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In arterial blood flow wall shear stress (WSS) quantifies the frictional force that flowing blood exerts on a
vessel wall. WSS can be directly estimated from phase-contrast (PC) MR velocity measurements and has
been suggested as a biomarker in cardio-vascular diseases. We present and investigate the application of
the Clauser plot method for estimating WSS in fully developed turbulent stationary flow using PC velocity
measurements. The Clauser plot method estimates WSS from the logarithmic region of boundary layer in
fully developed turbulent stationary flow. The Clauser plot method was evaluated using 2D PC-MR phan-
tom measurements at 3 T for different in-plane resolutions at various Reynolds numbers. WSS values
derived from the Clauser plot were compared to results from Laser Doppler Velocimetry (LDV) measure-
ments and theoretical results calculated using the friction factor formula for smooth pipe flow. For all
Reynolds numbers, WSS values derived from the Clauser plot were in good agreement with results from
LDV measurements and values using the friction factor formula (relative deviations ~5%). Furthermore,
Clauser plot derived results were almost independent of spatial resolution, in contrast to WSS results
obtained with our in-house software tool for MR-based WSS quantification showing relative deviations
of more than 100%. In fully developed turbulent flow, the Clauser plot method provides highly consistent
WSS independent of the underlying spatial resolution. Therefore, it renders a valuable approach for MR-
based WSS estimates in controllable flow settings. Although its direct in vivo applicability is severely lim-
ited because of the different flow character, it may serve as helpful approach for validation of MR-based
WSS quantification algorithms prior to their clinical application.

© 2019 Elsevier Inc. All rights reserved.
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1. Introduction

In arterial blood flow wall shear stress (WSS) [1] quantifies the
frictional force that flowing blood exerts on a vessel wall. The WSS
can be directly estimated from phase-contrast (PC) MR velocity
measurements [2-10] and has been suggested as a biomarker in
cardio-vascular diseases [1,6,11-18].

A direct WSS quantification requires identification of the flow
domain, especially its boundary, and computation of the derivative
of the velocity field Vv at the boundary. It has been shown that the
accuracy of MR-based WSS values depends strongly on the PC-MR

* Parts of this study were presented at the 26th Annual Meeting of the ISMRM,
Paris, France, 2018 (abstract number: 2946).
* Corresponding author at: Medical Center - University of Freiburg, Dept. of
Radiology, Medical Physics, Killianstr. 5a, 79106 Freiburg, Germany.
E-mail address: nina.shokina@uniklinik-freiburg.de (N. Shokina).

https://doi.org/10.1016/j.jmr.2019.05.009
1090-7807/© 2019 Elsevier Inc. All rights reserved.

acquisition parameters, the accuracy of the numerical computation
of Vv, and the accuracy of the boundary identification
[3,4,8,19,20]. The exact position of the vessel wall is per-se
unknown, especially in situations when the vessel wall is moving
because of pulsation. Here, even small errors in the boundary iden-
tification influence the WSS estimate strongly, because of the tran-
sitional flow regime and steep velocity gradients at the boundary.

The main factor for the variability of PC-MR-derived WSS is the
limited spatial resolution of the acquired data [3,4,8,19-21]. Partial
volume effects act as a main confounder to accurately measure
flow velocities in the proximity of the vessel’s boundary. Further,
the velocities close to the boundary are smaller than the velocities
occurring further inside the vessel, so that they more prone to
phase noise because the velocity encoding (VENC) parameter is
typically chosen according to the expected maximum velocities
to avoid phase aliasing [3]. On the other hand, the temporal reso-
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lution of the PC-MR data was shown to have only minor impact on
the WSS estimate [3,19].

In vivo comparison against current gold standard methods is
problematic for many areas of 4D flow MRI, mostly because of
the lack of such a standard in vivo [20]. Also, reference data is often
not available. For areas where an in vivo gold standard does not
exist, controlled steady and pulsatile flow phantom experiments
with accurate reference quantification can be used to assess WSS
accuracy [20].

In this study, we present and investigate the application of the
Clauser plot method [22] for WSS quantification to PC-MRI mea-
surement data in a controlled flow setting. The Clauser plot
method is a graphical method [22] to estimate WSS within the log-
arithmic region [23] of the boundary layer in fully developed tur-
bulent stationary flow. It can be applied even in situations when
the velocity measurement does not provide sufficient spatial reso-
lution to resolve velocities close to the flow boundary. We describe
the Clauser plot method and present its experimental validation in
the context of 2D PC-MRI in stationary flows.

2. Theory

Although blood is a shear-thinning non-Newtonian fluid [24], it
behaves like a Newtonian fluid with a constant viscosity in larger
arteries at high shear rates [25]. This enables calculation of the
WSS (1) from the velocity derivative with respect to the normal
distance r from the wall:

w4

Here, u is the dynamic viscosity, and U(r) is the mean stream-
wise velocity component [8].

Eq. (1) is the most commonly used approach for MR-derived
WSS extraction. In contrast, the Clauser plot method evaluates
WSS within the logarithmic region of the boundary layer [23]. In
the logarithmic region of the boundary layer, the velocity profile
U(r) of a fully developed turbulent stationary flow satisfies the log-
arithmic law

u(r)
u
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with the shear velocity defined as
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Here, p indicates density, v kinematic viscosity (v = u/p), and K
and B are constants [26]. The ranges of the constants x and B are
stated in the literature as 1 €[0.33;0.45] [27-29] and
B € [3.5,6.15] [29]. In our work, to determine the constants x
and B, we fit the law of the wall (2) to a velocity profile obtained
by a Direct Numerical Simulation (DNS) of a flow regime [30], that
is similar to our setting, yielding x = 0.3557 and B = 4.8175.

Expressing the wall shear stress in dimensionless form using
the skin friction coefficient C¢

U\ 2 Tw
Cf:z(@) :Zuip (4)

Eq. (2) can be expressed as [31]:
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known as the Clauser plot equation. Here, U,, indicates the free

stream velocity outside of the boundary layer, which is known from
the measurements. Because v, k, and B are known values, only (; in

Eq. (5) is unknown. lf%) is plotted against "= in a semi-log repre-
sentation for different values of C;, a set of straight lines is pro-
duced. In the original presentation of the Clauser plot method
[22], the measured values M were added to the same graph,

and an estimate of Cy, and thus of 7,,, was obtained by visual inspec-
tion to choose the line which best reproduced the data within the
logarithmic region. Here, we perform a nonlinear regression of the
measured data within the logarithmic region to obtain ;. Then,
Eq. (4) is used to compute 7, instead of using a graphical inspection.

3. Methods

The Clauser plot method for WSS estimation was tested on 2D PC-
MR velocity measurements carried out in a glass pipe (inner diame-
ter: 25.9 mm). The pipe was placed inside a 3T whole-body scanner
(MAGNETOM Prisma, Siemens Healthineers, Erlangen, Germany)
along the magnet’s center line, and a turbulent stationary flow was
established at a Reynolds numbers of Re = 3000, 5370, 8060. The flow
pump (RMMS1, Sondermann, Kéln, Germany) was located outside the
MR scanner cabin and connected via plastic hoses and straight in-flow
pipes (approximate length: 2 m) to ensure fully developed flow con-
ditions. Pure water at room temperature doped with copper sulfate
(1 g per liter) [32] was used as a fluid. Our 2D PC-MR technique was
a conventional phase-contrast MRI sequence which is based on a
spoiled 2D gradient echo sequence with bipolar velocity encoding
along the slice selection direction. 2D PC-MR images were acquired
ina plane oriented perpendicular to the pipe axis (i.e. axial slice orien-
tation; Fig. 1a) for different in-plane resolutions (range: 0.30 x 0.30-
1.00 x 1.00 mm?) with velocity encoding along the through-plane
direction (VENC = 0.25 m/s was chosen for all Reynolds numbers in
order to better resolve the velocities close to the vessel boundary).
Other scan parameters were as follows: TR/TE = 17.8-18.6/5.66-5.
68 ms, FOV =96 x 96 mm?, slice thickness =3 mm, flip angle = 7°.
Signal averaging was performed to yield sufficient signal-to-noise
ratio. For signal reception, a flexible 4-channel coil provided by the
scanner manufacturer was wrapped around the glass pipe.

Prior to any further WSS analysis, all 2D PC-MR data was
checked and corrected for potential phase aliasing. Then, WSS
was evaluated at four locations of the pipe cross section (Fig. 1b).
The positions of these points, which reflect the position of the
boundary, were manually defined in the PC-MR magnitude images.
Clauser plot derived WSS values were obtained via a nonlinear
regression of the measured data within the logarithmic region
(Fig. 1e) which is defined as 6.3<In("=) < 7.1 according to theory
[33]. For each data set, U,, was estimated from the mean velocity
within a small central region of the pipe flow (Fig. 1b). For compar-
ison, WSS values were also quantified with an in-house developed
MATLAB-based software flow-tool 5] which essentially uses Eq. (1)
for WSS calculation.

Two different data sources were used to obtain reference values
for validation of the MR-based Clauser plot derived WSS results: (i)
measured data from Laser Doppler Velocimetry (LDV) experiments,
and (ii) theoretical WSS values calculated with the so-called fric-
tion factor formula [23].

The LDV [34,35] experiments were conducted to provide near-
wall velocity measurements with much higher spatial resolution
than the MR data. In brief, LDV uses two coherent laser beams
focused at a point of interest to create an interference pattern.
The flow is seeded with small titanium dioxide particles (~1um
diameter) which scatter the laser light when traveling through
the interference pattern. The flow velocity at the point of interest
can then be calculated from the frequency of the scatter light
intensity oscillations. Cross-sectional velocity information is
obtained by successively traversing the interference pattern across
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Fig. 1. (a) Experimental setup for flow measurements in glass pipe. (b) Magnitude image of pipe’s cross section. The yellow circle indicates the region for estimating the free
stream velocity U... (c) Representative velocity profiles along the green and blue dotted lines in (b). (d) Clauser plot for different values of 7,, and measured velocity profile
with Re = 5370 starting in the right point (green cross in (b)). (e) Clauser plots for the velocity profiles starting at the four positions indicated by color-matched crosses in (b).
The shaded area spans the logarithmic region. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the entire pipe cross-section. For these experiments, an LDV sys-
tem (Flow Explorer, Dantec Dynamics, Skovlunde, Denmark) was
operated in backscatter mode with a wavelength of 1=660 mm,
focal length of f=150mm and a measurement volume of
331 x 49 x 49 pm°>. LDV velocity measurements were performed
under experimental flow conditions identical to the PC-MR mea-
surements for a single Reynolds number of Re =5370. The LDV
velocity profile was captured with a spatial resolution of
Ax =0.0125 mm. The WSS values were calculated from the LDV
profiles identical to PC-MR data via nonlinear regression within
the logarithmic region.

In addition, reference WSS values for all experimental Reynolds
numbers were calculated using the friction factor formula [23]

1
Tw = g Ap Z)?neem (6)

Here, ¥mean is the measured mean velocity over the entire cross
section of the pipe, the constant / is the so-called Darcy friction
factor, which is known from the Moody diagrams [36].

4. Results

Besides the experimental setup, Fig. 1 shows representative
velocity profiles as measured with the PC-MR data in fully devel-
oped turbulent flow. Further, a representative Clauser plot of a
measured velocity profile is given together with theoretical profiles
according to the logarithmic law (Eq. (2)) for different values of t,,.

Fig. 2 summarizes Clauser plots for PC-MR measurements
(Re = 5370) with different in-plane resolutions and LDV measure-
ments. The shaded area on Fig. 2 indicates the logarithmic region
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Fig. 2. Representative Clauser plots for measured PC-MR data (Re =5370) with
different in-plane resolutions and LDV measurements. The shaded area spans the
logarithmic region.
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within which the nonlinear regression for WSS estimation was

done. The slope %\/C;f of the regression line was computed with
reproducible sufficiently low errors (RMSE = 0.03-0.05, R? = 0.61-
0.85, depending on a point location (Fig. 1b)).

Fig. 3 presents WSS mean values for the three different flow
settings as measured with different in-plane resolutions. For com-
parison, WSS values obtained with the Clauser plot method, the
flow-tool, and the friction factor formula (Eq. (6)) are illustrated.
With increasing Reynolds numbers, larger WSS values were found
with an approximately four-fold increase from Re = 3000 to 8060.
Fig. 3b additionally includes the WSS results from the LDV
measurements.

5. Discussion

In this study, the Clauser plot method has been introduced as an
alternative approach to evaluate the wall shear stress from PC-MR
data. The major advantage of the Clauser method is that it evalu-
ates WSS using the velocity values in the logarithmic region, which
is distant from the wall, instead of the velocity derivatives at the

wall, where partial volume effects affect velocity measurements.
The points very close to the wall are typically the ones which are
mostly affected by limited spatial resolution. However, as the sig-
nal measured at these points does not enter into computations, the
Clauser plot method results are more independent of the underly-
ing spatial resolution.

Overall, the Clauser plots for 2D PC-MR data and LDV measure-
ments were in very good agreement. Deviations were mainly seen
in the Clauser plots of the PC-MR data towards smaller values of
In(™=) which could be explained by effects from noise and in par-
ticular partial volume effects close to the pipe wall.

Moreover, for all Reynolds numbers the extracted WSS values
were highly consistent to the reference values based on the friction
factor formula (Eq. (6)) (relative deviations ~5%) even for PC-MR
data with larger in-plane voxel sizes. This indicates that the Clau-
ser plot method yields correct WSS values in situations when par-
tial volume effects confound velocity measurements in the
proximity of the flow boundary.

In contrast, WSS values extracted with the flow-tool tend to
underestimate the WSS, especially for larger in-plane voxel sizes,
i.e. lower spatial resolutions. Flow-tool results exhibit a systematic
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Fig. 3. Results of the MR-derived WSS estimation via the Clauser plot method (solid lines) and flow-tool (dashed lines) for Reynolds numbers of (a) 8060, (b) 5370, and (c)
3000, and different in-plane resolutions. In addition, the reference WSS values according to the friction factor formula are given by dotted lines. Results from the LDV
measurements at Re = 5370 are illustrated in (b). LDV data was obtained with a single spatial resolution only and is presented as a straight line in (b).
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decrease from high to low in-plane showing relative deviations of
more than 100%, which could be expected because of partial vol-
ume effects. The flow-tool currently requires manual segmentation
of the wall, which might also cause an additional bias. Although
this could be improved, e.g. by automatic segmentation, we believe
that this does not play an important role in our experimental eval-
uation because segmentation of the pipe circular cross section was
quite straightforward. The systematic decrease in WSS values
obtained with the flow-tool is consistent with previous studies on
MR-derived WSS estimation [4,5,8,19] which also attribute this
behavior to partial volume effects.

Our implementation of the Clauser plot method specifically
addresses the problem of limited spatial resolution of PC MRI data.
While the limited spatial resolution of the acquired data is the
main factor for the variability of PC-MR-derived WSS [3,4,8,19-
21], there are also other effects which impact WSS. For example,
in [37] it was demonstrated both experimentally and theoretically
that higher moments (variance, skewness, kurtosis) of the velocity
distribution can severely affect the accuracy of PC velocimetry. This
issue could be addressed in further improvements of the WSS
estimation.

Due to the fact that the velocities near the boundary of the pipe
are substantially smaller compared to the velocities the middle of
the pipe, a substantially smaller VENC could be selected to better
resolve small velocities close to the boundary. But if the VENC
would be too low, then phase aliasing might be too severe so that
it could not be properly corrected. Therefore, we have chosen the
VENC according to the maximum velocities which occur in the cen-
ter of the pipe.

A potential limitation of the Clauser plot method for WSS esti-
mation arises from the fact that it was originally designed for
fully developed [38] turbulent stationary flows of Newtonian flu-
ids. Blood flow in the aorta is non-stationary pulsatile flow of a
non-Newtonian fluid, although blood behaves like a Newtonian
fluid in large arteries at high shear rates [25]. However, Compu-
tational Fluid Dynamics (CFD) simulations have shown that qual-
itative flow patterns of Newtonian and non-Newtonian models
are similar, but that Newtonian models consistently underesti-
mate the WSS [39]. Although recent research has shown that
there might be turbulence in the aortic blood flow, even in
healthy subjects [40,41], the assumption of fully developed flow
in the aorta is hardly realistic [39] and limited in describing blood
flow in vessels [42]. Furthermore, in situations of unsteady turbu-
lent boundary layers, the Clauser plot method should be applied
only with great caution [43] without prior knowledge of values
of k¥ and B from the logarithmic law (Eq. (2)). A short investiga-
tion of the applicability of the Clauser plot method for in vivo
blood flow is presented in the Supplementary information.
Although the extracted WSS values appear consistent to values
reported in literature [21,44], in vivo velocity profiles do not fol-
low the logarithmic law. While the results indicate that the Clau-
ser plot method is not applicable to in vivo flow, it may
nevertheless serve as a valuable validation tool. The application
of the method to the data obtained in controllable flow settings
may help to check accuracy and reliability of WSS quantification
prior to application to in vivo data.

In conclusion, the Clauser plot method was shown to be a valu-
able tool for correct MR-based WSS extraction in fully developed
turbulent flow. Although the method is not applicable in vivo
because of the different flow character, it provides correct WSS val-
ues almost independent of the spatial resolution in controllable,
stationary flow settings. Therefore, the method renders an
alternative approach to obtain MR-based WSS estimates and may
serve as helpful approach for validation of MR-based WSS
quantification.
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