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ABSTRACT

Purpose: To investigate the accuracy of wall shear stress (WSS) estimation using MRI.
Specifically, to investigate the impact of different parameters and if MRI WSS estimates are

monotonically related to actual WSS.

Materials and Methods: The accuracy of WSS estimation using methods based on phase-
contrast (PC) MRI velocity mapping, Fourier velocity encoding (FVE) and intravoxel velocity
standard deviation mapping were studied using numerical simulations. The influence of spatial
resolution, velocity encoding, wall segmentation and voxel location were investigated over a

range of WSS values.

Results: WSS estimates were found to be sensitive to parameter settings in general and spatial
resolution in particular. All methods underestimated WSS, except for the FVE-based method,
which instead was extremely sensitive to voxel position relative to the wall. Methods utilizing
PC-based WSS estimation with wall segmentation showed to be accurate for low WSS, but were

sensitive to segmentation errors.

Conclusion: Even in the absence of noise and for relatively simple velocity profiles, MRl WSS
estimates can not always be assumed to be linearly or even monotonically related to actual WSS.
High WSS values cannot be resolved and the estimates depend on parameter setting.

Nevertheless, distinguishing areas of low and moderate WSS may be feasible.

Key words: wall shear stress, phase contrast magnetic resonance imaging, atherosclerosis,

hemodynamics, Fourier velocity encoding, numerical simulations.



INTRODUCTION

Ample evidence supports the hypothesis that wall shear stress (WSS), the frictional force of the
flowing blood on the vessel wall, is involved in the pathogenesis of atherosclerosis and
aneurysms (1-6). Consequently, there is a great interest in the non-invasive measurement of WSS

in the human arterial tree.

For Newtonian fluid flow WSS is defined as

oV
WSS = 1| — Eq. 1
u(axl_o [Eq. 1]

where  is the dynamic viscosity, v is the velocity parallel to the wall and x is the distance from

the wall in the direction of the wall’s inward normal.

Phase-contrast (PC) magnetic resonance imaging (MRI) velocity mapping has the capability of
providing spatially and temporally resolved measurements of blood flow velocity fields. Several
PC-MRI based methods for the estimation of WSS have been proposed (7-11). In principle, the
WSS is estimated by using the velocity estimates in two or more adjacent voxels, sometimes
combined with an estimation of the position of the wall. These methods are relatively easy to use

and widely applied (9-10,12-13).

While PC-MRI velocity mapping measures an average of the velocities within each voxel,
Fourier velocity encoding (FVE) MRI permits an estimation of the intravoxel velocity
distribution by encoding a velocity k-space (k,-space) in a manner similar to how spatial encoding

is achieved. From this distribution, a subvoxel estimate of the position of the wall and the



velocity profile can be obtained, which can be used to estimate the WSS (14). Unfortunately,
FVE acquisition times are long as one measurement is needed for every velocity encoding value,
which also results in low temporal and spatial resolution. Recently, Carvalho et al (15) used spiral

trajectories to speed up the acquisition of FVE data used for WSS estimation.

Another way of estimating the velocity gradient at a subvoxel level is by using intravoxel
velocity standard deviation (IVSD) mapping, where the 1VSD is estimated from the magnitude
data of a PC-MRI measurement (16-19). This distribution can be used to estimate the spatial
gradient in a voxel (17,19). The acquisition time of this technique is similar to conventional PC-

MRI acquisitions.

The increasing number of studies that apply MRI based WSS estimation in-vivo (11-13,20-22)
prompts the need for detailed investigations of the accuracy of the different techniques available.
However, this is a challenging task considering that the true flow in a PC-MRI experiment is
unknown and no gold standard for in-vivo flow measurements exists. Masaryk et al (23)
investigated the accuracy of PC-MRI velocity-based techniques for WSS estimation in a straight
tube and in-vivo in the internal carotid artery by comparison with a theoretically derived WSS
estimate using Womersley’s solution to the Navier-Stokes equation, and reported errors of up to
36%. Boussel et al (21) compared the results of PC-MRI velocity-based WSS estimation using an
estimate of the vessel wall position with predictions from computational fluid dynamics and
concluded that the approach used was insufficient for accurate WSS estimation. Stalder et al (11)
introduced a velocity-based method comprising b-spline interpolation of velocities and
segmentation of the vessel lumen and reported that MRI with a voxel length of 1 mm

underestimates WSS by about 40% in a noise-free numerical simulation of parabolic flow with a



true WSS of 0.6 N/m? . They also demonstrated that MRI WSS estimates depend on the spatial
resolution. Bieging et al (20) used 3D radially undersampled PC-MRI for WSS estimation,
obtaining an increased spatial resolution (1 mm? isotropic voxels) which may result in an

improved accuracy.

In addition to the spatial resolution, it is likely that also the voxel position relative to the wall
(partial volume artifacts) and velocity encoding range (VENC) will affect MRl WSS estimates.
To our knowledge, the impact of these parameters has not been systematically studied and, while
several studies have demonstrated that MRI underestimates WSS, it is not known if the WSS
estimates are monotonically related to the actual WSS, thus allowing relative WSS analysis. It
was therefore the aim of this work to systematically study the accuracy of MRI WSS estimation.
Specifically, we wanted to 1) compare the accuracy of different approaches available 2)
investigate the impact of spatial resolution, voxel position, wall segmentation and VENC, and 3)
investigate if MRI WSS estimates are monotonically related to the true WSS. Five conceptually
different methods for WSS estimation, based on PC-MRI velocity mapping, FVE and IVSD

mapping, were represented in the study.

METHODS

Simulations of MRI measurements based on numerical flow data allow for virtual measurements
in a known flow field with known WSS values. To assess the sensitivity of MRl WSS estimation
to different parameter settings, MRI measurements were simulated for a range of velocity profiles
with different WSS values and the MRI WSS estimates obtained were compared to analytically

derived WSS values. Five different methods were implemented: three based on PC-MRI velocity



mapping, the first using linear extrapolation (LE) (Vel-LE method), the second utilizing linear
interpolation in combination with the position of the wall (Vel-Wall method), and the third
utilizing parabolic fitting in combination with the position of the wall (Vel-Parabolic); one based
on FVE (FVE method); and one based on IVSD mapping (IVSD method). The simulations were
repeated for different settings of spatial resolution, voxel position, and VENC. Simple linear
regression was used to investigate if there was a linear relationship between estimated and true

WSS.

Flow Profiles

Twenty different two-dimensional velocity fields in a circular vessel with a diameter of 18 mm
were considered. CFD studies of subject-specific geometries indicate that the magnitude of WSS
in the normal human aorta and carotid artery ranges from 0-30 N/m? (24-25) and 0-5 N/m? (26),
respectively. In the present study, WSS of 1 to 20 N/m? were considered. This was achieved by
velocity profiles that were parabolic at the wall and flat in the center of the vessel (Figure 1). In
this way, two-dimensional flow fields with analytically known WSS values (parabolic profile)

and realistic peak velocities were obtained.

MRI Simulations

Velocity MRI measurements can be simulated in an accurate and straightforward manner by
using an Eulerian-Lagrangian approach (27-29), but this is computationally expensive and would,
even on a powerful workstation, require several days of computation time per simulation. To

enable the investigation of a large number of parameter settings and flow conditions, simulations



were tailored to permit reasonable computation times (around 2 h for all combinations of voxel

position, velocity profile and VENC for one voxel size and one method).

radius [men]

Figure 1 Plots of the 20 different velocity profiles considered in this study, with WSS values
ranging from 1 to 20 N/m>.

The MRI signal, S(ky), was simulated for a row of voxels along the radius of the vessel. Each
voxel’s point spread function (PSF) was computed and used to obtain the intravoxel velocity
distribution, s(v), from the 2D velocity field. The Fourier transform of s(v) was computed to
obtain the MRI signal, S(ky), where k, is describes the first order motion sensitivity (ky, = y*M;,
where M; is the first gradient moment). Noise and saturation effects were not simulated. In
simulating the PC-MRI data needed for the IVSD method, a non-symmetric flow encoding
scheme was used to obtain a motion sensitized flow encoding segment, S(k,) and a reference
segment, S(0). A symmetric encoding scheme was used to obtain the PC-MRI velocity data used
in the Vel-LE method and the Vel-Wall method. The velocity and the IVSD were obtained from

the phase and magnitude, respectively, of the complex-valued MRI signals. FVE measurements



were simulated by sampling the velocity distribution with different sampling intervals, Av, over a

velocity field of view of + 1.5 m/s.

For the PC-MRI velocity based and FVE-based methods, a 2D PSF was defined as
jinc(sqrt(x®+y®)/Ar), corresponding to a radial or spiral acquisition, where Ar is the spatial
resolution and x, y are the spatial coordinates. For the IVSD method, a Gaussian 2D PSF was
created by taking the inverse Fourier transform of a Gaussian k-space filter. The voxels were
placed along one of the coordinate axes and the normal of the wall, which is the ideal case for the
Vel-LE method. In an in-vivo MRI measurement, the voxel position relative to the vessel wall
and the amount of partial volume cannot be controlled and can thus be considered unknown, even
if it can be estimated by segmentation of the vessel. Therefore, all simulations were carried out
for ten different voxel positions uniformly distributed over one voxel length, thus covering the
complete range of voxel positions in the direction of the wall’s normal. The interval used for each
method was chosen to include voxels positions that each method can handle, for example, for the

FVE method only voxels containing both lumen and wall were considered.

For all methods except the FVE-based one, voxel sizes of 0.5, 1.0, and 1.5 mm were considered.
This corresponds to 36, 18, and 12 voxels, respectively, across the diameter of an 18 mm
diameter vessel. For the FVE-based method, voxel sizes of 3, 4 and 5 mm were used,
corresponding to 6, 4.5 and 3.6 voxels across the diameter. The use of larger voxels for the FVE
method is motivated by the time-consuming nature of this method. Smaller voxels require

increased velocity resolution, which increases scan time (and computational time).



WSS Estimation

PC-MRI Velocity Mapping Linear Extrapolation Method

The estimates of the PC-MRI velocity based LE method (Vel-LE method), WSSyel.Le, Were
computed by using the velocity estimates from a voxel at the wall and the adjacent voxel in the
direction towards the center of the vessel (9). The velocity estimates were unwrapped when
needed. The LE method is based on the assumption of a linear velocity profile close to the wall
and thus the spatial velocity derivative was estimated as the velocity difference between the two
adjacent voxels divided by the distance between them, i.e. the voxel length (Figure 2 a). The
distance between the wall and the center of the voxel located at the wall was varied stepwise from
0 to 1 voxel lengths, thus the voxel comprised up to 50% wall. WSSy e Was obtained by
multiplying the spatial velocity derivative with the dynamic viscosity of blood, which in this

work was set to 4.6-10°° N-s/m?.

PC-MRI Velocity Mapping with Wall Position Estimation

In an in-vivo measurement the wall position can be estimated by segmentation, and the estimated
wall position in combination with PC-MRI velocity data can be used to estimate WSS (Vel-Wall
method). This is the most commonly used approach today (11,20-22). We modeled this method
by assuming the position of the wall to be known with a certain accuracy. The error of the wall
position was assumed to be normally distributed with a standard deviation of 1/4 voxel size.
Linear interpolation was used to obtain a velocity value, Vinerp, at a specific distance, Ax, along

the wall’s inward normal. This distance was chosen to be one voxel length. The interpolated
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velocity value was then divided by the distance from the wall to obtain the spatial velocity

derivate and the WSS estimate, WSSye-wan (Figure 2 b).

V

interp

WSS =
Vel-wall — H Ax

The voxel position was varied in the same way as for the Vel-LE method.
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Figure 2 A schematic overview of the MRI-based WSS estimation methods included in this study. In all subpanels, a
row of voxels of size AX is illustrated. The vertical line represents the position of the wall and the curved black line
represents the velocity profile. (a): Linear extrapolation method (Vel-LE method), where v; and v, are the measured
mean velocities for the two voxels. The slope of the straight red line is used to obtain WSSy, e. (b): Velocity-based
method utilizing the wall position (Vel-Wall), where v; is the interpolated velocity at a distance Ax from the wall.
The slope of the straight red line is used to obtain WSSye.wan- (C:) Velocity-based method utilizing parabolic fitting
and the wall position (Vel-Parabolic), where a parabolic function is fitted to the velocity values of two voxels and the
position of the wall. The spatial velocity derivative and WSSye,.paranaiic 1S then analytically derived from the parabolic
function. (d): The FVE method where the intravoxel velocity profile (seen in blue) is computed from the measured
intravoxel velocity distribution and used to obtain WSSgye. (e): The IVSD method where S(k,) is sampled for two
points, k, = 0 and /VENC. The relative signal loss between the two samples is then used to compute the IVSD and

WSS,ysp. The steeper velocity gradient, the more signal loss.
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PC-MRI Velocity Mapping with Parabolic Fitting and Wall Position Estimation

To obtain a method that represents more advanced estimation (more degrees of freedom), a
parabolic function was fitted to the position of the wall and the velocity values of two voxels
close to the wall (Figure 2 c). This is similar to the method described by Oshinski et al (9). The
wall position was estimated as in the Vel-Wall method described above. In order to make the
estimates less sensitive to errors in segmentation, voxels with their center closer than a half voxel
length from the wall were excluded from the parabolic fitting. The spatial velocity derivate at the
wall was analytically derived from the fitted parabolic profile and used to obtain the WSS
estimate, WSSyel-paranolic- The voxel position was varied in the same way as for the Vel-LE and

Vel-Wall methods.
Fourier Velocity Encoding Method

WSS estimation from the FVE simulations was performed following the approach proposed by
Frayne et al (14) and Carvalho et al (15) (FVE method). The velocity distribution, s(v), was
sampled with the velocity sampling function defined as sinc(v/Av). The intravoxel velocity

profile, r(v) was computed as

|s(v,)|
Z|s(v)| , [Eq. 2]

r(v;)=r(v,,)+Ar-h(v,), where, h(v,) =

where Ar is the spatial resolution, and r is the intravoxel spatial position. From this intravoxel
velocity profile, the spatial velocity derivative was estimated by fitting a straight line from the
velocity values in a certain interval, [vo, vi] (Figure 2 d). The interval was computed as vo = Av

m/s and vi = 4Av m/s. WSSgye was only computed for voxels containing both wall and lumen,
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thus the position of the voxel center was varied between %2 voxel length into the wall to %2 voxel

length into the lumen.

PC-MRI Intravoxel Velocity Standard Deviation Mapping Method

IVSD-based WSS estimation (IVSD method) was performed based on the approach proposed by
Pipe et al (19) and Dyverfeldt et al (16). This approach was extended by dividing the IVSD by a
variable describing the spatial extent of the PSF. In this way, an estimate of the spatial velocity

derivative in the voxel was obtained.

The IVSD, a, which has been suggested to be monotonically related to WSS (19), is defined as

the square root of the second central moment of the intravoxel velocity distribution.

o= \/ ([ (v=v)'swav | ms'y [Eq. 3]

PC-MRI IVSD mapping is based on the assumption of a specific intravoxel velocity distribution,
s(v). For the estimation of WSS, we approximate the velocity profile as linear and one-directional
in the region of interest close to the wall, resulting in a uniform velocity distribution in this
region. A Gaussian k-space filter was used to obtain a Gaussian PSF. If the velocity distribution
is constant over the extent of the voxel, the measured intravoxel velocity distribution will have
the shape of a one-dimensional projection of the PSF, which in this case is a Gaussian function.
In this way, the standard deviation of this Gaussian intravoxel velocity distribution can be

obtained from the previously derived relationship (17-19)

. \/2In([8(0)|/|8(kv)|) sl Eq. 4]

k2
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With the assumption of linear and one-directional velocity profiles, the velocity v can be

expressed as

v=Vv'x+V (EQ.5)

where v’ is the spatial velocity derivative, V is the mean velocity and x is the spatial coordinate in
the direction of the gradient, x = 0 at the center of the voxel. By projecting the PSF to a one
dimensional PSF, psf(x), and performing the variable substitution x = (v-v)/v’ the function
psf((v-v)/v’) is obtained. This function describes the PSF-weighted velocity distribution of the

voxel, i.e. s(v) = psf((v-v)/v").

An estimate of the spatial velocity derivative, v’, can be obtained by dividing the second central

moment of s(v) with the second moment of the psf(x). The resulting quotient can be written as

o’ [w-oswav [ (v=-9)’s(av 2
00 = _Oooo = _OO_ 2 — = V' E . 6
I x* psf (x)dx I x* psf (x)dx J“” (v—V) psf((v_v))dv [Eq. ]
e - _» Vl2 V'
and thus
|VI| T e - [Eq. 7]
LOX psf (x)dx

The second moment of psf(x) was computed by numerically integrating a high resolution
representation of psf(x). An estimate of the WSS was obtained by multiplying v’1 with the

dynamic viscosity according to equation 1.
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WSS was computed for two adjacent voxels and the largest estimate was chosen as WSSysp. As
for the FVE method, the position of the outermost voxel center was varied from %2 voxel length
inside the wall to % voxel length inside the lumen, thus excluding voxels with only wall. In

Figure 2 e the influence of WSS on the MRI signal, S(k,), is illustrated.

WSS Analysis

Simple linear regression was used to test for a linear relationship and correlation between the
estimated WSS and the true WSS. A least-squares estimation was used to compute the linear
regression model, WSSestimate = - WSS. The estimate for a WSS of 0 was assumed to be 0 and thus
no intercept was used. Consequently, the coefficient of determination, R%, may also be negative
when the fit is very poor. As higher WSS values are more difficult to resolve due to limited
spatial resolution, regression analysis was done for two WSS intervals 1-5 and 1-20 N/m?,
representing the expected WSS range in a healthy carotid bifurcation and a healthy aorta,

respectively. A t-test was used to test the null hypothesis that the slope, f, is equal to zero.

RESULTS

The estimated WSS using all five approaches for typical acquisition parameters is shown in
Figure 3. The linear regression analysis for the whole interval 0-20 N/m? (Table 1) generally
showed a very weak linear relationship for all methods (for VENC = 2 m/s and Av = 0.15 m/s).
However, the Vel-Parabolic method with a spatial resolution of 0.5 mm showed a moderate linear
relationship (5=0.95, R?=0.53). For the FVE method the slope of the regression line was close to

1, but the linear relationship was poor (4=1.00, R?=0.20 for 3 mm voxels).
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Figure 3 Plots of the WSS estimates obtained using all five methods. For the PC-MRI velocity
(WSSver-Le, WSSvel-wall, WSSvel-parabotic) @and 1IVSD (WSSysp) based methods the voxel size was 1
mm and the VENC 2 m/s. For the FVE based method (WSSgyve) the voxel size is 4 mm and Av
0.15 m/s. The vertical axis shows the estimated WSS and the horizontal axis shows the
analytically derived WSS values. The error bars show the standard deviation due to voxel
position relative the wall and wall position estimate inaccuracy; 10 different voxel positions were

simulated.

The Vel-LE, Vel-Wall, Vel-Parabolic and IVSD methods generally performed better in the linear
regression analysis of the lower interval, 1-5 N/m? (Table 1). However, the FVE method and the
Vel-Parabolic method for a voxel size of 0.5 mm performed less good in this interval as WSS
was overestimated. For the Vel-LE method a strong linear relationship between WSSye. e and
actual WSS was obtained for a spatial resolution of 0.5 mm for actual WSS = 0-5 N/m?, (=0.62,
R?=0.96). Regression lines for the entire interval are shown in Figure 4. The estimates from the
velocity-based method utilizing the wall positon, WSSyei.wai, and the corresponding regression
lines are shown in Figure 5. In an interval of 0-5 N/m? there was a moderate linear relationship

between WSSver.wan and the true WSS (B=0.90, R?=0.56 for 1 mm voxels). The estimates from
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the method based on parabolic fitting, WSSyel-paranolic, are shown in Figure 6, and are higher than
WSSverwar. The Vel-Parabolic method overestimated WSS for low WSS (0-5 N/m?). The
estimates from the FVE method, WSSk, (Figure 7) appear to be non-linearly related to the
actual WSS (R?<0.21 for all intervals) and even negative R? values were present. The 1VSD
method performed similarly as the velocity-based method (Figure 8). The p-value from the t-test

was less than 0.05 for all tested intervals, thus rejecting the null hypothesis that g is zero.
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Figure 4 Plots of the WSS estimates obtained using the Vel-LE method. (a): WSSy for three
different voxel sizes, 0.5, 1.5, 2.0 mm, for a VENC of 2 m/s. (b): WSSys.Le for three different
VENC, 1 m/s, 2 m/s, 3 m/s, for a voxel size of 1 mm. The vertical axis shows the estimated WSS
and the horizontal axis shows the analytically derived WSS values. The error bars show the
standard deviation due to voxel position relative the wall; 10 different voxel positions were
simulated and the distance from the wall to the voxel center was varied from 0 to 1 of the voxel
length into the lumen. In (), the identity line (dotted) and the linear regression line for each voxel
size (dashed) are included.

For all velocity profiles and parameter settings studied, the Vel-LE method and IVSD method
underestimated the WSS (Figures 4 and 8). The Vel-Wall and the Vel-Parabolic methods slightly
overestimated WSS for low WSS (Figure 5, Figure 6) and underestimated high WSS values. For

all five methods, the estimated WSS as a function of voxel position relative the wall is shown in
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Figure 9; the actual WSS is 4 and 8 N/m?. Voxel position only had minor influence on the

velocity and 1VSD based methods, but influenced WSSgye considerably.
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Figure 5 Plots of the WSS estimates obtained using the Vel-Wall method. (a): WSSver-wal
estimates for three different voxel sizes, 0.5, 1.5, 2.0 mm, for a VENC of 2 m/s. (b): WSSvel-wan
estimates for three different VENC, 1 m/s, 2 m/s, 3 m/s, for a voxel size of 1 mm. The vertical
axis shows the estimated WSS and the horizontal axis shows the analytically derived WSS
values. The error bars show the standard deviation due to voxel position relative the wall and wall
position estimate inaccuracy; 10 different voxel positions were simulated and the distance from
the wall to the voxel center was varied from O to 1 of the voxel length into the lumen. The
position of the wall was assumed to be known with certain accuracy (standard deviation 1/4 voxel
size). In (a), the identity line (dotted) and the linear regression line for each voxel size (dashed)

are included.

For all methods except the FVE method, high WSS values were poorly resolved. For example,
when using voxel lengths of 0.5 and 1 mm, WSS values over 10 and 3 N/m?, respectively, could
not be resolved with the Vel-LE method. The underestimation depended mainly on voxel size, as

seen from Figure 4-6a and 8a. The VENC setting generally had a minor impact on the estimates,
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although WSS,ysp obtained with a VENC of 1 m/s were less accurate for WSS values over 5
N/m? than estimates obtained with a higher VENC. WSSysp using a VENC of 1 m/s even had a
negative slope for large WSS (Figure 8). The voxel position had minor effects on WSSyej-wan and
WSSver-parabotic (Figure 9), but uncertainty in the estimation of the wall position (segmentation)

introduced non-negligable errors (Figures 5-6a).
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Figure 6 Plots of the WSS estimates obtained using the Vel-Parabolic method. (a): WSSvel-parabolic
estimates for three different voxel sizes, 0.5, 1.5, 2.0 mm, for a VENC of 2 m/s. (b): WSSy
parabolic €Stimates for three different VENC, 1 m/s, 2 m/s, 3 m/s, for a voxel size of 1 mm. The
vertical axis shows the estimated WSS and the horizontal axis shows the analytically derived
WSS values. The error bars show the standard deviation due to voxel position relative the wall
and wall position estimate inaccuracy; 10 different voxel positions were simulated and the
distance from the wall to the voxel center was varied from 0 to 1 of the voxel length into the
lumen. The position of the wall was assumed to be known with certain accuracy (standard
deviation 1/4 voxel size). In (a), the identity line (dotted) and the linear regression line for each

voxel size (dashed) are included.
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Figure 7 Plots of the WSS estimates obtained using the FVE method. (a): WSSk for three
different voxel sizes, 3, 4, 5 mm, for a Av of 0.15 m/s. (b): WSSk for three different Av, 0.1
m/s, 0.15 m/s, 0.2 m/s, for a voxel size of 4 mm. The vertical axis shows the estimated WSS and
the horizontal axis shows the analytically derived WSS values. The error bars show the standard
deviation due to voxel position relative the wall; 10 different voxel positions were simulated and
the distance from the wall to the voxel center was varied from -% to ¥ of the voxel length into
the lumen. In (a), the identity line (dotted) and the linear regression line for each voxel size
(dashed) are included.
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Figure 8 Plots of the WSS estimates obtained using the 1VSD method. (a): WSS,ysp for three
different voxel sizes, 0.5, 1.5, 2.0 mm, for a VENC of 2 m/s. (b): WSS,ysp for three different
VENC, 1 m/s, 2 m/s, 3 m/s, for a voxel size of 1 mm. The vertical axis shows the estimated WSS
and the horizontal axis shows the analytically derived WSS values. The error bars show the
standard deviation due to voxel position relative the wall; 10 different voxel positions were
simulated and the distance from the wall to the voxel center was varied from -% to % of the voxel
length into the lumen. In (a), the identity line (dotted) and the linear regression line for each voxel
size (dashed) are included
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Figure 9 Plots of the estimated WSS as a function of voxel position for all four methods for a
single velocity profile with a WSS of a) 4 N/m? and b) 8 N/m?. For the PC-MRI velocity (WSSye.
LE, WSSvel-wall, WSSvel-paravotic) and 1VSD (WSS,ysp) based methods the voxel size was 1 mm and
the VENC 2 m/s. For the FVE based method (WSSgye) the voxel size is 4 mm and Av 0.15 m/s.
The vertical axis shows the estimated WSS and the horizontal axis shows the distance between

the voxel center and the wall-lumen interface; positive values are in the lumen and negative
values are in the wall.

Although the mean values of WSSge are accurate, large errors (percentage errors above 300%)
were seen for suboptimal parameter settings (Figure 7). Errors in the FVE method appear less
predictable than for the other methods studied. Especially when the voxel edge was placed at the

lumen-wall interface, large errors were seen (Figure 9).

DISCUSSION

This study investigated the accuracy of MRI-based WSS estimation by using numerical MRI

simulations. Methods based on PC-MRI velocity mapping (one using linear extrapolation, one



21

also utilizing the wall position and one utilizing fitting of a parabolic function), FVE, and IVSD
data were included and the influence of spatial resolution, velocity encoding settings,
segmentation errors and voxel location relative to the wall were investigated for different flow

profiles.

In general, the methods based on PC-MRI velocity mapping (Vel-LE method, Vel-Wall method
and Vel-Parabolic) underestimated WSS (although Vel-Parabolic overestimated low WSS).
Spatial resolution considerably influenced all methods. The estimated wall position
(segmentation) severely influenced WSSyel-paranolic (Figure 6), but the Vel-Parabolic method was
the most accurate over the entire interval (WSS = 1-20 N/m?). The FVE method was very
sensitive to parameter settings and the voxel position had a large influence on the errors (Figure
7, Figure 9). Thus, varying voxel position relative the wall, e.g. motion of the vessel wall or
positioning of the field of view will cause the WSS estimates to vary even if there is no actual
change in flow. The linear relationship between WSSgye and actual WSS was weak (Table 1). The

accuracy of the IVSD method is comparable to the Vel-LE method (Figure 4, 8, Table 1).

Our results regarding the Vel-LE, Vel-Wall, and Vel-Parabolic methods are in line with those
obtained in previous studies of the accuracy of velocity-based WSS estimation, where MRI has
been reported to underestimate the true WSS (11,23). In addition, we found that the degree of
underestimation depended on the actual WSS. Spatial resolution had the most significant impact
on the accuracy of the estimates. Obviously, this will severely hamper the comparison of WSS
estimates obtained from datasets with different resolution. Also, these findings indicate that
comparisons of WSS estimates in different directions in an anisotropic velocity data set should be

handled with great care. For example, if using an anisotropic voxel size of 1 mm x 1.5 mm, the
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mean of WSSye.wan for a true WSS of 10 N/m? can vary between 5.39 N/m? and 3.94 N/m? due to

the direction of the velocity gradient (Figure 5 a).

In this work, the voxels were positioned along the wall’s normal direction. If the voxels are not
oriented in this way, the Vel-LE method may produce even less accurate results. This is
accounted for in more advanced PC-MRI velocity-based methods, for example, by using sectored
3D parabolic fitting (30) or B-spline interpolation (11). As these methods utilize the large parts of
the flow field, rather than a few adjacent voxels, they are presumably less sensitive to noise.
However, they can be expected to suffer from the same principal problems as those seen here for
the Vel-Parabolic method. Furthermore, imposing more assumptions on the velocity profile may

decrease the accuracy for realistic (more complex) flow profiles.

In our study, the FVE method was capable of providing accurate results for some parameter
settings and voxel positions, but as seen in Figures 3,7 and 9, errors were more severe when
voxel size and Av settings were suboptimal. In our experience, no single FVE settings would
have resulted in accurate WSS estimates for all flow profiles evaluated. Choosing voxel size for
the FVE method is non-trivial. While large voxels imply spatial averaging, the use of smaller
voxels necessitates higher velocity resolution. When the voxels are small and the velocity
resolution is insufficient, too few velocity samples containing signal may be acquired.
Furthermore, if the voxel is placed further away from the lumen-wall interface, such as at edge of
this interface, the signal from the lower velocities close to the wall will be lower than expected
due to the shape of the PSF, resulting in a poorly estimated velocity profile close to the wall and,
as a result, inaccurate WSS estimates. However, if a lower velocity resolution is used, these low

velocities will not be as important as the WSS is estimated further away from the wall; this is
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exemplified by the use of vo = Av m/s and vi= 4Av m/s in this study. The FVE method may be
improved by compensating for the shape of the PSF (15), which remains a challenge. However, it
would still be very difficult to obtain accurate WSS values when the magnitude of the PSF is low
at the lumen-wall interface, as noise may be amplified by the compensation. A multigrid
approach could potentially increase the accuracy of the FVE method. For example, in the worst
case scenario where the wall-lumen interface is right between two voxels, FVE data may also be
reconstructed at half the spatial resolution to obtain a (large) voxel with its center at the wall-
lumen interface. For a WSS of 5 N/m?, Av = 0.15 m/s and voxel size 3 mm, WSSgve for two
adjacent voxels placed on each side of the lumen-wall interface would be 6.73 and 8.82 N/m?,
respectively, and for a 6 mm voxel centered at the interface WSSgve would be 3.91 N/m?
Previous studies using simulations of FVE measurements of the flow in the carotid artery have
shown promising results for the FVE-based method (15). Conceptually, the FVE method has the
potential to produce the most accurate estimates, but it is hampered by long acquisition times as
well as sensitivity to voxel size, velocity resolution and voxel position. Possibly, a compromise

between the IVSD method and the FVE method could address these drawbacks.

The IVSD method appears to be slightly more sensitive to VENC than the PC-MRI velocity
based methods (Figure 8 b). However, when compared to the PC-MRI velocity-based estimation
of WSS, the IVSD method does have some appealing features: it will handle any geometry of the
vessel, estimates do not depend on segmentation, it may be less sensitive to assumptions about
the velocity profile, and voxel-by-voxel WSS estimates are obtained. Note that Vel-LE and 1IVSD
WSS estimates can be obtained from the same PC-MRI acquisition (17), which allows also for a

combination of these approaches. However, the IVSD WSS method is not recommended for
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disturbed flows as phase-dispersion caused by fluctuating velocities would violate the underlying

assumptions.

The present study did not investigate the effects of noise and only relatively simple velocity
profiles were considered. This implies that the WSS estimates presented here represent a best
case scenario. PC-MRI velocity based WSS estimation based on B-spline interpolation has been
shown to be relatively insensitive to noise, with errors due to noise being about two orders of
magnitude smaller than the WSS estimates (11). The IVSD method will be sensitive to noise
when the WSS induced signal loss is either very low or very high. Another limitation of the
simulations performed in this study was that saturation effects were not taken into account,
although this effect should be minor for 3D acquisitions. It should also be noted that only simple
geometries were considered. The geometries and the velocity profiles will be far more complex
in-vivo, the wall will move, and the flow will be pulsatile. Retrograde flow and skewed velocity
profiles can be present, especially under abnormal flow conditions. It is likely that this will
further decrease the accuracy of the WSS estimates. Consequently, it is very difficult to measure
WSS using a method limited by the spatiotemporal resolution of MRI. WSS is commonly
computed from aortic 4D PC-MRI, and voxels are seldom smaller than 2 x 2 x 2 mm®. Large
voxels will result in less accurate results and high WSS values will then be even more difficult to
differentiate. Further investigations on acquisition and post-processing strategies are therefore
necessary before these techniques can be applied to accurately measure WSS in patient studies.
We speculate that a combination of velocity, FVE and IVSD based WSS estimation, may be
helpful in advancing MRI WSS estimation. By using both the magnitude and phase of the PC-

MRI signal a less noise sensitive method may be developed. The challenges associated with
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imaging-based WSS estimation has led to the popularity of subject-specific image-based CFD
modeling for WSS computation (6,21,25,31), which offers a very high spatial resolution close to
the wall but is often limited by assumptions about rigid walls. An intriguing option for future

research is to estimate WSS based on a hybrid CFD and 4D PC-MRI approach.

Notwithstanding the fact that the accuracy of MRI based WSS estimation is low, the technique
may still be useful when used with care. In-vivo WSS estimates may be compared relative to
each other. In this way, areas with low and high WSS may be differentiated (11,13,22). However,
the results obtained in the present study highlight that anisotropic voxels, as well as differences in
voxel location and flow profile may lead to large errors. Thus, it is recommended that only WSS
estimates obtained from measurements with the same isotropic resolution are compared. A
subject-specific CFD study of the flow in a healthy carotid bifurcation indicates that WSS values
up to 5 N/m? may be present (26). In a severely stenotic carotid bifurcation, WSS values up to 70
N/m? have been reported (32). WSS in giant cerebral aneurysms may be up to 2-5 N/m? (33-34)
and peak WSS in the normal human aorta is reportedly 30 N/m? (24-25). Thus, the methods used
in this work will only be accurate for a limited number of clinical cases. For example, in the
presence of stenotic jets or turbulent fluctuations near the wall, the accuracy of MRI WSS
estimation can be expected to be low. However, as studies have indicated that low WSS is
involved in both aneurysm growth (6) and the formation of atherosclerotic plaques (2), it may not
always be necessary to accurately estimate high WSS. Noteworthy, the assessment of vectorial
WSS may be compromised by the inability to resolve high WSS. For example, if using the Vel-
LE method with a spatial resolution of 1 mm and the WSS vector is made up of two vector

components, with WSS values of 3 and 10 N/m? respectively, both estimates will be around 3
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N/m? and both the direction and the magnitude of the estimated WSS vector will be incorrect. If
absolute WSS values are of interest, the FVE method may be considered, although due to its
unstable performance in the present study, Vel-Wall or Vel-Parabolic method using a high spatial

resolution (at least 0.5 mm) may be the best choice.

In conclusion, this study performed simulations to assess the accuracy of PC-MRI and FVE based
approaches for WSS estimation. Even in the absence of noise and for relatively simple velocity
profiles, all methods evaluated were found to be impacted by considerable errors depending on
parameter settings such as VENC, velocity resolution, and especially spatial resolution.
Furthermore, MRI WSS estimates cannot always be assumed to be linearly or even
monotonically related to actual WSS. PC-MRI velocity based WSS estimation utilizing
information about the position of the wall produced the most accurate estimates. However, high
WSS values are not well resolved and the estimates depend on the position of voxels relative to
the wall and errors in the estimation of the wall position. Nevertheless, velocity PC-MRI acquired

with isotropic resolution may be useful in distinguishing areas of low and moderate WSS.
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Table 1. Linear regression results for two intervals 1-5 and 1-20 N/m? for all methods.

Method Voxel Size R?(1-5 B (1-5 R°(1-20 A (1-20
[mm] N/m?) N/m?) N/m?) N/m?)

WSSyee 05 0.96 0.62 0.15 0.33
WSSvee 1 0.77 0.51 -0.70 0.14
WSSvere 15 0.16 0.40 -0.73 0.08
WSSyerwan 0.5 0.51 1.23 0.31 0.64
WSSverwar 1 0.56 0.90 -0.09 0.40
WSSverwan 1.5 0.49 0.74 -0.73 0.29
WSSvel. 0.5 0.26 1.63 0.53 0.95
Parabolic

WSSyl 1 0.44 1.21 0.24 0.63
Parabolic

WSSy 1.5 0.47 1.03 -0.17 0.46
Parabolic

WSSkve 3 -0.44 1.52 0.20 1.00
WSSkve 4 -0.22 1.31 0.17 0.92
WSSkve 5 0.07 1.23 0.14 0.82
WSSvsp 0.5 0.92 0.66 0.51 0.36
WSSvsp 1 0.78 0.52 -0.72 0.21

WSSvsp 1.5 0.39 0.41 -2.39 0.15
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R? is the coefficient of determination and /8 is the derivative of the regression model. The p-value
from the t-test was below 0.05 in all cases. The VENC was 2 m/s and Av was 0.15 m/s.
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