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Abstract

Four-dimensional flow magnetic resonance imaging (i.e., 4D flow MRI) has become a valuable
tool for the /n vivo assessment of blood flow within large vessels and cardiac chambers. As wall
shear stress (WSS) has been correlated with the development and progression of cardiovascular
disease, focus has been directed at developing techniques to quantify WSS directly from 4D flow
MRI data. The goal of this study was to compare the accuracy of two such techniques — termed
the velocity and flow-based methods — in the setting of simplified and complex flow scenarios.
Synthetic MR data were created from exact solutions to the Navier-Stokes equations for the steady
and pulsatile flow of an incompressible, Newtonian fluid through a rigid cylinder. In addition,
synthetic MR data were created from the predicted velocity fields derived from a fluid-structure
interaction (FSI) model of pulsatile flow through a thick-walled, multi-layered model of the
carotid bifurcation. Compared to the analytical solutions for steady and pulsatile flow, the flow-
based method demonstrated greater accuracy than the velocity-based method in calculating WSS
across all changes in fluid velocity/flow rate, tube radius, and image signal-to-noise (p<0.001).
Furthermore, the velocity-based method was more sensitive to boundary segmentation than the
flow-based method. When compared to results from the FSI model, the flow-based method
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demonstrated greater accuracy than the velocity-based method with average differences in time-
averaged WSS of 0.31 + 1.03 Pa and 0.45 + 1.03 Pa, respectively (p<0.005). These results have
implications on the utility, accuracy, and clinical translational of methods to determine WSS from
4D flow MRI.

Keywords

biomechanics; cardiac MRI; fluid-structure interaction; hemodynamics; phase-contrast magnetic
resonance imaging

1.

Introduction

Four-dimensional flow magnetic resonance imaging (i.e., 4D flow MRI) is a non-invasive,
nonionizing radiation-based imaging modality that permits the interrogation of the /in vivo
hemodynamic environment (Markl, M., et al., 2007; Soulat, G., et al., 2020). The acquired
volumetric data, which includes time-resolved 3D phase-contrast MRI with three-directional
velocity encoding, allows examination of kinematic quantities of the flowing blood within
the heart and large vessels. Importantly, 4D flow MRI has been applied in the clinical setting
as a diagnostic tool to evaluate and quantify complex flow patterns in the setting of several
cardiovascular pathologies (Eriksson, J., et al., 2013; Francois, CJ., et al., 2012; Garcia, J.,
etal., 2017; Roldan-Alzate, A., et al., 2013). While technical advances continue to extend
the capabilities of 4D flow MRI, establishing accurate clinically relevant measurements
warrants continued investigation to realize its full potential.

Since seminal works demonstrated the correlative role of wall shear stress (WSS) in the
development of atherosclerotic lesions, there has been interest in establishing technologies
to quantify WSS /n vivo and advance the prognostic strategies for treating cardiovascular
disease (Caro, CG., et al., 1969; Friedman, MH., et al., 1981; Zarins, CK., et al., 1983).

In contrast to computationally-expensive modeling approaches (Marsden, AL., et al., 2015;
Taylor, CA., et al., 2009), methods have been established to quantify WSS directly from
4D flow MRI data. The most common approach determines the spatial gradient in 4D
flow-derived velocities at the wall and multiplies this value by the fluid dynamic viscosity
(Stalder, AF., et al., 2008). Herein termed the velocity-based method, this approach has been
applied to examine WSS in the setting of valvular disease, pulmonary hypertension, and
intracranial aneurysms (Barker, AJ., et al., 2012, 2014; Schnell, S., et al., 2014; Gilles, S.,
et al., 2022). A recent approach utilizes 2D phase-contrast MR (PCMR)-derived volumetric
flow waveforms and the Womersley solution to calculate WSS (Iffrig, E., et al., 2022).
Herein termed the flow-based method, this approach has demonstrated sex differences

in WSS patterns in the abdominal aorta. While some validation has been performed on
each method, neither approach has undergone extensive examination to assess accuracy in
WSS calculations across a range of simplified and complex fluid kinematic environments.
Furthermore, there has been no comparative study between the two methods.

Thus, the purpose of this study was threefold. First, we sought to extend the flow-based
method to calculate WSS from 4D flow MRI data. Second, we aimed to examine the
accuracy of the velocity and flow-based methods to calculate WSS against analytical
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solutions of the Navier-Stokes equations. Third, we aimed to evaluate the accuracy of each
method against WSS values predicted from an image-based fluid-structure interaction (FSI)
model of pulsatile flow in the carotid bifurcation. Due to the limited resolution of MRI

to capture near-wall fluid velocities, we hypothesized that the flow-based method would
provide a more accurate calculation of WSS than the velocity-based method and be less
sensitive to image noise and boundary segmentation.

Methods

2.1. Creation of Synthetic 4D Flow MRI Data

To provide ground-truth values of WSS for comparison to values derived from the velocity
and flow-based techniques, synthetic image data were generated from exact solutions to

the Navier-Stokes equations for the steady (Poiseuille flow) and unsteady (Womersley
solution) flow of an incompressible, Newtonian fluid through a rigid cylinder (Fig. 1;
Nichols, WW.,, et al., 2011). The flow was assumed fully developed, with a prescribed fluid
dynamic viscosity of 3.5e-3 Pa-s. To evaluate the robustness of the techniques, variations in
tube radius (2.4-4.2 mm), maximum velocities (0.1-100 cm/s), and image signal-to-noise
ratio (SNR; 20-80) were examined, with ranges derived from carotid artery anatomy and
physiology and clinical cMRI acquisition. Further, variations in the number of sectors,
which are partial areas within the cross-section of interest where WSS is spatially averaged,
were examined. For the steady flow solution, the inlet velocity ranged from (0.1-100 cm/s),
whereas for the unsteady (pulsatile) solution, the inlet flow waveform was scaled (0.5-2.0
x). Steady and unsteady WSS values (z,,) were calculated as,

4
7, = 2 ®
r

and

k Mgni3/2aJ1(i3/2a)

n=1 lLpnowr Jo(i3/2a)

T, = — Re elnet )

respectively, where g is the dynamic viscosity, @ is the volumetric flow rate, ris the tube
radius, 7 is the (Fourier) harmonic, A,, is Fourier coefficient for the decomposed pressure

gradient, a is the Womersley number, 7is the imaginary number, p is the density, w is
the frequency, and Jy and J; are Bessel functions of the first-kind for orders 0 and 1,
respectively.

Synthetic MRI data were created at an isotropic in-plane resolution of 1.2 mm for the
velocity profiles under steady and unsteady (30-time points) flow conditions (Fig. 1). This
resolution is consistent with clinical 4D flow MRI scans of the carotid bifurcation (Hurd,
ER., etal., 2022). Images were generated by averaging velocity values within each pixel.
Noise was added to image data by including fluctuations of background intensity with
varying levels of deviation from a mean value of 0 to create the desired SNR. The noise

was distributed randomly throughout the image before data analysis, and 100 iterations were
evaluated to assess error distribution across this random variable.
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2.2. Velocity and Flow-based Methods to Calculate WSS from 4D Flow MRI Data

2.3.

Synthetic MRI data were processed using the velocity and flow-based methods to calculate
WSS by reproducing previously established methods (Fig. 2). The velocity-based method
takes the product of the identified velocity gradient at the wall and the viscosity to calculate
WSS (Stalder, AF,, et al., 2008). Synthetic image data were resampled using 2D nearest-
neighbor interpolation. The resampled resolution had an isotropic resolution of 0.6 mm,
which was 50% smaller than the pixel size in the original image. At 256 equally spaced
points around the boundary circumference, a cubic B-spline was fit to discrete velocity
values defined on a line extending across the resampled velocity profile, passing through
the boundary centroid, and enforcing a zero velocity at the wall. WSS was calculated by
multiplying the derivative of the B-spline with respect to the radial direction (i.e., velocity
gradient) by the fluid dynamic viscosity. Finally, WSS values were spatially averaged within
12 sectors, each defined by a central angle of 30°.

The flow-based method applies the Womersley solution to PCMR-derived flow waveforms
within the vessel cross-section to calculate WSS (Iffrig, E., et al., 2022). Synthetic

image data were divided into 80 overlapping regions, each defined by a central angle

of 90° originating at the boundary centroid. For each region, a unique flow waveform

was determined by summing the product of through-plane velocity (i.e., axial velocity
component; 1) and area for each pixel within the region. A pixel was included in the
region if >50% of its area fell within the region. Flow waveforms were decomposed via a
Fourier series and reconstructed with the first 10 harmonics. WSS values were calculated
via the Womersley solution (He, X., et al., 1993), resulting in 80 values of WSS around
the boundary circumference. It should be highlighted that sensitivity analysis has been
previously performed on the sector central angle (90°) and number (80) and demonstrated
that these values are sufficient to capture the localized hemodynamic from PCMR image
data (Iffrig, E., et al., 2022). To allow direct comparison with the velocity-based method,
values were spatially averaged within 12 sectors.

Fluid-Structure Interaction Computational Model

To evaluate each method’s accuracy in a complex flow field, WSS values calculated by

the velocity and flow-based methods were compared to numerical predictions from an FSI
model of the pulsatile flow of a Newtonian fluid in an anatomic, thick-walled, multi-layered
model of the carotid bifurcation. The model was obtained from the model repository in the
FEBiIo software suite (Maas, SA., et al., 2012, 2017). Extensive details on implementing
the FSI solver in the open-source finite element code FEBio have been reported (Shim,

JJ., etal., 2019). In brief, the FSI formulation is based on mixture theory, whereby the
computational domain is described as a mixture of solid and fluid constituents, each with
unique motions. Coupling between the fluid and solid domains is achieved by prescribing a
traction boundary condition, termed fluid-FS/ traction, at the fluid-solid interface to ensure
domain deformations are continuous at the interface. The arterial wall consisted of a medial
and adventitial layer, each with distinct material properties described by a microstructurally-
motived strain energy function (i.e., fiber-reinforced composite; Holzapfel, GA., et al.,
2000; Sommer, G., et al., 2012; Fig. 3). The artery was embedded in a rectangular block
that was modeled as a compressible Neo-Hookean solid. Boundary conditions included:
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pulsatile inlet velocity with a parabolic spatial profile, time-varying physiological pressure
at the outlets, no-slip at the wall, fluid-FS/ traction at the fluid-solid interface, welded
contact at the fluid-media and media-adventitia interfaces, and tied contact at the adventitia-
compressible solid interface. The walls of the rectangular block were fixed in space to
prevent rigid body motion. The model was set to run for three cardiac cycles with 300 time-
steps per cycle (A=2.9 ms). At the model inlet, the Reynolds number ranged from 300-900,
and the Womersley number was approximately 4. Mesh independence was confirmed by
increasing the mesh density in both the fluid and solid domains by approximately 50% until
changes in predicted axial velocity components (v,) between successive mesh densities were
<3%. The final number of elements for the fluid and solid domains were ~164,000 and
~31,000, respectively, with average element lengths of 0.4 and 0.5 mm, respectively.

Following solution convergence, v, data were extracted at planes perpendicular to the
centerline in the common, internal, and external carotid arteries (CCA, ICA, and ECA,
respectively). Data were collected at 30 equally spaced time points in the last cardiac cycle
of the simulation. As the computational mesh was radially-biased to have a higher mesh
density at the fluid-solid interface, velocity values were resampled on a uniform grid at a
resolution of 1.1 mm. Synthetic MRI data were created from these velocity profiles utilizing
the methods described in Section 2.1. The velocity and flow-based methods were applied

to the synthetic data to calculate WSS. In addition, WSS values from the FSI model were
obtained at the same spatial and temporal positions.

2.4. Statistical Analysis

The two-tailed paired Student’s #test was used to compare errors in WSS values derived
from the velocity and flow-based methods compared to values from the analytical solutions.
For the FSI model, Bland-Altman analysis (Bland, JM., et al., 1986) and calculation of

the concordance correlation coefficient (CCC; Lin, LI-K., 1989) were performed to assess
agreement. In addition, an unpaired one-way ANOVA with Tukey post-hoc analysis for
pairwise comparisons was performed. Significance was defined as p < 0.05. Statistical
analyses were performed using Prism 9 (GraphPad Software, Inc.).

3. Results
3.1. Steady Flow

Data from the steady flow examples demonstrated that the flow-based method had greater
accuracy than the velocity-based method in calculating WSS across changes in fluid
velocity, tube radius, and image SNR (Fig. 4a—c). That is to say, the flow-based method had
significantly lower errors than the velocity-based method when compared to values derived
from the analytical solution (p<0.001 for all comparisons). For example, the flow-based
method resulted in significantly lower errors in WSS than the velocity-based method when
compared to the analytical solution for all variations in maximum fluid velocity (p<0.001;
Fig. 4a). WSS values calculated with the flowand velocity-based methods differed by
approximately 6% and 19%, respectively, from the analytical solution (note velocity and
WSS scale linearly). The same trend in WSS accuracy was held when evaluating changes
in tube radius (Fig. 4b). Across the radii values investigated, WSS values derived from
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the flow-based method differed by approximately 3% from the analytical solution values,
whereas values from the velocity-based differed by approximately 16%. While neither
technique was sensitive to changes in image SNR, the addition of noise had a greater impact
on the velocity-based method (19% difference from analytical value) than the flow-based
method (6%). In addition, WSS values calculated with either method were not sensitive to
the number of sectors (Fig. 4d). Aside from the WSS data on changes in tube radius, the
velocity-based method always had larger standard deviations in calculated WSS values than
the flow-based method.

Results demonstrated that the velocity-based method had greater sensitivity to the defined
location of the wall boundary than the flow-based method. At a tube radius of 3.0 mm and
a steady and peak velocity of 0.64 cm/s (WSSznaricar1.5 Pa), adjusting the radius by +
20% resulted in WSS error values of ~75% for the velocity-based method when compared
to the analytical solution (Fig. 5). Across all modifications of the boundary location, the
flow-based method had a more accurate calculation of WSS. Furthermore, the flow-based
method had nearly 50% less error than the velocity-based method when radii values were
increased. These same trends in WSS sensitivity to boundary location were observed for the
velocity and flow-based methods across variations in tube radius (2.4-4.2 mm).

Pulsatile Flow

Whether examining time-averaged or peak WSS, the flow-based method always had
significantly lower absolute error than the velocity-based method when compared to values
derived from the analytical solution for pulsatile flow (p<0.001 for all comparisons; Fig. 6).
Furthermore, variations in tube radius and scaled mean flow rate resulted in identical trends
observed in the steady flow cases. For example, the percent error in calculated time-averaged
WSS values with the velocity-based method increased from 11% to 19% with a reduction

in tube radius (4.2 to 2.4 mm), however, the error only ranged from 4% to 14% with the
flow-based method (Fig. 6a). Notably, the percent errors in calculated peak WSS values
were >2 x larger with the velocity-based method than the flow-based technique and always
>20%, as compared to values from the Womersley solution (Fig. 6b). Finally, time-averaged
and peak WSS values derived from the flow-based method across a range of scaled flow
rates resulted in errors of 7% and 11%, respectively, whereas errors using the velocity-based
approached were 19% and 27%, respectively (Fig. 6¢,d). Similar to results from the steady
flow cases, the velocity-based method always had larger standard deviations in calculated
WSS values than the flow-based method.

Fluid-Structure Interaction Model

Results from the FSI model demonstrated the presence of complex flow patterns within

the carotid bifurcation (e.g., recirculation zone in the carotid sinus; Fig. 7). Furthermore,
model results highlight the spatial heterogeneity in time-averaged WSS values in the carotid
bifurcation that were a product of skewed (i.e., non-symmetric) velocity profiles across

the flow field. Importantly, the spatially resolved flow features from the FSI model were
lessened when resampling the data to create the synthetic MRI data. For example, high
time-averaged axial velocity values (V) at the inner walls of the ICA and ECA were reduced
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by ~50%. Low axial velocity values were observed in the carotid sinus (sectors 3-6 in the
ICA) across the simulated cardiac cycle leading to time-averaged WSS values <0.1 Pa.

The flow-based method demonstrated increased accuracy and robustness over the velocity-
based method in calculating WSS values when compared to the FSI predictions. Across

all evaluated anatomic locations (Fig. 7), the 4D flow MRI-derived calculations of WSS
against FSI predictions showed similar and moderate agreement in time-averaged and peak
WSS values across (Table 1). Overall, both methods followed similar trends in WSS as

the FSI model (Fig. 8), and each underestimated the FSI-derived values. The flow-based
method resulted in more accurate WSS values in the ICA and ECA, whereas the velocity-
based method demonstrated slightly higher accuracy in the CCA. Notably, the flow-based
method was more accurate in the ICA, where flow disturbances are present, with an average
difference of 0.09 Pa compared to the FSI-derived values. Although adding noise to the
resampled FSI velocity data did not affect the calculated time-averaged WSS values in the
ICA for either method (Supp. Fig. 1), changes in boundary location were consistent with
those observed in the analytical solution results (Supp. Fig. 2).

Discussion

This study compared the accuracy of two approaches to calculate WSS from 4D flow MRI
data — the velocity and flow-based methods. Utilizing analytical solutions to the governing
equations for steady and pulsatile flow of an incompressible, Newtonian fluid, this study
demonstrated that the flow-based method had greater accuracy in calculating WSS than

the velocity-based across ranges in tube diameter, velocity/flow rate, and image SNR.
Furthermore, the flow-based method was less sensitive to changes in boundary segmentation
when examining concentric changes in the boundary under steady flow. These results were
corroborated in the setting of a complex flow environment (pulsatile flow in the carotid
bifurcation), as the flow-based method showed increased robustness than the velocity-based
method in calculating WSS when compared to values derived from an FSI model.

The spatial resolution of 4D flow MRI remains a concern when seeking to calculate WSS.
Methods to resample the image data have been implemented to overcome this limitation;
however, all lead to systemic underestimation of WSS (Stalder, AF., et al., 2008; Cibis, M.,
et al., 2014; Oshinski, JN., et al., 1995). As Figure 2 illustrates, the velocity-based method
resamples the image data to increase resolution and ensure sufficient discrete velocity data
points to fit a spline. Data suggest that at least 8 voxels across the diameter of the vessel

are required to reliably estimate WSS with this approach (Potters, W V., et al., 2015).

Our data support this finding, as the velocity-based method demonstrated poor accuracy
when fewer than 8 pixels were within the tube diameter. (Figs. 4b,5,6a). Furthermore, the
velocity-based method greatly underestimated WSS in the ECA, which only has 4 voxels
across the diameter (Figs. 7,8). In contrast, the flow-based method, which does not require
image resampling, is more accurate at lower resolutions. This observation is not surprising
given that the flow-based method depends on calculating the volumetric flow rates and not
near-wall velocity gradients. Although a direct comparison of partial volume effects between
the two methods has not been performed, sharp gradients in intra-voxel velocity distributions
typically occur, leading to high error levels in the WSS calculation with the velocity-based
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method (Rothenberger, SM., et al., 2022). We have previously shown that including partial
volumes with the flow-based method changed instantaneous WSS values by <0.1 Pa (Iffrig,
E., etal.,, 2022). Thus, limited spatial resolution and partial volume effects minimally
impact WSS values calculated with the flow-based'technique, but greatly velocity-based
approaches. While methods have been proposed to increase the fidelity of 4D flow MRI data
(e.g., CFD-trained neural networks; Rutkowski, DR., et al., 2021), these methods are likely
to further increase the accuracy of the flow-based method over velocity-based approaches.

Across the varied geometric and kinematic quantities to evaluate the robustness of the
velocity and flow-based methods, WSS values were most sensitive to changes in the location
of the lumen boundary. For the velocity-based method, a reduction in the lumen boundary
leads to higher velocity gradients at the wall and thus higher WSS values, while the

opposite holds true for an increase in the lumen boundary. For the flow-based technique,
reducing the lumen boundary causes a decrease in the calculated volumetric flow rate, which
would decrease the WSS. However, WSS is inversely proportional to radius (Egs. 1,2),

so a decrease in radius leads to an increase in WSS that has a stronger effect than the
influence of flow rate. The impact of the flow rate calculation is lessened when the lumen
boundary is overestimated, as the new pixels added have no velocity values and do not
contribute to the total flow rate calculation, but the increase in radius causes a decrease in
WSS. These counteracting factors explain why the flow-based method is less sensitive to
changes in the lumen boundary than the velocity-based method. Importantly, the trends we
observed with both methods for changes in the boundary are consistent with the reported
data (Iffrig, E., et al., 2022; Potters, W V., et al., 2015). Furthermore, one study showed

that changes in segmentation affect calculated volumetric flow rates less than WSS values
calculated with the velocity-based method (Markl, M., et al., 2011). While methods to
improve segmentation with the use of a contrast agent or to automate the process with deep
learning approaches (Berhane, H., et al., 2020), the flow-based approach would remain more
accurate with improved segmentation accuracy. Lastly, our results demonstrated that neither
method was sensitive to image SNR, which has been previously reported (Stalder, AF., et
al., 2008). This result could also be interpreted as neither method is sensitive to changes

in VENC that keep the SNR within a range from 20 to 80, which was explored herein.
However, to ensure highly resolved velocity data are captured within the imaging volume,

a VENC value closer to the maximum blood velocity will ensure detailed complexes of the
local flow field are captured (Dyverfeldt, P, et al., 2015).

Notably, this is the first study that utilized an FSI computational model to assess the
accuracy of the 4D flow MRI-based methods to evaluate WSS in a patient-specific
geometry. All previous investigations that sought to validate 4D flow MRI-derived (or 2D
PCMR-derived) calculations of WSS utilized computational fluid dynamics (CFD) modeling
and assumed a rigid wall (Iffrig, E., et al., 2022; Cibis, M., et al., 2014; van Ooij, P.,

et al., 2013), which leads to an overestimation of WSS (Perktold, K., et al., 1995). It is
recognized that FSI modeling techniques have underlying assumptions, and thus the reported
WSS values cannot be considered ground-truth values like the analytical solution data.
However, the FSI model provided complex velocity field data to process with the MRI-based
methods and WSS values to compare these methods against. In the presented FSI model,

the average 1! principal strain at peak systole on the lumen surface was 0.25+0.03, with
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maximum values approaching 0.60 at the carotid sinus. Assuming an initial radius of 3

mm and a steady inlet velocity, a 25% strain in the circumferential direction (i.e., 15t
principal direction), would lead to an ~18% reduction in WSS as compared to assuming

a rigid wall. Thus, the error between MRI-based methods and numerical approaches to
determine WSS is magnified using CFD techniques. The deformation of the arterial wall
impacts near-wall blood flow patterns and must be accounted for when validating the
accuracy of novel approaches to calculate WSS. Future investigations proposing novel
techniques to extract hemodynamic metrics from 4D flow MRI data should recognize and
incorporate advancements in computational biomechanics to provide an accurate assessment
of technique error.

It is important to recognize and note the limitations of this study. First, the 4D flow
MRI-based techniques to calculate WSS were compared to model data from only one
physiologic flow environment — pulsatile flow in a healthy carotid bifurcation. Continued
application of these techniques and direct comparisons across other vascular territories, in
the setting of health and disease, are warranted to understand better the advantages, and
potential shortcomings, of either technique. Second, given the underlying assumptions of
the Womersley solution, its application to 4D flow MRI data acquired in non-cylindrical
conduits (e.g., cardiac chamber) is not well-founded. Understanding the impact of these
assumptions across cardiovascular domains is necessary to assess accuracy. Third, due

to the assumptions for Womersley flow, the flow-based method can only quantify the
rz-component of the WSS vector, whereas the velocity-based method can also evaluate
the r6-component. While assessing additional WSS vector components provides further
understanding of the flow field, validation is required to demonstrate calculation accuracy.
Lastly, this study did not explore the clinical value of WSS values derived from each
technique. Future longitudinal clinical studies that compare the prognostic value of these
methods are needed to understand the clinical benefit of either technique.

In conclusion, this study highlights the importance of rigorous validation of approaches to
quantify biologically relevant hemodynamic parameters. We demonstrate across a range of
simplified and complex flow scenarios that the flow-based method provides a more accurate
and robust calculation of WSS than the velocity-based approach from 4D flow MRI data.
Future clinical investigations are warranted to appreciate the significance of these findings in
the setting of cardiovascular disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Analytical solutions derived from evaluating fully-developed steady and unsteady (i.e.,

pulsatile) flows in cylindrical vessels with radius (7). The pulsatile waveform was r
representative of flow in the common carotid artery. Synthetic magnetic resonance imaging
(MRI) data were generated by resampling the fully-developed velocity profiles (i.e.,
parabolic profiles) to an isotropic in-plane resolution of 1.2 mm. Synthetic MRI data were
modified to account for variations in the signal-to-noise ratio (SNR). The white dotted line
indicates the cylinder boundary.
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Fig. 2.
Illustrative diagram of processing frameworks for the velocity-based (Stalder, AF., et al.,

2008) and flow-based (Iffrig, E., et al., 2022) methods to quantify the rz-component of the
wall shear stress (WSS) vector from 4D flow MRI data. For the velocity-based method (top
row), segmented image data are resampled, and a cubic B-spline is fit to phase-contrast
MR (PCMR) derived velocity values across the full diameter at varying circumferential
positions. WSS values are calculated at 256 circumferential positions and averaged within
12 sectors. The flow-based method (bottom row) quantifies regional through-plane flow
waveforms in overlapping areas defined by rays originating at the lumen centroid with

a central angle of 90°. The Womersley solution was applied to quantify WSS in 80
overlapping areas around the vessel circumference, and values were averaged within 12
sectors.

J Biomech. Author manuscript; available in PMC 2024 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hurd et al. Page 14

§

-
=]

[==]

Inlet Flow Rate (mL/s)
)

Inlet face

Fig. 3.
Fluid-structure interaction computational model of a carotid bifurcation embedded in a

compressible solid (transparent orange; Qfomp). The arterial wall consisted of medial
(magenta; £2;,.4) and adventitial (cyan; €7 ;,) layers, and the medial layer interfaced with

the fluid (yellow; 2. A pulsatile carotid flow waveform was prescribed at the fluid inlet and
physiological fluid pressures were prescribed at model outlets.
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(WSS anany) and velocity or flow-based method under steady flow conditions in a cylindrical
vessel (i.e., Poiseuille flow). Changes in (a) peak velocity (r = 3 mm), (b) radius (WSS zpay,¢
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Sensitivity of velocity and flow-based methods to defined wall boundary under steady flow
conditions (WSS zpayr = 1.5 Pa). Error was defined as the difference between the analytical
solution and velocity or flow-based method. The true tube radius is 3.0 mm (solid red line).
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FSI model predicted flow streamlines encoded with velocity magnitude at peak systole and
time-averaged WSS magnitude values in the carotid bifurcation. Solid black lines in the
WSS fringe plot indicate the location where predicted velocity profiles were extracted in
the common, internal, and external carotid arteries (CCA, ICA, and ECA, respectively) and
resampled to generate synthetic MRI data (dashed white lines indicate wall boundary). The
numbers in the open circles indicate the sector location where WSS values were calculated.
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Fig. 8.
Cc?mparison of FSI model predicted WSS values with values calculated with the velocity
and flow-based methods. Time-averaged WSS in the analysis plane at the (a) CCA, (b) ICA,
and (c) ECA. Peak WSS in the (d) CCA, (e) ICA, and (f) ECA. Shaded regions correspond
to standard deviations.
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Evaluation of agreement between fluid-structure interaction (FSI) model predicted and 4D flow MRI derived
calculations of wall shear stress (WSS). The agreement was evaluated at 3 anatomic locations with 12 sectors
at each location. CCC: concordance correlation coefficient, Cl: confidence interval, std: standard deviation.

Common Carotid Artery Internal Carotid Artery External Carotid Artery
Parameter Time-averaged | Peak Systolic | Time-averaged | Peak Systolic | Time-averaged | Peak Systolic
WSS WSS WSS WSS WSS WSS
cce
FSI vs. Velocity-based
Moo 0.69 0.68 0.77 0.71 0.42 031
FSI vs. Flow-based
Mot 0.49 0.48 0.89 0.84 0.41 031
Bias (95% Cl), [Pascals]
Mot us. Velacity-tased 0.19 (0.94) 0.39 (150) -0.03(035) | -020080) | -126(61) | -352(651)
Vet us. Flow-based 0.31(0.93) 0.60 (1.43) 0.03 (0.24) -015(060) | -107(278) | -3.16(6.77)
Absolute Difference (mean
+/- std)), [Pascals]
Mooy Velocity-based 0.43+025 0.70 £ 0.46 0.11+014 0.23+0.39 1264133 3524332
Veob us. Flow-based 0.45+0.33 0.80 %048 0.09 £ 0.08 0.17+0.29 1.20+1.30 3294332
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