k-space segments) provides
a 4D flow MRI protocol capable of imaging velocity and TAWSS in regions of complex flow within the carotid bifurcation
at a clinically acceptable scan time.
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Introduction
Associate Editor Keefe B. Manning oversaw the review of this
article. Three-dimensional (3D), cardiac-gated, phase contrast
>4 John N. Oshinski magnetic resonance imaging with 3D velocity encoding,
Jnoshin@emory.edu or 4D flow MRI is a technique for providing time-resolved
Extended author information available on the last page of the article volumetric acquisitions of blood velocity measurements
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in-vivo [1, 2]. The advantage of 4D flow MRI over ultra-
sound Doppler or 2D cine phase-contrast MRI (2D PCMR)
is that it provides a complete, time-resolved, 3D velocity
field across the vascular domain of interest. Thus, 4D flow
MRI can characterize the flow field in a similar manner to
results from computational fluid dynamics (CFD) simula-
tions, although 4D flow MRI has lower temporal and spatial
resolution. These 3D time-resolved velocity measurements
are the basis for the calculation of hemodynamic parameters
associated with vessel wall remodeling and thrombus forma-
tion, such as wall shear stress (WSS) [3-7]. The accuracy of
these hemodynamics parameters depends on the accuracy
of the underlying velocity measurements. Therefore, it is
important to determine the 4D flow MRI parameters that can
accurately evaluate time-dependent velocity values in com-
plex flow environments. Complex flow is defined herein as
flow conditions where flow separation and adverse pressure
gradients create regions of reverse flow, high vorticity and
helicity, and regions of flow stagnation, but not necessarily
turbulent flow.

4D flow MRI has been extensively employed for meas-
uring blood velocity in large arteries such as the aorta, and
several studies have been undertaken to optimize acquisi-
tion parameters and validate velocity measurements [7—11].
The studies that have examined the effect of 4D flow MRI
spatial resolution on hemodynamic parameters in the aorta
found that velocity and wall shear stress (WSS) values are
sensitive to changes in spatial resolution [6, 12]. However,
there is a paucity of published data on optimizing spatial and
temporal resolution in smaller vessels such as the carotid
arteries, especially in the presence of complex, disturbed
flow [13-15]. The main issue affecting the optimization of
4D flow MRI is the tradeoff between signal-to-noise, spa-
tial-temporal resolution, volumetric coverage, and scan
time; shorter scans are required for clinical applications. One
of the limitations that restrict the widespread use of 4D flow
MRI in clinical settings is the tradeoff between image qual-
ity and scan time. Many institutions and IRB’s have policies
that require additional research sequences to add less than
5 min to the clinical scan time [16]. Therefore, this study
aims to provide recommended spatial and temporal param-
eters for use in imaging the carotid artery by conducting
an optimization study a carotid artery web phantom model.

Carotid artery webs (CaWs) are non-inflammatory
intraluminal shelf-like projections into the internal carotid
artery (ICA) bulb that are seen in up to 21.2% of patients
with cryptogenic stroke [17-19]. CaWs produce complex
flow patterns; therefore, a CaW geometry was chosen as
an example of a carotid artery with complicated flow [20,
21]. Accurate and detailed in vivo measurements of veloc-
ity are nearly impossible to obtain, and accurate methods of
measuring velocity cannot be done within the MRI scan-
ner. Most in vitro model measurements using laser Doppler

anemometry (LDA) or particle image velocimetry (PIV)
required physically oversized models examined in a sepa-
rate laboratory flow environment. Anatomically sized mod-
els limitation includes difficulty collecting velocity data
along the vessel wall due to the small size and laser sheet
thickness [22-24]. Therefore, we chose to use CFD as the
reference standard for this 4D flow MRI optimization study.
The CFD simulation was based on the segmentation of the
phantom geometry and an input mean velocity using a 2D
PCMR in the common carotid artery. Voxel-to-voxel cor-
relations of 4D flow MRI velocities with CFD velocities
and regional correlations of 4D flow MRI WSS and CFD
WSS were done at multiple locations in the CaW phantom
geometry. The objective of this study was to determine the
4D flow MRI spatial and temporal resolution parameters
that produce accurate velocity and WSS measurements in
regions of complex blood flow in the carotid artery within a
clinically acceptable time frame.

Materials and Methods
Phantom Models

The CaW model was segmented from a computed tomog-
raphy angiography (CTA) scan of a patient with a CaW
(Fig. 1a, b) (Spatial resolution: 0.49 x 0.49 X 0.63 mm?).
The segmentation was done using Mimics (Materialise NV,
2019), and the 3D model underwent smoothing and was con-
verted to a mesh using 3-Matic (Materialise NV, 2019). The
phantom model was then 3D printed (Object 30, Stratasys
Ltd, MN, 2020, Printer resolution: 0.025 mm) using an MRI
visible rigid material (RGD525, Stratasys Ltd, MN, 2020)
to reduce noise in the wall of the model in the phase images
compared to silicon models [25, 26]. The entire model was
scaled up by 25% to avoid model wall breakage during the
3D printing process (CCA diameter ~9 mm).

The model and flow system provided conditions that were
physiologically and hemodynamically similar to those seen
in vivo. Fluid viscosity (3.5 cP) was set to match blood with
a40:60 glycerin: water mixture solution as a blood mimick-
ing agent [27]. The geometry and flow conditions resulted
in Reynolds numbera300 in the CCA. Pulsatile flow was
applied at a simulated heart rate of 60 bpm using a custom-
made pulsatile flow pump [28]. The flow pump was in the
scanner control room and rigid tubing connected the flow
pump to the phantom model in the MR room. The flow
waveform was controlled using a LabVIEW interface that
prescribed a carotid-specific flow waveform and provided a
TTL trigger pulse to the scanner (Fig. 1c—f). The flow pump
pulsatile flow waveform was acquired based on an average
of patient-specific 2D PCMR velocity measurements in the
common carotid artery (n=S8).
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Fig. 1 Fabrication of the CaW Phantom Model. a The CTA images
of a patient diagnosed with CaW (red arrow). b The 3D image (.stl
file) of the segmented model from the CTA images. Highlighted in
the gray background is an Overview of the flow system and phantom

MRI Studies

The phantom was placed in between a surface coil and
a table-mounted spine coil element and imaged in a 3.0
Tesla MRI scanner (Siemens PrismaFit, Erlangen Ger-
many). Multi-slab, transverse, 3D time of flight (TOF)
images were acquired to cover the bifurcation (0.5 mm?,
TR =23 ms, TE=3.1 ms). The 3D TOF scan provided
the images to create geometry for the CFD simulation.
2D, ECG-gated, cine PCMR images were acquired 10 mm
below and 10 mm above the bifurcation (1 X 1 X 5 mm’,
VENC =80 cm/s, TR=43.6, TE=7). These 2D PCMR
acquisition provided the flow values for the CFD simula-
tions. Multiple 2D PCMR scans were acquired to moni-
tor the flow pump performance throughout the scan ses-

sion. 4D flow MRI scans were acquired in a parasagittal

model. ¢ 3D printed phantom model placed in between the surface
coil and body coil in a 3.0 T MRI scanner. d The in-house built pul-
satile flow pump. e) LabVIEW control interface for the flow pump. f
Glycerin: Water fluid reservoir

orientation planned in the plane of the bifurcation with
the following parameters: flip angle=7°; TE~5 ms;
FOV = 162*200 mm?, GRAPPA acceleration factor=2,
VENC =60 cm/s in all directions. The matrix size was var-
ied to change the spatial resolution. Because changing the
spatial resolution changes the TE/TR, there was a range
of temporal resolution for a given number of k-space lines
in the MRI protocol settings. All spatial resolution tests
were conducted using two k-space segments ranging the
temporal resolution from (45.3-52.4 ms at different spatial
resolutions). Temporal resolution was varied by changing
the number of k-space segments per cardiac phase from
one to four, which varied the temporal resolution from
23.2 to 92.7 ms acquired using 1 mm? isotropic spatial
resolution. All images were retrospectively reconstructed
with 24 timeframes over the cardiac cycle. Table 1 shows

Table 1 The different 4D flow

o Scan Number ~ TR/TE (ms)  Isotropic spatial Temporal Number of Scan time (min)
?f\ilsgcg;l;(slltilno?h?jiﬁewﬁl resolution (mm?) resolution (ms) k-space seg-
acquisi%ions were retrosi])’ective ments
(S: indicates the scans used for 1 6.6/3.8 0.50 524 2 9:31
. indicaes the scans ed or 2. 6134 074 484 2 9:04
temporal resolution comparison, 3" 5.8/3.2 1.00 232 1 11:00
R: indicates the repeated scan 45 TR 5.8/3.2 1.00 46.5 2 5:38
for repeatability analysis) 5T 5.8/3.2 1.00 69.7 3 3:50

67 5.8/3.2 1.00 92.7 4 2:50
7 5.7/3.1 1.56 45.3 2 3:10
8 5.7/3.1 2.00 45.3 2 1:25
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the list of 4D flow MRI scans acquired for this analysis.
Clinically relevant scan time was specified as a scan time
of ~ 10 min.

4D Flow MRI Processing

The 4D flow MRI data was analyzed using a custom-writ-
ten MATLAB code and EnSight (ANSYS, Inc, PA, 2019)
software [29]. A MATLAB program was used to correct
for eddy currents and aliasing, perform noise filtering [30,
31], and calculate a 3D magnetic resonance angiogram
(MRA) from the 4D flow MRI data as the mean of the sum
of squares of the three-directional velocity encoding images.
The carotid was segmented on the MRA and uploaded to
EnSight for the visualization of velocity pathlines and the
extraction of 2D time-resolved velocity values at specific
locations (Fig. 2). Multiple 2D planes perpendicular to the
centerline of the vessel were interrogated in the 3D geom-
etry. These planes included: 10 mm below the bifurcation
in the CCA, 10 mm, 15 mm, and 20 mm above the bifurca-
tion in the ICA. The plane in the CCA was chosen as being
representative of a laminar, nearly parabolic flow profile in
a cylindrical tube [32]. While multiple planes in the ICA
were chosen to evaluate flow in areas where complex flow
was expected [32-34].

—_
Q0
~
(2)
—

CFD Simulation

The geometric boundary conditions for the CFD simula-
tion were created by segmenting the vessel lumen from 3D
TOF MRA scans using Mimics. Segmenting the CFD geom-
etry from the TOF images acquired at the same time as the
4D flow MRI scans assure the spatial registration of both
geometries. The model was then loaded into 3-Matics for
smoothing, adding extensions (10 times the diameter of the
vessel), and meshing. Tetrahedral mesh for the CFD simu-
lation was created in Fluent meshing mode, with multiple
boundary layers to resolve near wall flow patterns with a 1.2
growth factor (Cells: 2,981,218, Faces: 7,295,963, Nodes:
1,374,872). Fluent (ANSYS, Inc) was used for solving 3D,
time-resolved flow field using a finite volume implementa-
tion of a Navier—Stokes equation solver. The CFD simulation
was conducted based on transient flow simulations using
inlet mean velocity. A compiled user-defined function was
applied at the inlet in fluent with a parabolic velocity pro-
file (Fig. 2). The inlet flow boundary conditions were based
on a 2D PCMR slice acquired perpendicular to CCA. 2D
PCMR was used as a CFD inlet condition for the CFD simu-
lation to be completely independent of the 4D flow measure-
ments. For the outlet, constant pressure was applied with the
assumption of rigid walls, no-slip conditions, and a fluid
with a viscosity of 0.0035 kg/m/s and density of 1050 kg/m?>.
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Fig.2 Overview of 4D Flow and CFD processing methods. a 4D
flow MRI methods (blue background) use the MATLAB base pro-
gram for preprocessing the DICOM MRA images, materialize Mim-
ics used for the segmentation, and EnSight for streamlines generation
and 2D cross-section extraction. b CFD processing methods (gray
background) geometry segmentation and smoothing using materialize
mimics and 3-Matics, fluent for meshing and running CFD simula-

tions using inlet mean velocity waveform from PCMR data. ¢ CFD
and 4D flow MRI were compared at four cross-sections perpendicular
to the vessel centerline. d 2D Cross-sections extracted: CCA 10 mm
below the bifurcation, ICA 10 mm, ICA 15 mm, and ICA 20 mm
above the bifurcation. e Velocity profile of a cross-section. f The
WSS vectors at the twelve sectors across the corresponding cross-
section
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Comparison of 4D Flow MRI and CFD

4D flow MRI was compared to CFD at four cross-sec-
tional locations: CCA 10 mm below bifurcation, and ICA
10 mm, 15 mm, and 20 mm above the bifurcation in the ICA
(Fig. 2a—d). Both 4D flow MRI and CFD were loaded into
EnSight and the cross-sections were inserted perpendicular
to the centerline of the vessel, and velocity values of each
cross-section were exported. EnSight was used for analyz-
ing both 4D flow MRI and CFD and to ensure the registra-
tion of the two datasets. In 4D flow MRI, each cross-section
was exported as a 64 X 64 matrix while in CFD the pixel
size was dependent on the number of mesh elements in the
geometry. Therefore, to match the resolution between 4D
flow MRI data and CFD for voxel-to-voxel comparison, a
MATLAB program was used to adjust the CFD to a matrix
size of 64 X 64 having the same physical dimension as the
4D Flow MRI matrix. Additionally, the cross-sectional plane
in the CCA was placed in the same location as the 2D PCMR
slice placed 10 mm below the carotid bifurcation used as an
inlet flow condition for the CFD. Therefore, the comparisons
between the 2D PCMR 10 mm below the bifurcation (CFD
inlet) and 4D Flow MRI in the CCA reflect comparisons at
the same location.

Spatial Resolution Analysis

To evaluate the agreement of CFD and 4D flow MRI across
different spatial and temporal resolutions, qualitative and
quantitative analyses were done. For the qualitative analysis,
the 3D axial velocity profile for four different cross-sections
in the CCA and ICA of the phantom model based on 4D
flow MRI scans at different spatial resolutions were visu-
ally compared to CFD. For the quantitative analysis, several
hemodynamic parameters were quantified at each plane.

e Voxel-to-voxel Pearson correlation for 4D flow MRI
versus CFD velocity values was performed at each time
point over the cardiac cycle for all four cross-sectional
planes. Bland Altman analysis was conducted for the
cross-sectional plane in the ICA 10 mm above the bifur-
cation, as this is the location with the greatest amount of
complex flow expected [32, 34].

e Time Average Flow (TAF) was quantified as the integral
of the flow over the cardiac cycle over the vessel lumen
at each location (ml/s), yielding a single number over
the cardiac cycle. Standard deviation corresponds to the
difference in flow rate values across the cardiac cycle.
The absolute difference in TAF between 4D flow MRI and
CFD was also determined across the four different cross-
sections at different spatial resolutions. The final value
of the absolute difference in TAF was represented as the
average across the four cross-sectional plans, while the

@ Springer

standard deviation corresponds to the difference in TAF
across the four cross-sectional planes.

o Time Average Wall Shear Stress (TAWSS) was calculated
based on a previously published method in the literature
[31, 35]. Briefly, WSS was derived based on the first-
order derivative of velocity profiles using 4D flow MRI
time-resolved images acquired and cubic b-spline inter-
polation [36, 37]. In-plane and axial WSS at all-time
points at twelve sectors around the vessel wall boundary
were extracted. TAWSS was then calculated in all twelve
sectors across all 4D flow MRI scans and compared to
CFD (Fig. 2f). TAWSS value represented an average of
the TAWSS values across the twelve sectors and stand-
ard deviation represents the variation of the TAWSS in
the vessel counter. The absolute difference in TAWSS
between 4D flow MRI and CFD was also determined
across the four different cross-sections at different spatial
resolutions. The final value in the absolute difference in
TAWSS between CFD and 4D flow MRI was calculated
based on the average of TAWSS in the four cross-sec-
tional planes, and the standard deviation represented the
variation across the cross-sections.

Temporal Resolution Analysis

To evaluate the effect of changing temporal resolution on
4D flow MRI TAF, TAF absolute difference, TAWSS, and
TAWSS absolute difference were calculated at the four dif-
ferent cross-sectional planes (CCA, 10 mm below the bifur-
cation, ICA 10 mm, ICA 15 mm, and ICA 20 mm above
the bifurcation) in four different scans varying the temporal
resolutions (23.2 ms, 46.5 ms, 69.7 ms, 92.7 ms) while keep-
ing the spatial resolution constant at 1.00 mm®.

Repeatability Analysis

To understand the scan-rescan variations, a repeatability
analysis was conducted. 4D flow MRI scans of isotropic
spatial resolutions of 1.00 mm® and 46.5 ms temporal resolu-
tion were repeated two times during the scans, separated by
one hour. These scans were analyzed as described above and
TAF was reported at the four cross-sectional planes.

Statistical Analysis

The level of significance was 5%. All the results were pre-
sented as the mean + standard deviation. The voxel-to-voxel
correlations were calculated as Pearson correlation coeffi-
cient where CFD and 4D flow MRI matrices were consid-
ered as two random variables and the correlation measured
their linear dependency. For repeatability analysis, the
velocity with the 24 timeframes during the cardiac cycle
in the CCA plane in the two repeated measurements were
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compared using ANOVA single Factor method. Bland—Alt-
man analysis was conducted to understand the agreement
between CFD and different 4D flow MRI scans in velocity,
flow, and TAWSS. P-Values between CFD and 4D flow MRI
were reported based on an independent Student's t-distribu-
tion. Linear regression analysis was conducted to understand
the effect of spatial and temporal resolution on TAF meas-
urements across different planes.

Results
Spatial Resolution Analysis

To understand the local differences of velocity at different
spatial resolutions, a qualitative analysis was done using the
2D axial velocity profile for four different cross-sections in
the CCA and ICA of the phantom model based on 4D flow
MRI scans compared to CFD (Fig. 3). Qualitative spatial
resolution analysis of 0.50 mm? isotropic resolution showed
the presence of noise in the measurements, including veloc-
ity values outside the vessel lumen. A resolution of 0.74 to
1.00 mm? visually resolved complex flow patterns in CaWs
within clinically reasonable scan time. An isotropic spatial

resolution of 1.50 and 2.00 mm? spatially blurred out the
skewing of the velocity profile.

To quantify the local point-by-point velocity profile dif-
ferences, the voxel-to-voxel Pearson correlation coefficient
was calculated between CFD and 4D flow MRI at every time
point during the cardiac cycle for each of the four cross-sec-
tional planes. Pearson correlation coefficient and Bland—Alt-
man plot are shown for the ICA 10 mm cross-sectional
plane in (Fig. 4). Spatial resolutions of 0.50, 0.74, and 1.00
mm? resulted in a high level of correlation (>0.75) to CFD
(Fig. 4). The highest level of a voxel-to-voxel correlation
coefficient is observed at an isotropic resolution of 0.74 mm?
of 0.87 +0.01. Resolution of 1.50 and 2.00 mm? resulted in
fair-to-poor correlation values of less than 0.50. The qualita-
tive and quantitative spatial resolution results indicate that
resolution values of 0.74—1.00 mm?® accurately capture the
velocity profile values in the complex flow regions of the
ICA in the presence of CaW.

The TAF values were summarized in Table 2 and were
statistically different between 4D Flow MRI and CFD at a
spatial resolution of 1.50 and 2.00 mm>. The absolute differ-
ence of TAF between 4D Flow MRI and CFD was averaged
over the four cross-sections for different spatial resolutions.
Statistical analysis comparing the TAF absolute differences

0.5x0.5x0.5mm?3
2 segments

0.7x0.7x0. 7mm
2 segments

CCA 10 mm

ICA 10 mm

ICA 15 mm

ICA 20 mm

Fig.3. 3D Axial velocity profile based on 4D flow MRI with dif-
ferent spatial resolutions compared to CFD simulations at four 2D
planes: 10 mm below the carotid bifurcation in CCA, 10 mm, 15 mm,
and 20 mm above the carotid bifurcation in the ICA. Note: the noise
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Q000 O©
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increases in the velocity profile at higher spatial resolutions, while
resolving the velocity profile, and skewing decreases at lower spatial
resolutions
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M Spatial 0.5 m Spatial 0.74 m Spatial 1.00 = Spatial 1.50 Spatial 2.00

Fig.4 Pearson correlation coefficients for voxel-to-voxel between
4D flow MRI and CFD at 10 mm distal to the bifurcation at different
spatial resolutions. Correlation coefficients were calculated and aver-
aged at different spatial resolutions and across all the time points in
the cardiac cycle. All comparisons resulted in statistically significant
values except for comparisons between resolutions of 1.00 vs. 0.5 and
1.50 vs. 2.00

showed that there was no statistical difference between spa-
tial resolutions of 0.5, 0.74, and 1.00 mm?>. Spatial resolu-
tions of 1.50 and 2.00 mm? were not statistically different
from each other, but they were both statistically different
from higher resolution values (0.5, 0.74, and 1.00 mm?)
(Fig. 5a).

TAWSS values based on 4D flow MRI were calculated
at four different planes and different spatial resolutions and
compared to TAWSS values based on CFD. The absolute
difference of TAWSS between 4D Flow MRI and CFD was
averaged over the four cross-sections for different spatial
resolutions (Fig. 5b). TAWSS calculated from 4D flow MRI

was lower than values calculated from CFD. An increase
in the absolute difference is observed as spatial resolution
decreases, the difference was 0.07 Pa and 0.13 Pa at 0.74
and 1.00 mm?>, respectively. P-value and statistical analysis
comparing TAWSS absolute differences between 4D flow
MRI and CFD showed that there was no statistical differ-
ence between spatial resolutions of 0.5, 0.74, and 1.00 mm°.
Spatial resolutions of 1.50 and 2.00 mm? were not statisti-
cally different from each other, but they were both statisti-
cally different from higher resolution values (0.5, 0.74, and
1.00 mm?®) (Fig. 5b), which was similar to what was seen in
the absolute difference of TAF results. Table 3 shows the
TAWSS averaged across the twelve sectors in each 4D flow
MRI scan compared to CFD. Overall, the TAWSS based
on 4D flow MRI are lower than CFD and they decrease as
spatial resolution decrease.

Figure 6a-c shows a cross-section at 10 mm above the
bifurcation comparing TAWSS between 4D flow MRI and
CFD at different spatial resolutions on sector-based plots.
Qualitatively, the results show an accurate representation
of TAWSS distributions at different sectors when compar-
ing 4D flow MRI values to CFD, but overall, 4D flow MRI
values are lower. Figure 6d shows a Bland—Altman analysis
of CFD vs 4D flow MRI at different spatial resolutions at
the ICA 10 mm above the bifurcation, which align with the
findings of the quantitative analysis. The results show an
isotropic resolution between 0.74 mm? provides the most
accurate estimation of TAWSS compared to CFD.

Temporal Resolutions Analysis

TAF was analyzed at four cross-sections in four 4D Flow
MRI scans with different temporal resolutions at 1.0 mm?

Table 2 TAF results at different

N X : Mean flow (ml/s)
spatial resolutions with the

same temporal resolution
(2 segments), four different

Scan parameter CCA 10 mm

ICA 10 mm
above bifurca-

ICA 15 mm
above bifurca-

ICA 20 mm

below bifurca- above bifurca-

temporal resolutions with tion tion tion tion
the same isotropic spatial
resolution of 1.00 mmS, and Spatial resolution 0.5 5.62+0.84 4.49 + 0.49* 4.61+0.55 4.65+0.59
repeated scans at different plane 0.74 5.95+0.82 5.03+£047 5.08£0.46 4.81+0.48
locations across the phantom 1.00 5704084 5074066 4974060  4.94+048
model compared to CFD
1.5 6.26+0.91* 6.15+0.59%  5.72+0.74%*  5.14+0.52%
2.00 6.39 + 0.90* 7.56+0.72%  6.32+0.66*  5.58+0.57*
Temporal resolution Segment 1 6.13+0.85 5.06+0.56 5.14+0.62* 5.06+0.53
Segment 2 5.70+£0.84 5.07+0.66 4.97+0.60 4.94+0.48
Segment 3 5.89+0.78 529+0.56* 524+0.57*  5.33+0.60*
Segment 4 5.98+0.75 530+044*%  523+0.51*  529+0.45*
Repeated scans Scan 1 5.70+£0.84 5.07+0.66 4.97+0.60 4.94+0.48
Scan 2 5.77+0.82 5.03+£0.58 5.08+0.65 5.07+0.53
CFD 5.83+0.80 4.80+0.55 4.80+£0.54 4.80+£0.54

Bold* indicates (P <0.05) statistically significant based on unpaired t-test compared to CFD
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Fig.5 a Absolute difference in mean flow between CFD and 4D flow
MRI at different spatial resolutions averaged across the four differ-
ent cross-sections. b Absolute difference in axial TAWSS between
CFD and 4D flow MRI at different spatial resolutions averaged across
the four different cross-sections. Statistical analysis: each pair were
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compared using a T-Test unpaired two-sample equal variance. Note:
looking at the figure and using an alpha critical value of 5%, the sta-
tistically insignificant p-value to different comparisons is displayed.
Square brackets are showing statistical analysis between different
comparisons

Table 3 TAWSS results

Mean axial TAWSS (P,)
averaged across the twelve

sectors in each cross-section Scan parameter CCA 10 mm ICA 10 mm ICA 15 mm ICA 20 mm
at different spatial resolutions below bifurca- above bifurca- above bifurca- above bifurca-
with the same temporal tion tion tion tion
resolution (2 segments), four
different tempora] resolutions Spatial Resolution 0.5 0.92+0.32 0.32+0.32 0.42+0.40 0.64+0.37
with the same iSOtrOPiC3SPaﬁal 0.74 0.71+0.20 0.33+0.33 0.33+0.27 0.60+0.33
resolution of 1.00 mm”, and 1.00 0.79+0.16 0214021  036+024  0.34+025
repeated scans at different plane . .
locations across the phantom 1.5 0.53+0.22 0.24+0.23 0.22+0.22 0.23+0.21
model compared to CFD 2.00_1 0.33+0.19* 0.11 +0.14* 0.06 + 0.05* 0.10 + 0.05*
Temporal Resolution Segment 1 0.71+0.21 0.20+0.19 0.33+0.19 0.33+0.21%
Segment 2 0.79+0.16 0.21+0.21 0.36+0.24 0.34+0.25
Segment 3 0.76+0.16 0.23+0.21 0.36+£0.33 0.40+0.21
Segment 4 0.75+0.14 0.25+£0.27 0.38£0.32 0.40+£0.23
Repeated scans Scan 1 0.79+0.16 0.21+0.21 0.36+0.24 0.34+0.25
Scan2 0.78+0.16 0.26+0.31 0.34+£0.24 0.39+£0.22
CFD 0.80+0.16 0.39+0.44 0.43+0.39 0.61+£0.42

Bold* indicates (P <0.05) statistically significant based on unpaired t-test compared to CFD

isotropic resolution and compared to CFD. TAF in the CCA
difference to CFD was found to be statistically insignificant
at all the different temporal resolutions, but these results dif-
fer when complex flow patterns are present in the three ICA
cross-sections (Table 2). Statistical analysis of the absolute
difference of TAF showed insignificant difference with 1
segment and 2 segments (templ), and at 3 segments and 4
segments (temp2), however, when comparing temp1 (1 or
2 segments) to temp2 (3 or 4 segments), p-value indicates
a statistical difference (Fig. 7a). The temporal resolution
results indicate that 1 or 2 segments capture the time-varying
velocity values accurately for the carotid artery waveform.

Table 3 shows a limited effect on temporal resolution and
TAWSS values. Figure 7b shows the results of the absolute
difference between 4D flow MRI TAWSS and CFD, which
indicates that temporal resolution does not affect TAWSS
results. All comparisons resulted in P-values > 0.05 indicat-
ing statistically insignificant results.

Repeatability Analysis
We acquired the repeated scans at isotropic resolution 1.0

mm?>, with a temporal resolution of 46.5 ms. TAF results at
the CCA cross-section were 5.70+0.84 and 5.77+0.82 in
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Fig.6 TAWSS based on 4D flow MRI with different spatial reso-
lutions compared to CFD simulations at 10 mm above the carotid
bifurcation in the ICA. a shows the 3D axial velocity profile at peak
systole. b shows the corresponding WSS vectors across the twelve
sectors in the cross-section. ¢ shows axial TAWSS heat maps corre-
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Fig.7 a Compares the absolute difference in mean flow between
CFD and 4D flow MRI at different temporal resolutions averaged
across the four different cross-sections. b Compares the absolute dif-
ference in TAWSS axial between CFD and 4D flow MRI at different
spatial resolutions averaged across the four different cross-sections.
Statistical analysis: each pair were compared using a T-Test unpaired

the two scans, respectively (Table 2). ANOVA single factor
analysis at the CCA cross-section (P-value =0.76, F=0.09),
shows that ANOVA accepts the null hypothesis that both
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sponded to each sector comparing different 4D flow MRI spatial reso-
lutions to CFD. d shows the Bland—Altman analysis of CFD vs 4D
flow MRI axial TAWSS across the twelve different sectors at different
spatial resolution at 10 mm above the carotid bifurcation in the ICA
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two-sample equal variance. Note: looking at the figure and using an
alpha critical value of 5%, the statistically insignificant p-value to dif-
ferent comparisons is shown in the figure. Box brackets show statisti-
cal comparisons. In b all comparisons resulted in statistically insig-
nificant analysis

scans' CCA flow means are equal the difference in repeated
measurements was not statistically significant. TAWSS
results were also repeatable (Table 3).
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Discussion

The accuracy of 4D flow MRI-derived velocity measure-
ments and WSS measurements in smaller vessels where
complex disturbed flow is expected has not been well stud-
ied. We investigated 4D flow MRI using different spatial
and temporal parameters and examined their effect on the
accuracy of flow, velocity, and TAWSS measurements
in a carotid artery bifurcation model based on a patient
with a CaW. These parameter values can be applied in
other studies using 4D flow MRI in smaller arteries such
as the carotid. The major findings of this study are: (1)
isotropic spatial resolution of 0.74—1.00 mm? provides the
best qualitative similarity to velocity profiles compared to
CFD, the highest correlation coefficient of pixel-by-pixel
velocity measurements between 4D flow MRI and CFD,
and the lowest absolute difference in flow measurements
between 4D flow MRI and CFD; (2) TAWSS derived from
4D flow MRI is generally lower than TAWSS from 4D
Flow MRI, but the difference is only significant at lower
spatial resolutions of 1.5-2.0 mm?; (3) Temporal resolu-
tion affects flow measurements, but to a lesser degree than
spatial resolution, and temporal resolution does not affect
TAWSS; (4) 4D Flow MRI results for flow are repeatable
with statistically non-significant differences between mul-
tiple 4D Flow MRI scans and CFD.

Multiple studies have investigated the accuracy of
velocity measurements acquired using MRI [6-11]. Har-
loff et al., have compared 4D flow MRI to ultrasound in
healthy subjects and patients with >50% stenosis in the
carotid artery; the study found that 4D flow MRI signifi-
cantly underestimated systolic blood flow and slightly
overestimated it during diastole compared to ultrasound
[38]. Other groups have looked at 4D flow MRI accu-
racy in a controlled setting. For example, the accuracy
of 4D flow MRI had been investigated and compared to
particle image velocimetry (PIV) in vitro carotid bifurca-
tion model, where the root-mean-square error calculation
showed errors values of 0.06 and 0.03 m/s when compar-
ing 4D Flow MRI with stereoscopic PIV and tomographic
PIV, respectively [39]. Montabla et al., used a thoracic
aortic phantom to determine the variability of 4D flow
MRI spatial and temporal resolution on peak flow, mean
velocity, and stroke volume. They found high spatial reso-
lution acquisitions are needed to determine reliable veloc-
ity profiles and WSS measurements which aligns with our
findings [6]. Kweon et al., have compared 4D flow MRI
spatial resolution accuracy on turbulent stenotic flow in a
circular rigid phantom tube study (22 mm diameter) and
the effect of 4D flow MRI spatial resolution (1, 1.5, and
3 mm) on flow rate, peak velocity, and flow patterns com-
pared to flowmeter and CFD [12]. They found that the flow

rate in the stenosis region increased its fluctuations with
increasing voxel size, whereas smaller error is observed
proximal or distal to the stenotic region [12]. Similarly, we
found that voxel size had little effect on the plane in the
CCA, while higher errors were seen at larger voxel sizes in
regions with complex flow patterns such as 10 mm distant
to the bifurcation (Table 2).

Other studies have investigated the accuracy of 2D
PCMR in determining the velocity profile and other hemo-
dynamic metrics in phantom studies [4, 31, 40, 41]. Cibis
et al., studied spatial and temporal resolution of 2D PCMR
on the mean flow, peak flow, WSS, and oscillatory shear
index using a carotid artery phantom [40]. They found a sig-
nificant relationship between the mean flow and the spatial
resolution (slope -13.0%/mm for the CCA) across a spatial
resolution range of 0.2—1.00 mm?, without a significant cor-
relation between the mean flow and temporal resolution. The
results of our study found higher slope changes (34%/mm
in CCA) across a larger spatial resolution range (0.50-2.0
mm?) compared to the Cibis et al. study [40]. Our results
for TAWSS also agreed with Cibis et al. study, we found an
approximately -24%/mm slope decrease of TAWSS results
when decreasing spatial resolution in the CCA compared to
-19%/mm in the Cibis study [40].

Many studies in the literature have described an under-
estimation of WSS measurements acquired using 4D flow
MRI, which was also observed in this study [31, 40, 42—44].
The study results indicated a similar result where the values
of TAWSS quantified by 4D flow MR scans compared to
CFD were underestimated by 12%, 24%, 45%, and 73% at
spatial resolutions of 0.74, 1.00, 1.50, and 2.00 mm>, respec-
tively. One exception in this study was a spatial resolution of
0.5 mm?®, where 4D flow MRI TAWSS values were slightly
overestimated by 3% without a statistically significant dif-
ference. One reason that might have been the cause of this
sight overestimation is the higher noise observed in the
phase images at spatial resolution 0.5 mm?. Even though
the phantom was 3D printed using an MRI visible material,
we still observed some noise spikes (very high velocity val-
ues) near the wall that might have contributed to this slight
overestimation.

We chose a phantom model with CaW since previous
studies suggested complex flow patterns caused by its geom-
etry [20, 45—-47]. In patients with CaWs, the intraluminal
shelf-like projection causes a flow acceleration on the proxi-
mal side of the web. On the distal side of the CaW, there is a
sudden expansion in the lumen in many cases, which creates
an unstable, separated, vortical flow pattern that gives rise
to a large recirculation region, including stasis [20]. This
sudden expansion will likely result in an extreme form of
flow disturbance; therefore, we expect larger recirculation
zones distal to a CaW shelf-like when compared to healthy
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bulb anatomy. Low WSS is also expected just distal to the
intraluminal carotid shelf, which is due to the large recircula-
tion and blood stagnation region. Depending on the severity
of the luminal narrowing, varying degrees of flow separa-
tion can cause stagnation regions that facilitate thrombosis
formation [21, 47]. Individuals with disturbed flow patterns
may be at higher risk of thrombosis and subsequent emboli
leading to stroke/TIA due to this phenomenon [48]. There-
fore, choosing the correct 4D flow MRI spatial and temporal
resolution using a CaW phantom model will allow us to
better evaluate complex flow patterns associated with CaW.

The study of carotid webs can be done with CFD in com-
bination with CTA. The main advantage of 4D flow MRI
over CFD is that 4D flow has the potential to provide the
same 3D, time-resolved velocity field that CFD does, but
immediately on the MRI scanner (with a~5 min scan),
therefore, 4D flow MRI provides significant clinical advan-
tages over CFD. Although CFD is a very powerful tool it has
its own set of limitations that prevented its implementation
for clinical decision making [49]. CFD requires geometric
information segmented from a medical imaging method such
as CTA. Some of these limitations include the long process-
ing time for CFD including segmentation, solution conver-
gence, high computational power; and the need for multiple
imaging modalities for obtaining accurate geometric and
flow measurements [49].

Our study had several limitations. One limitation was
that very high spatial and temporal resolution scans were
not included. These scans required long scan times that are
not practical for clinical use. Studies have found WSS is
dependent on vessel wall segmentation, and WSS results can
be dependent on segmentation [31, 40]. We did not evalu-
ate different segmentation techniques, but all studies here
were done by a single observer using the same methodol-
ogy. Multiple methods can be used to calculate WSS, which
by definition must use underlying velocity or flow values
[35, 50, 51]. In this study, we evaluated TAWSS based on a
method introduced in the literature previously, which has a
limitation due to manual segmentation leading to user vari-
ability [36, 37]. Finally, the study observed limited changes
to velocity and flow at different temporal resolutions, but we
did not evaluate a full range of temporal resolution values
for each spatial resolution. An analysis of particle residence
time may be needed to fully understand temporal resolution
effects in other hemodynamic parameters.

Conclusion

This study examined the effect of spatial and temporal reso-
lution on measuring velocity, flow, and TAWSS with the
aim of providing guidance for using 4D flow MRI in the
carotid artery bifurcation in the setting of complex flow.

@ Springer

Qualitative analysis as well as quantitative analysis of
voxel-to-voxel velocity correlation, time average flow, and
TAWSS compared with CFD indicates that a spatial resolu-
tion of 0.74—1.00 mm? and temporal resolution of 23-48 ms
reflected by 1-2 k-space segments accurately determines
velocity values accurately within a clinically reasonable
scan time (isotropic 1 mm? can be acquired in~5 min). The
velocity and flow measurements are more affected by varia-
tions in spatial resolution than the temporal resolution.
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