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Measuring wall shear stress using velocity-encoded MRI

2.1 Introduction

Wall shear stress (WSS) is the tangential force on the endothelial wall, exerted by flowing blood.

WSS is calculated as the product of blood viscosity and the spatial gradient of velocity perpendicular

to the vessel wall. Velocity-encoded magnetic resonance imaging (MRI), often referred to as phase

contrast MRI (PC MRI), is a technique to measure the spatiotemporal velocity of blood or tissue.

The velocity data from velocity-encoded MRI can be used to calculate WSS.

WSS magnitude and derived parameters like e.g. oscillatory shear index (OSI) have been directly

associated with properties of the vessel wall (1), such as flow-mediated dilation (2, 3), endothelial

function (4–6) and vessel wall thickness (7). In fact, low WSS may force the endothelium to

switch to an atherogenic phenotype, commonly referred to as endothelial dysfunction. It has been

shown for the thoracic aorta that low WSS modulates plaque progression, but not regression (8).

However, the exact mechanism for WSS-induced vascular remodeling is still largely unknown and is

likely different for different anatomical arteries. Additionally the WSS magnitude differs in various

human arteries (9) and between species with different body mass (10).

Due to continuous improvements in the quality of velocity-encoded MRI and WSS quantification

methods, there is an increase in publications regarding WSS values in patient populations. However,

numerous new methods exist to calculate WSS from velocity-encoded MRI. In 2007, Pantos et al.

previously published a review on velocity-encoded MRI-based WSS (11). Since then numerous

methods and clinical studies have been published. The objectives of this review are (1) to identify

existing WSS calculation methods based on velocity-encoded MRI, (2) to identify the current usage

of the identified methods, and (3) to compare WSS assessments performed in in vivo studies of

WSS.

2.2 Image acquisition of velocity-encoded MRI

This section provides a brief summary of velocity-encoded MRI. For more detailed information,

we refer the reader to the book by Haacke et al. and several review papers on velocity-encoded

MRI (12–16). Velocity-encoded MRI is a technique to measure velocity of blood and tissue. For

velocity-encoded MRI a symmetric bipolar magnetic gradient is applied with zero net magnetic

moment. Application of this velocity-encoding gradient causes phase change (φ) of zero in voxels

with static tissue, and a phase change linearly related to the velocity (v) in voxels in which blood

or tissue moves (17), see Equation 2.1.

φ = γGvδ2 (2.1)

The change in phase (φ) depends on the strength of the gradient (G), the duration of the gradient

(δ) and the gyromagnetic ratio (γ) and ranges from −π to π. As can be seen in the phase images

(Figure 2.1 b,c,f,g), position dependent phase offsets do not only reflect tissue motion and may

also occur due to main magnetic field (B0) inhomogeneities. These systematic phase offsets can be

corrected by subtraction of two subsequent acquired phase images with toggled bipolar gradients

(Figure 2.1 i,j). The toggling does not affect the B0 inhomogeneity artifacts and inverts the phase

accumulation related to motion. Subsequent subtraction will thus cancel out the time-independent

artifacts, resulting in a phase difference image (Figure 2.1 d,h).
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The amount of velocity encoding is defined by the venc value, which describes the velocity

corresponding to a phase difference of π, see Equation 2.2:

venc =
π

(γGδ2)
(2.2)

When the measured velocity exceeds the predefined venc in an acquisition, the measured phase

Figure 2.1: Velocity-encoded MRI data for the aorta (top row) and the carotid (middle row). The
velocity-encoded MR image data consists of a,e a magnitude image, b,c,f,g individual phase images
with velocity encoding in the caudal-cranial direction and d,h the corresponding phase difference
(velocity) image, in which light colors depict velocity in the cranial direction, dark colors depict
velocity in the caudal direction. i,j The bottom row illustrates the velocity encoding in the MRI
pulse sequence diagram of a gradient echo sequence. Red depicts the added velocity-encoding
gradients.

will wrap around. To prevent phase wraps in the phase difference image, usually a venc above the

expected velocities is used to acquire data. In case of unexpected high velocities one could also

‘unwrap’ the errors in the phase difference data by addition or subtraction of 2π.

Eddy currents and concomitant gradient errors are other sources of errors in velocity-encoded

MRI are, which may induce local differences in the magnetic field between the two velocity-encoded

acquisitions (18). These errors can introduce local phase-offset errors in the phase-difference image,

which have to be corrected during post-processing (19). When looking at complex flow geometries,

intra-voxel dephasing may occur (20). Due to the natural presence of multiple velocities with

different magnitude within one voxel, there will be canceling of opposite phase directions (i.e. π

and −π) leading to decreased signal magnitude and incorrect velocity quantification. Lower venc

values amplify this effect, as they increase the phase dispersion in a voxel. A smaller voxel size

will decrease the physiological velocity variation within a voxel and thus render velocity-encoded

MRI less prone to signal loss due to intravoxel dephasing. Saturation (decrease of longitudinal

magnetization) is another source of signal voids, especially in case of 3D acquisitions, high flip
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angles and regions with low velocity.

Velocity-encoded MRI is performed with three-directional velocity encoding by adding bipolar

gradients along the other two orthogonal directions. At least four velocity-encoded acquisitions are

required, which is commonly denoted by four-point encoding (18). This effectively doubles the scan

time and decreases the temporal resolution by 50%, but provides directional velocity vectors. The

tradeoff between spatial and temporal resolution is especially difficult in smaller vessel geometries

(e.g. carotid artery), where the required spatial resolution restricts the temporal resolution due

to gradient strength limitations of clinical MRI scanners. Considering the recent developments in

3D cine velocity-encoded MRI acquisition (21, 22), it is expected that the required scan times will

decrease in the next years, thereby mitigating such limitations.

Both 2D and 3D (cine) velocity-encoded MRI data have been used for WSS quantification using

either one or three velocity-encoding directions. In the current paper, 2D velocity-encoded MRI

refers to single-slice acquisition with one velocity-encoding direction, whereas 3D velocity-encoded

MRI refers to a 3D acquisition with 3 orthogonal velocity-encoding directions.

2.3 Identification of WSS methods

WSS is either derived from 2D or 3D cine velocity-encoded MRI measurements. The velocity-

encoded MRI measurements provide wall segmentation as well as a spatial velocity profile. Both are

used to determine the spatial velocity derivative on the vessel wall (wall shear rate). The viscosity of

blood is generally assumed to be constant, although wall shear rate dependent models are sometimes

used as well (23). Because the differences in WSS due to blood viscosity are negligible in patients

without hematological disorders (24), generally a constant viscosity η is assumed (η = 0.004 Pa ·s).

Avril et al. suggested to determine in vivo viscosity from velocity-encoded MRI measurements (25).

2.3.1 2D WSS calculation methods

WSS is often obtained using the Poiseuille formula (Equation 2.3), where η is the viscosity, Q the

measured flow rate and r the radius (5).

WSS =
4ηQ

πr3
(2.3)

This equation holds for fully developed parabolic flow in circular cross-sections of vessels. Similar

equations for WSS calculations based on average velocity (vavg, Equation 2.4, Equation 2.5 (26,

27)) or maximal velocity (vmax, Equation 2.6 (28)) exist.

WSS =
4ηvavg

r
(2.4)

WSS =
8ηvavg

d
(2.5)

WSS = ηvmax

√
2πvmax

Q
(2.6)

Because only integrated velocity measurements and radius or diameter are used, this category of

methods is straightforward and robust (28). They can be applied easily on 2D (cine) velocity-
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Figure 2.2: Schematic representation of the linear and parabolic fitting method. a Simulated
parabolic flow profile as measured by velocity-encoded MRI. b 3D representation of measured
velocity values inside the vessel (red dots). c Velocities as function of the distance to the vessel
wall and the corresponding linear fit of the data. d Velocities as function of the distance to the
vessel wall and the corresponding parabolic fit of the data. Note the improved spatial derivative
estimation at the wall compared with the linear curve fitting method in c.

encoded MRI data, which is available on most clinical scanners. For these reasons it has been

widely adopted, especially in studies with large patient cohorts (23, 27, 29). Box et al. found

that for the different Poiseuille methods, the maximal velocity Poiseuille method (Equation 2.6)

provides the most reliable WSS values (28). The disadvantage of the Poiseuille based methods is

that these methods do not take into account any asymmetries of the velocity profile.

Alternatively, methods based on curve fitting are able to account for asymmetries in the velocity

profile and thereby provides a local rather than an average WSS value. Oshinski et al. were the

first to directly calculate WSS in vivo from velocity-encoded MRI data using linear fitting (30). In

their approach, a straight line is fitted through one wall point (vwall = 0 cm/s) and one or more

velocity measurements (v) in the vessel (Equation 2.7 and Figure 2.2 a-c).

WSS = η
dv

dx
= η

(vvessel − vwall)

dx
(2.7)

The derivative (a) in this function is the shear rate; multiplication with viscosity yields the WSS

(Equation 2.7). The distance (dx) between the vessel wall and the velocity measurements varies

across studies (30–35).

The shape of the velocity profile near the edge of the vessel is parabolic rather than linear.

As shown in Figure 2.2 d, parabolic fitting of the local velocity profile may therefore improve the

estimated local shear rate (32). However, the parabolic shape estimation does not account for

the bluntness of the velocity profile in the center of the vessel, caused by the oscillatory nature of

in vivo velocity profiles (36). Hence it will likely cause an underestimation of the shear rate. To

account for this blunted profile, Oyre et al. developed the 3D paraboloid modeling method (37, 38).

Figure 2.3 shows the fitting procedure for the paraboloid method, a 1 mm band of pixels is selected,

excluding voxels at the wall and in the center of the vessel. Subsequently a 3D paraboloid function

(Equation 2.8) is fitted to these through-plane velocities.

v(x, y) = a(x2 + y2) + bx+ cy + d (2.8)

Transformation to a radial coordinate system enables fast calculation of WSS (39):

WSS = η
dv

dr

∣∣∣∣
wall

(2.9)
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Figure 2.3: Paraboloid fitting method of the entire vessel (top row) and paraboloid fitting method
of 2 segments (bottom row). a,d Simulated parabolic flow profile as measured by velocity-encoded
MRI. Only velocities in the colored bands are included for the fitting. b,e Visualization of the
included velocities (red, green, and blue dots). c,f velocities plotted as function of the distance to
the vessel wall and the corresponding paraboloid fits of the (segments of the) data.

Depending on the acquisition resolution, vessel size and curve fitting parameters, a limited

number of velocity measurements inside the vessel are available for local WSS curve fitting. By

performing one curve fit for each segment of the vessel, multiple WSS values can be measured over

the vessel contour. Depending on the required level of WSS resolution and robustness, the size of

segments can be adapted (7, 39).

Curve fitting requires the definition of the location of the vessel wall, resulting from either

manual or (semi-) automatic segmentation. The effect of errors in the segmentation is large: a

small offset from the true vessel wall severely changes the calculated WSS (40). Also the distance

to the measured velocity closest to the wall may hamper the WSS calculations (41), but correction

methods are available to reduce these effects (30). Another source of error is the partial volume

effect. Voxels partly including tissue may have arbitrary phase values. Exclusion of voxels on the

vessel wall or partial volume correction solves part of the problem (31).

Although linear and parabolic curve fitting are frequently used in literature, the velocity profiles

are frequently not linear or parabolic. With polynomial fitting both simple and complex velocity

profiles can be fitted. For example, the method of Cheng et al. uses localized Lagrangian base

functions to fit the local velocities and analytically derive the spatial derivative along the inward

normal (Equation 2.10, Figure 2.4) (33).

WSS(x, y) = η(∇v(x, y) · n(x, y)) (2.10)
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Figure 2.4: Localized Lagrangian fitting method. a In this method, a vessel segment (green line
in a,b) is selected. b Velocities at locations outside the vessel are set to zero (blue dots), velocities
inside the vessel are not set to zero (red dots). Then for 16 velocity points (orange) the velocity
is interpolated from the surrounding measured and zero velocities. c Finally, these interpolated
(orange) velocity points are used to create a 2D Lagrange polynomial.

Alternative methods are based on the spatial distribution of velocities within a voxel (standard

deviation) and provide a surrogate WSS marker related to turbulence (42–44). A related in vivo

method using Fourier velocity-encoded MRI was presented by Carvalho et al. (45).

2.3.2 3D WSS calculation methods

Although the 2D methods work rather well in 2D (cine) velocity-encoded MR images and straight

vessels, they are not directly applicable to 3D (cine) velocity-encoded MR images and complex flow

geometries, such as curved vessels, bifurcations or aneurysms. Such vessel geometries have three-

directional velocity patterns and nonparallel vessel walls and thus require 3D (cine) velocity-encoded

MRI for WSS calculations.

Köhler et al. and Papathanasopoulou et al. applied 5th order polynomial fitting to fit the entire

3D velocity profile and to obtain volumetric WSS, but so far this was only applied to phantom

data (46, 47).

Stalder et al. presented a method to analyze 3D velocity-encoded MRI data by reslicing the

3D geometry at predefined locations in the vessel, to calculate the local WSS from a fitted 2D

piecewise polynomial function (B-spline surface) (48) (Equation 2.11 and Equation 2.12).

WSS = 2ηε̇ · n (2.11)

ε̇ij =
1

2
(
∂vi
∂xj

+
∂vj
∂xi

) (2.12)

Although this method is useful and the reproducibility is good (49), this approach is limited to

only cross sections of the vessel at interest. To obtain volumetric WSS without fitting the entire

velocity field, segmentation of the entire lumen is required. With a complete vessel wall-lumen

contour segmentation, the tangential and perpendicular velocity components close to the wall can

be determined. These velocity components can subsequently be used in a curve fitting method to

determine WSS (Equation 2.13):

WSS = η
dv

dn
(2.13)

Linear fitting (50, 51) or smooth piecewise polynomial fitting (40, 52) is used to determine dv/dn

along the normal, see Figure 2.5.

22



2

Measuring wall shear stress using velocity-encoded MRI

Figure 2.5: Volumetric WSS method to calculate 3D WSS. a For illustrative purposes a straight
vessel is used here. First, the vessel is segmented (red surface). Then for each point on the vessel
wall (green star) the inward normal vector is calculated (green arrow) and along the normal the
velocity profile is interpolated at a fixed number of points at fixed distances (red arrows). b Finally,
curve fitting (blue line) is used to determine the spatial velocity gradient at the vessel wall.

There are two differences between this volumetric approach and the 3D approaches using only

cross sections by (46). First the 3D velocity vector field is fitted directly in the volumetric approach

instead of interpolated. Second, the fitting functions for this volumetric approach uses only velocity

measurements close to the analyzed vessel wall point rather then the entire velocity field in one

cross section. An advantage of volumetric WSS is the ability of detecting small abnormal regions of

WSS that could be missed by 2D or reslice-based WSS calculation methods. A disadvantage of 3D

WSS measurement in general is the increased scan times associated with 3D velocity-encoded MRI,

usually a limited resolution of velocity measurements is feasible. This translates to less available

velocity measurements, leading to underestimation of WSS.

2.3.3 Accuracy and reproducibility of WSS measurements

One of the major challenges in WSS quantification is to further improve accuracy and the repro-

ducibility of WSS measurements. Besides large physiological variation, it has been shown that

resolution limitations and segmentation errors limit the accuracy of WSS (33, 40, 41, 48).

Reproducibility of the different Poiseuille based methods was investigated by Box et al., they

found that for diastolic, systolic and average WSS, the short- and long-term reproducibility is

reasonable (1 week follow-up ICC 0.38 to 0.95 and 1 month follow-up ICC 0.50 to 0.87) (28).

To further improve the reproducibility of flow and maximal velocity measurement one can use the

average of multiple center voxels and multiple phases in the cardiac cycle (1 week follow-up ICC

0.65 to 0.95 and 1 month follow-up ICC 0.56 to 0.89). Stalder et al. showed that Gaussian

smoothing to compensate for velocity noise as well as a decrease in resolution go at the expense of

WSS accuracy (48). Despite the reported underestimation of 50%, the intraobserver variability of

the reslicing method is good (variability 69% of WSS magnitude; bias 0.003 Pa, limits of agreement

−0.149 to 0.155 Pa). The inter-observer variability was higher (variability 87% of WSS magnitude,

bias 0.066 Pa, limits of agreement −0.125 to 0.257 Pa) (53). For the same method Hope et al.

reported good intra-observer and inter-observer ICCs of 0.91 and 0.97 respectively (3 observers,

n = 48) (54).

Duivenvoorden et al. reported measurement variability for a method similar to that of Oyre
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et al. (7, 31): correlation (ICC) for between scan sessions was 0.79 (95% confidence interval (CI)

0.67− 0.88), the interobserver ICC was 0.99 (CI 0.99− 1.00) and the intraobserver ICC was 0.96

(CI 0.94− 0.97).

Masaryk et al. showed that parabolic fitting is more accurate than linear fitting (32). Petersson

et al. extended this work and showed that there are many more factors involved in the accuracy of

WSS. Furthermore they emphasized that all methods will severely underestimate WSS, especially

if an insufficient resolution for high WSS values is used (underestimation up to 30% of the actual

WSS magnitude) (41). Strecker et al. showed that WSS estimates at higher field strengths are

more reliable due to better image quality (55).

2.4 Clinical application of WSS methods

Many volunteer and patient studies have been performed to assess the feasibility of WSS methods

and to compare different WSS methods. In Figure 2.6 we present an overview of WSS studies

in humans published up to October 2013; for animal studies we refer the reader to some other

papers (10, 56–59).

Figure 2.6: Cumulative number of patient and volunteer studies that applied WSS calculation
methods based on velocity-encoded MRI, sorted as Poiseuille, 2D fitting (including the paraboloid
fitting), 3D reslicing, and 3D volumetric WSS methods.

2.4.1 Aorta

For aortic WSS, 18 studies on volunteers and 15 studies on patient populations were found; see

Figure 2.7 (8, 22, 30, 31, 33, 48, 51, 53–55, 60–68). Substantial variations in WSS values were

reported for between the different studies. The average WSS over all studies is 0.43 ± 0.38 Pa,

for volunteers it is 0.40 ± 0.33 Pa, for patients 0.48 ± 0.46 Pa. Due to low numbers of patients

and the plethora of methods and MRI sequence parameters used we did not perform statistical

comparisons. Nevertheless, there are some obvious outliers in the graph, e.g. Barker et al. is the

only one to show the direction of the WSS, resulting in negative WSS values (65). One outlier of

maximum WSS was found for the descending aorta in volunteers (31).

In recent years the first clinical studies on specific patients groups have been published, mostly

using the reslicing method (48). Frydrychowicz et al. investigated WSS in relation with aortic

coarctation (53, 69), whereas Barker et al. focused on bicuspid aortic valve disease (61, 65).
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Figure 2.7: Mean, systolic and maximum reported WSS in the aorta for volunteer and patient
groups. Mean of all WSS: 0.43± 0.38 Pa, mean for volunteers: 0.40± 0.33 Pa, mean for patients:
0.48 ± 0.46 Pa. Data was corrected for viscosity differences (reported viscosities were 0.0042 ±
0.0005 Pa · s; a corrected viscosity of 0.004 Pa · s was used for all studies).

Bieging et al. studied ascending aortic dilatation and Bürk et al. calculated WSS in the thoracic

aorta for patients with aortic dilation (51, 62). Geiger et al. and Hope et al. showed that patients

with Marfan syndrome (60, 63) exhibit higher WSS in the aorta. Most recently, Markl et al.

presented a study of WSS in 140 aortic plaques in the aorta (64), and did not find a relation

between the aortic plaques and 2D WSS in the aorta, which is in contradiction with previous

findings (8).

2.4.2 Carotid arteries

For WSS measurements in the carotid arteries, 16 volunteer and 11 patient groups were reported in

14 unique studies (Figure 2.8) (7, 9, 23, 27–29, 34, 37, 39, 70–74). Although the WSS variation

between studies was less than the variation of the WSS found in the aorta, substantial variation

between studies are reported. The average WSS is 0.87± 0.24 Pa, for volunteers 0.90± 0.23 Pa,

and for patients 0.80± 0.27 Pa. Furthermore, the WSS values in the internal carotid artery (ICA)

were generally reported to be lower than the WSS values in the common carotid artery (CCA). For

the volunteers the WSS in the CCA was 0.81± 0.33 Pa and for patients 0.99± 0.25 Pa. The WSS

in the ICA was 0.57± 0.19 Pa for the volunteers and 0.79± 0.21 Pa for the patients.

Several clinical studies highlighted the benefit of WSS measurement in the carotids. Van

Es et al. showed that WSS, especially diastolic WSS, in the basilar and carotid artery strongly

correlates with cognition in the context of Alzheimer (29). Mutsaerts et al. investigated the

WSS in a population of 329 elderly patients (23) and as diastolic WSS correlated stronger with

cognition it was concluded that diastolic WSS may be more clinically relevant than systolic or
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Figure 2.8: Mean, systolic, and maximum reported WSS in the carotid arteries for volunteer and
patient groups. Average WSS: 0.87±0.24 Pa; Volunteers: 0.90±0.23 Pa; Patients: 0.80±0.27 Pa.
Systolic WSS volunteers: 1.64 ± 0.49 Pa; Systolic WSS patients: 0.74 ± 0.3 Pa. Viscosities of
0.0040± 0.0004 Pa · s were found, but all were corrected to 0.0040 Pa · s, except for the paper by
Mutsaerts et al. where the viscosity was estimated (23).

average WSS. Harloff et al. showed that carotid plaque removal leads to a significant decrease of

systolic WSS in the internal carotid artery, but not in the external and common carotid artery (74).

In their discussion WSS is suggested as future risk factor for stroke and restenosis in patients with

atherosclerotic plaque.

2.4.3 Other anatomical locations

WSS has been suggested as the driving mechanism behind intracranial aneurysm growth and rup-

ture. There is an still ongoing discussion on whether high or low WSS are correlated with aneurysm

initiation, progression or rupture (75). Recently, the first WSS estimations based on velocity-

encoded MRI were presented (50, 52, 76–78). Comparison of velocity-encoded MRI data based

WSS with patient-specific simulation-based (CFD) WSS values showed a fair correlation (50, 77),

it was concluded that more research is needed to improve the accuracy of MRI-based WSS calcu-

lations. Van Ooij et al. also compared the direction of WSS with CFD simulations in a phantom

and in MR data of one patient (52). However, until now no existing MRI-based WSS studies

provide clinically relevant information on the pathophysiology of aneurysms, nor do they elaborate

on the reproducibility of WSS quantification in such small-sized complex vessel geometries. More

longitudinal research of untreated and treated aneurysm patients is required to clarify the effects

of WSS on aneurysm initiation and rupture.

In young patients with Fontan circulation it was shown that WSS in Fontan patients was

significantly lower than in controls (79). This may partly explain the different phenotype of the
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endothelial wall of these patients.

Mano et al. describes velocity-encoded MRI-based WSS estimations in multiple abdominal

arteries in the context of celiaco-mesenteric anastomosis. They found statistically significant WSS

differences between patients and healthy volunteers in the gastroduodenal arteries as well as spatially

varying WSS patterns around the abdominal aneurysm location (80).

2.4.4 Other WSS parameters

Next to WSS magnitude and direction, additional parameters exist to describe spatiotemporal WSS

patterns. The most used parameter is the oscillatory shear index (OSI) parameter as proposed by

Ku et al. (81). OSI has been shown to correlate directly with organization of cells on the endothelial

layer (5). Gelfand et al. introduced a harmonious index (HI) to describe the frequency behavior

of WSS. HI describes the relative contribution of non-static WSS intensity to net signal intensity

using a frequency analysis (34). Finally, Barker et al. introduced the shear range index (SRI) to

show asymmetries in the WSS patterns on the vessel wall (65).

2.5 Conclusion

Over the past decade, MRI-based WSS quantification was mainly performed using 2D velocity-

encoded MRI. Recently, there is an increase in 3D volumetric WSS, providing comprehensive mul-

tidimensional information on WSS patterns.

The large variation of WSS values in literature (0.1− 1.1 Pa for average aortic WSS), suggests

that absolute WSS values cannot be compared between methods. Consequently, it is not yet

possible to define reference WSS values for healthy and diseased states of a vessel. Considering

the good reproducibility of some methods, it is however possible to compare WSS values between

groups using the same WSS calculation method. In addition, one can pinpoint specific locations

of altered WSS by comparing values within the same dataset.

More research is needed to lift WSS to the next level and establish its role in the clinical

practice. Firstly, the application of new acceleration techniques to further decrease 3D cine velocity-

encoded MRI scan times will increase the use of volumetric WSS to pinpoint specific locations of

interest (21, 82). Secondly, more studies are needed to validate volumetric WSS as a clinical

marker, for example by stimulus induced WSS changes in cross sectional studies or in longitudinal

studies using WSS quantification as outcome parameter.
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