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Abstract

The wall shear stress (WSS) acting on human vessel walls may play an important role in the emergence of cardiovascular
diseases such as aneurysms or arteriosclerosis and is of great interest in the medical context. Magnetic resonance velocimetry
(MRYV) is a possible method to measure this quantity; however, the most appropriate procedure for the measurement and the
achievable accuracy are open and controversial topics. In this study, we examine the accuracy of WSS estimates obtained
from in vitro MRV measurements by comparing results with those obtained using laser Doppler velocimetry, with numerical
simulations and for some cases with analytic solutions, all for flow conditions typical of the human aorta. The comparisons
indicate that under certain conditions, WSS measurements from MRV are feasible and reliable. This work forms the basis
for a systematic assessment of WSS estimators using newly developed post-processing algorithms and is considered a first
step to improving the in vivo measurements of wall shear stress.
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1 Introduction

An ongoing interest in medicine is to predict and prevent
diseases of the human circulatory system. One potential
indicator and trigger mechanism, which may lead to trans-
formations of the vessel walls and subsequently to cardio-

54 Cameron Tropea vascular diseases, is altered wall shear stress (WSS), which
ctropea@sla.tu-darmstadt.de arises due to friction between the blood flow and the vessel
Extended author information available on the last page of the article wall. The influence of WSS on cardiovascular diseases has
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been studied extensively and controversially in the literature
(Biirk et al. 2012; Callaghan and Grieve 2018; van Oojj et al.
2017, Peiffer et al. 2013; Piatti et al. 2017; Rizk et al. 2019).
There is a wide variety of malfunctions of the circulatory
system which are potentially associated with altered WSS.

One severe kind of malfunction is the emergence of
enlargements of the vessel diameter, so-called aneurysms.
Great interest exists to develop techniques which can pre-
dict the growth and risk of rupture of such aneurysms and
develop early treatments based on this knowledge (Xiang
et al. 2011). The results from Harloff et al. (2010) indicate
that the location and occurrence of plaque is highly cor-
related with the WSS as well as occurrence of stenosis in
arteries (Siedek et al. 2018). Farag et al. (2019) showed
that the transcatheter aortic valve replacement considerably
increases the blood flow velocity and thus the WSS in the
ascending aorta.

The difficulty from a technical point of view is how the
wall shear stress can be measured in vivo. Several tech-
niques exist and an overview can be found in Vennemann
et al. (2007), the most promising results being obtained with
magnetic resonance velocimetry (MRV). In this context,
clinical magnetic resonance imaging (MRI) scanners can
be used to measure the velocities of moving protons bound
in water molecules and therefore the blood velocity. The
wall shear stress can be evaluated by calculating the velocity
gradient in the wall-normal direction at the wall. Today, the
most common MRV method is phase contrast magnetic reso-
nance imaging (PC-MRI) which has been used for in vivo
as well as in vitro applications (Amili et al. 2018; Rizk et al.
2019; Szajer and Ho-Shon 2018). In recent years, consider-
able progress has been made regarding time-resolved three-
dimensional MRV measurements including velocity encod-
ing in all three spatial directions. This technique is typically
referred to as 4D flow MRI (Markl et al. 2012).

The main limitation of MRV measurements is the low
spatial resolution, typically in the order of 1 mm for scans
in the human body. An increase in spatial resolution neces-
sitates longer measurement times to provide sufficient sig-
nal to noise levels, which, however, is not practical for data
acquisition in patients. The low spatial resolution generally
results in an underestimation of the WSS, yielding errors of
up to 40% (Petersson et al. 2012). To improve the calculation
of the wall shear stress, several techniques exist which focus
primarily on the post-processing of the MRI data. Some of
these techniques are rather unrealistic from a fluid mechan-
ics point of view. For example, some authors assume fully
developed laminar pipe flow (Efstathopoulos et al. 2008),
which is obviously not the case within the aorta.

The present group of authors intend to implement a var-
iational data assimilation (DA) to process the sparse and
noisy MRI data and obtain a refined estimate of the flow
field. This approach relies neither solely on measurement
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data nor on numerical simulations, rather these two inputs
are used in combination. Data assimilation has already
been successfully used on MRI data for two-dimensional
flows in Egger et al. (2017). The refined flow field can then
be used to improve the estimation of wall shear stress,
since the gradient can then be better approximated in the
near-wall region. Data assimilation has been used exten-
sively in other fields, for example in meteorology to utilize
measurement data from sparse and unevenly distributed
weather stations around the globe in numerical compu-
tations of weather forecasts (Ghil and Malanotte-Rizzoli
1991). In recent years, DA has experienced increased
attention in the fluid mechanics community, especially to
refine and improve data from particle image velocimetry
(PIV) (Gronskis et al. 2013; Schneiders and Scarano 2016;
Yang et al. 2017).

The present approach differs from previous studies, in
that a strong emphasis is placed on a preliminary assessment
step, in which the reliability of the MRI WSS estimates is
first evaluated using comparisons to ’ground truth’ or to a
’gold standard’. This notion is not new (Carvalho et al. 2010;
Markl et al. 2010, 2011; Potters et al. 2015; Van Ooijj et al.
2015), but has often been neglected (D’Elia et al. 2012).
The development of such a ’gold standard’ is one major
goal of the current paper. Lacking such comparisons, some
authors resort to comparisons of relative WSS values to each
other (Van Qoij et al. 2015), for instance using WSS val-
ues before and after a surgical intervention, or WSS values
between patients and healthy volunteers measured with the
same MRI sequence. Comparability between different stud-
ies or research groups is in general relatively poor, since the
absolute values remain unknown. Other authors revert to
numerical simulations (CFD—computational fluid dynam-
ics), which are often thought to provide a ’gold standard’
(Boussel et al. 2009; Piatti et al. 2017). However, this should
be viewed critically, since the flow within the aorta can be in
the transitional regime between laminar and turbulent, which
is extremely challenging even for advanced CFD simula-
tions; hence, the results may be questionable for serving as
ground truth (GlaBer et al. 2014). Even if the flow domain is
not in the transitional or turbulent regime, results from CFD
may vary widely. A good example is the so-called CFD chal-
lenges, where different research groups compute the same
problem set, i.e., the flow through aneurysms (Berg et al.
2015; Janiga et al. 2015; Steinman et al. 2013; Valen-Send-
stad et al. 2018). The disparity between these results is large.
Another approach to test WSS estimators is the generation of
synthetic flow fields and associated synthetic MRI data, with
a subsequent application of the post-processing algorithm
(Carvalho et al. 2010; Piatti et al. 2017). However, also this
procedure should be viewed critically, since it is unlikely
that all influencing physical quantities and noise sources can
be properly captured in such synthetic data generation.
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In vivo measurements always imply complicated influ-
ences such as unknown vessel shape and fluid structure
interaction, among others. In this current ’first-step’
study, therefore, measurements are performed in vitro
with known geometry and flow conditions. The overall
accuracy of the WSS estimation can then be compared
with known wall shear stress values and any improvements
using modified acquisition procedures or processing algo-
rithms can be quantified. The study begins with simple
flows and increases complexity step by step, ensuring
that the underlying flow conditions are always known. All
measurements are performed with both MRV and LDV,
the latter serving as a first ground truth. Numerical simu-
lations are conducted in parallel to the experiments and
serve as a second ground truth in some cases. To the best
of the authors’ knowledge, there is no other study attempt-
ing to improve WSS estimators obtained from MRV data
by comparison to systematic reference measurements.
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Fig.1 Stages of abstraction and complexity of the human aorta.
This study will focus on the pulsating pipe flow and the steady flow
through aneurysms
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2 Material and methods
2.1 Abstraction of the human aorta

The human aorta has a complex, patient-specific geometry,
which is not very suitable for generic experiments. Also,
the flow conditions are far from being analytically acces-
sible or well defined. The objective of the current study is
not to investigate flow phenomena within the aorta, but to
develop techniques which can serve as ground truth experi-
ments in aorta-like models; hence, some simplifications and
abstractions of the aorta are invoked. The stages of abstrac-
tions are shown in Fig. 1. The most simple flow is fully
developed, laminar, steady pipe flow. The complexity can be
increased in the time domain by altering the flow conditions,
for instance when a time-varying, cyclic volume flow rate is
applied. For a sinusoidal flow rate, this results in sinusoidal
pulsating pipe flow, which has been extensively studied in
literature. Overviews about pulsating pipe flow can be found
in Carpinlioglu and Giindogdu (2001) and Giindogdu and
Carpinlioglu (1999a, b). If the pulsation amplitude is large
enough, transitional or even turbulent flow can be expected
for part of the pulsating cycle. Alternatively, an increase
in complexity can be achieved by changing the geometry,
for instance using generic aneurysm models. These models
can be axially symmetric or asymmetric. The last stage of
abstraction is the combination of both geometric and flow
complexity, i.e., pulsating flow through generic aneurysms.
In the current study, focus will be placed on the pulsating
pipe flow as well as on the steady flow through aneurysms.

2.2 Experimental setup
The experimental setup, which is schematically shown in

Fig. 2, comprises a portable flow supply unit to generate the
desired, time-varying volume flow rates. The flow is then
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Fig.2 Experimental setup for the MRV measurements
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guided through hoses to the MRV or LDV measurement
section.

Water is used as a working fluid. The water is stored in a
tank and can be heated with a immersion heater or cooled
with a dipping cooler. The temperature in the tank is moni-
tored with thermocouples and the fluid is constantly circu-
lated to ensure a homogeneous temperature distribution. For
the MRV experiments, copper sulfate is added as a contrast
agent with a concentration of 1 g/L, as suggested by Schenck
(1996). For the LDV experiments, the water is seeded with
titanium dioxide tracers of approximately 1 pm diameter.
The flow supply system contains two different pumps for
either steady or unsteady flow conditions. The first pump is
a magnetically driven centrifugal pump (RMMSI, Sonder-
mann). The second pump is a gear pump which is driven by
a computer-controlled stepper motor (CardioFlow MR 5000,
Shelley Med.). Flow waveforms can easily be implemented
via built-in software or Matlab~. Downstream of the pumps
the flow passes through a high-precision Coriolis flow meter
(CORI-FLOW M55, Bronkhorst) with a full-scale range
of 10 L/min and an accuracy of 0.2% full scale, which is
used for steady flow rates. For unsteady flows, the sensor is
not fast enough to follow the measurement value precisely
and thus underestimates the amplitudes. The flow rate is
therefore extracted from the time-resolved MRV data, as
described in Sect. 3.2. The flow supply unit provides a TTL
trigger signal for the synchronization of the periodic flow
with both the MRI scanner and the laser Doppler signal
processor.

The flow is guided from the flow supply unit with hoses
of 25.4 mm inner diameter to the measurement section. For
the MRV experiments, the pump is placed in the control
room next to the MRI scanner room and the hoses are passed
through dedicated waveguides of the RF cabin. To ensure
fully developed flow conditions at the measurement sec-
tion, several precautions must be taken. First, all upstream
disturbances caused by bends are eliminated with a static
mixer (SMX). The design follows the guidelines of Paul
et al. (2004) and is based upon the SMX configuration with
a total of eight elements, which are shifted at 90° to each
other. Afterward, an acrylic tube of d = 26 mm inner diam-
eter and / = 2m length is used as an inlet, corresponding to
l/d ~ 77. According to Ray et al. (2012), the development
length in pulsating pipe flows may be considerably shorter
than those for steady flow, which is //d =~ 62 for the current
laminar flow conditions. The measurement section consists
either of a 0.5 m long straight acrylic tube with 26 mm inner
diameter or the aneurysm models with a straight outflow of
0.5 m length.

Special caution is taken regarding secondary flow motion,
which is especially evident in the case of laminar flow condi-
tions. When a temperature difference between ambient and
fluid is present, density gradients within the water arise and
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buoyancy forces then introduce an upward or downward
motion close to the wall, whereas the inner region experi-
ences a flow in the opposite direction. As a consequence two
counter-rotating vortices develop, which shift the velocity
maximum toward the top or bottom of the pipe, depending
on the sign of the temperature difference. This phenomenon
is only apparent in laminar flow, since the mixing process in
turbulent flows dominates over buoyancy-induced mixing.
A comprehensive description of this effect can be found in
Kyomen et al. (1996). Heat exchange is avoided by ther-
mally insulating the pipe and matching the inner and outer
temperatures. Both temperatures are therefore measured at
the static mixer with two PT100 thermocouples type K. A
temperature uniformity in the pipe of + 0.1 °C is found to
be necessary to avoid these secondary flows. Furthermore,
the water contains dissolved gases, which originate from
the air which is mixed during the flushing process. After a
short time small air bubbles coalesce into larger bubbles and
disturb the measurement process as well as the flow field.
The air is removed with the use of a vacuum pump before
each experiment.

2.3 Measurement techniques

The MRV data are acquired with a conventional PC-MRI
sequence Markl et al. (2012) without any further accelera-
tion techniques, such as parallel imaging or partial Fourier,
in a 3 Tesla whole-body scanner (MAGNETOM Prisma,
Siemens Healthcare, Erlangen, Germany). For signal recep-
tion, a small flexible coil provided by the system vendor
(Flex Loop small) is tightly wrapped around the pipe. Meas-
urement parameters are shown in Table 1. For the pulsating
pipe flow, MRI data are acquired for a single transversal
slice (slice thickness: 3 mm), with velocity encoding along
the through plane direction, i.e., the tube’s axial velocity
component. For the aneurysm, MRI data are acquired over
a three-dimensional, axially oriented volume with velocity
encoding in all three spatial directions. The two-dimensional
PC-MRI measurements are repeated three times and subse-
quently averaged to increase SNR. Because of limited meas-
urement time, signal averaging was not done for the aneu-
rysms. The velocity encoding value venc is chosen lower
than the maximum velocity, thus phase wraps of the first
and second order are apparent, which, however, improves
the velocity—noise ratio in regions with smaller velocity
values. Phase wraps are semi-automatically corrected with
an algorithm described in Bruschewski et al. (2014). Every
measurement includes a so-called flow-off measurement for
which the pump is switched off. The flow-off data are used to
retrospectively correct systematic background phase errors
induced, e.g., by Eddy currents.

The laser Doppler data are obtained using a two-velocity
component laser Doppler system (Flow Explorer, Dantec
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Table 1 MRV measurement No. Type Voxel size (mm)  venc (m/s) TE(ms) TR (ms) Phases(—) Rep-
parameters etitions
(=)
1 2DIC +time  0.5x0.5%3 0.05 8.0 45.2 59 3
2 2DIC +time 04x04x3 0.10 6.1 37.6 71 3
3 2DIC +time 04x04x3 0.20 5.2 34.0 79 3
4 3D3C 0.5 isotropic 0.02 11.6 58.4 - 1
5 3D3C 0.5 isotropic 0.25 6.9 39.2 - 1
L Due to the curved surface, measurements are restricted
_/' to 0.5 mm away from the wall. This technique for obtaining
_ - optical access was tested prior to the measurements using
inflow measurement a straight pipe of known flow conditions, where no influ-
—> d D water
volume ence of the transparent film was observed.
transpartent film

laser beams ar

Fig.3 Schematic view of the aneurysm model. The transparent film
allows optical accessability without disturbing the flow

Dynamics). The wavelength of the laser is A = 660 nm and
a short focal length of f = 150 mm is used to reduce the
size of the measurement volume and obtain measurements
as close to the wall as possible. The size of the measure-
ment volume is estimated to be 331 pm X 49 pm X 49 pm
with the first dimension designating the radial (wall-normal)
direction. All measurements are carried out on the center
axis of the pipe, where refraction due to different refrac-
tive indices is only present along one direction. The LDV
head is mounted onto a traverse (MS200HT, ISEL) with
Ax = 0.0125 mm minimum step size.

2.4 Aneurysm models

The geometry of the aneurysm, shown in Fig. 3, is axially
symmetric with a smooth expansion of the diameter. The
shape is based upon the work of Budwig et al. (1993), Peattie
et al. (2004) and Salsac et al. (2006) with an inlet diameter
equal to those of the straight pipe of d = 26 mm and a length
of L = 104 mm, corresponding to L/d = 4. The maximum
diameter of the phantom is D = 65 mm, thus D/d = 2.5.
The model is fabricated from polyamide using a laser
powder bed fusion process. Optical access for the LDV
measurements is ensured through a slit in the model in the
axial direction. The slit is covered with a 0.5 mm thick trans-
parent film of polycarbonate, which is glued to the inner sur-
face of the model. Before insertion of the transparent film,
the film is thermoformed onto a negative form of the aneu-
rysm, ensuring a smooth transition without any sharp edges.

2.5 Flow conditions

Three cases of pulsating pipe flow are examined, cover-
ing all relevant flow regimes. Sinusoidal pulsating pipe
flow in general is the composition of a constant flow and
a sinusoidal oscillating flow in the form of:

Re(t) = Re + Reamp sin(wt), 1)

where the constant flow is expressed via the time mean
Reynolds number Re,.,, = Uy.and/V. based on the pipe
diameter d, with v being the kinematic viscosity. The time-
dependent oscillation is expressed with the amplitude of the
oscillating Reynolds number Re,,, = U,,d/v and a fre-
quency w, which is expressed dimensionless as the Womer-
sley number Wo = y/w/vd/2.

The first case to be examined is a laminar sinusoi-
dal pulsating pipe flow, with a mean Reynolds number
of Reye,, = 1038 and an amplitude of Re,,,, = 596. The
second and third flows examined represent realistic flow
conditions for the human aorta. Their time-dependent flow
rate is very similar to those from Salsac et al. (2006) and
shown in Fig. 4. The first physiological pulsating pipe
flow has a maximum of Re,,,, = 3952, and the second flow
Re .« = 7651, corresponding to the resting and exercise
conditions of a patient.

For the flow through the aneurysms, steady flow rates of
Re can = 1998 and Re,.,, = 5320 are investigated. For the
turbulent flow, the shear Reynolds number Re, = u,R/v,
based on the friction velocity u, and the pipe radius R, is
Re, = 180.

Time-dependent experiments are conducted at a Wom-
ersley number of Wo ~ 20, characteristic for the ascending
and descending aorta (Caro 2012). All flow conditions are
summarized in Table 2.

mean

mean
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Fig.4 Reynolds numbers corresponding to resting and exercise con-
ditions in the human aorta. Numbers refer to the points where the
velocity profiles are analyzed. Adapted from Salsac et al. (2006)

2.6 Reference data
2.6.1 Analytic data

For the laminar pulsating pipe flow, there exists an analytic
solution, first developed by Womersley (1955). The following
mathematical description is based upon the work of Brenn
(2016), Durst et al. (1996a) and Lambossy (1952).

For an incompressible fluid of constant density p and
dynamics viscosity u, the Navier—Stokes equation simplifies
for the case of only one velocity component, here in axial
direction, to:

pat ox K orr  ror @)

Due to the linearity of this simplified Navier—Stokes equa-
tion, the pressure term can be decomposed into its »n har-
monic parts:

with the harmonic frequencies w,, and the unknown pressure
coefficients P and P,,. These coefficients can be determined
with the use of the time-varying volume flow rate V(¢):

// u(r,1)dA, 4)

which can be measured. This set of equations can be solved
to obtain the velocity field in the straight pipe:

2V, r?
u(r,t) —? 1- Iz

V(t)—V0+ZVe

a(43)
— A "RJ 5
+R ﬁ‘, Ve LTI ©
SR | _ 2 9(4) ’
A, Jo(A,)

with A, = Wo,i*/2, the Womersley number Wo,, = R\/w, /v,
pipe radius R, the measured coefficients of the varying vol-
ume flow rate V; and V,,, and the Bessel functions of the first
kind, nth order J,,. The wall shear stress is calculated from
the gradient at the wall, r = R:

4Vyn
Ty =
7R3
AJ1(4A,)
N i (6)
V. Jo(4,) ;

+R LS LA

; zR3 | 24(4)

Ado(4,)

2.6.2 Numerical simulations

For the laminar flow through the aneurysm, there exists
no analytic solution; therefore, numerical computations
at the Reynolds number Re = 1998 provide comparison
data of the velocity field and associated wall shear stress.
The total length of the solution domain (Fig. 5) covering
the aneurysm geometry is 13d, with the inflow and out-

N
@(z‘) =P+ Z P e, (3)  flow pipes being 4d and 5d long, respectively. The com-
ox = : : . cpe.
n=1 putational mesh comprises 1,180,608 cells; the cross-sec
tional area is meshed by 5625 cells; see Fig. 6 for the grid
Table 2 Flow co‘nditions for the No. Geometry Flow Re (=) T(s) Wo (=)
conducted experiments
1 Pipe Sinusoidal pulsating Repean = 1038, Re,,,, = 596 2.7 20.1
2 Pipe Physiological pulsating Resting conditions, Re,,,, = 3952 2.7 20.3
3 Pipe Physiological pulsating Exercise conditions, Re,,, = 7651 2.7 20.3
4 Aneurysm Steady Recan = 1998 - -
5 Aneurysm Steady Reean = 5320 - 11
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Fig.5 Flow domain of the aneurysm configuration investigated com-
putationally at Re = 1998, illustrating the mean axial velocity field

%

Yl

57

00 lty
25

o2

2%
Y,
XS
S5

5%

%
O
KA
B2
K
55
2900

3
X

0,
%%
2

6% %

295028
etete0ey
9%

3020,

o%

o%
%%
P05
99

CLLRRS

XX
202050565 %

030 %%
X
o
o5
S
%

%
5%
kS

%

XK
Q5%
029502

26598
%
‘:
255
5
K%
X
<
S50
.:‘
XL
030!
XXX

020508
55
293059¢
o5e%%
0%
92950508
X%

%5
02008,
KRS
SRS
.‘0 oS
o033
25

%

255
0‘0’.
%!
SN
A

5
K5
S
&
25
'8
%5
55

5%

0555
0%
5%

X
<
XX
X

55
Sote%s
<5S
b9t

0%
K2

Xy >
RRERLRAQAREI
R
R
R

W
.
N

%
COLLKKL
Soeteteds
Sotete%s

oo

9%

oot}
<58
Pasatet
0
Setotete
Sogeterels
o‘o,o,::o

098
9%
5

¥

X

o%
<

255
RRRE
SN
SSEERKS

KRGS

s

KX

<5
3K

%
RS
3%
ototodetols
LR
e

X
oS
5
otol
Setele!

%

%

%
o

%038
%

e
SRS
DRRR

9%
%
%

s
6%
5

e
2K
22255
XXX
0’0’0
e
s
SR
S
R
R
R
SRR
RN SN,
Y

I pdeee
it
A
&
R
W
R
N
N
=

7
i

ttrart
RS
N
W
R
R

Fig.6 Details of the numerical grid arrangement in the cross section
of the aneurysm geometry

arrangement in the cross section of the aneurysm geom-
etry revealing hexahedral mesh structure. The grid resolu-
tion is appropriately fine; e.g., the maximum dimension-
less height (normalized by corresponding viscous length
v/U,) of the wall-next cells within the entire flow domain
is Ay™ < 0.05. The face lengths of the coarsest cell situated
at the symmetry axis within the aneurysm section corre-
spond to (Ax*, Ay*) = (1.4, 1.4), Fig. 6; the corresponding
cell face length in the axial direction is Azt = 2.0. Further
grid refinement (the results are not shown here) did not
result in any noticeable difference. Inflow was generated
by a precursor simulation of the fully developed flow in
a 2d long pipe. The zero-gradient boundary condition
is applied at the outflow cross section. The discretiza-
tion of both convective and diffusive transport terms is
achieved using the second-order accurate central differenc-
ing scheme. The fully developed inflow conditions are in
agreement with the experimental investigations, performed
with a 96d long inflow pipe. The computations have been
performed with the finite volume-based open source tool-
box OpenFOAM®, employing the SIMPLE procedure for
coupling the velocity and pressure fields.

3 Pulsating pipe flow
3.1 Post-processing of the LDV data

For the calculation of the wall shear stress from laser Dop-
pler data, the exact position of the wall needs to be deter-
mined. Prior to each LDV measurement in the straight pipe,
a reference measurement is conducted in a steady turbu-
lent pipe flow of Re = 5300 to determine the position of
the wall. The validation settings of the laser Doppler signal
processor are adjusted so that no signal is detected when the
measurement volume is fully embedded in the wall. When
the measurement volume lies partially within the wall and
partially in the flow, the flow velocity is overpredicted (Durst
et al. 2004), as shown in Fig. 7. The position of the wall is
determined from the measured velocity profile using a linear
fit through the nearest measurement points which do not lie
within the wall. The data rate increases to the point where
the measurement volume is completely within the fluid and
decreases with increasing distance to the wall due to diffuse
light scattering of the highly seeded flow (Fig. 7). The cal-
culated position of the nearest available measurement point
to the wall is in accordance with the theoretically predicted
length of the semi-axis of the measurement volume. All sub-
sequent LDV measurements are corrected for position with
this reference.

3.2 Post-processing of the MRV data

Since all experiments are conducted within axisymmetric
pipes, a mean velocity profile can be obtained by azimuthal
averaging. First, the magnitude data are used to segment

semi-axis of the
measurement volume

Yo
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Fig. 7 Top: correction of the position for laser Doppler measurements
in the vicinity of the wall. y, corresponds to the initial guess. Bottom:
data rate increases as the measurement volume is moved into the flow
domain
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the signals of the flow model from surrounding noise. If the
magnitude data are less than a certain threshold, the cor-
responding voxel in the phase image is masked out. The
threshold is calculated based on a method proposed by Otsu
(1979), using the histogram of the magnitude. After segmen-
tation, the volume flow rate is extracted as the sum of the
remaining voxels. The midpoint of the circular-shaped pipe
is detected within Matlab® using the approach of Atherton
and Kerbyson (1999). Starting from this point, the radius
of each voxel can be determined. The voxels are grouped
into bins of Ay = 0.2 mm along the radius. For the calcula-
tion of the wall shear stress, the position of the wall, where
the no-slip condition is assumed, is determined from the
pipe diameter. The WSS is calculated with a linear gradient
between the wall and the second measurement point inside
the flow field, because the first measurement point was sub-
ject to systematic errors caused by partial volume effects. To
avoid conflicts with potential asymmetric flow conditions,
the flow field is divided into 12 equally spaced segments
around the circumference; see Fig. 8. This method is com-
mon for in vivo measurements, where the flow is typically
not symmetric (Frydrychowicz et al. 2009; Harloff et al.
2013, 2010). For each segment, the velocity and WSS are
calculated separately.

The velocity uncertainty of the MRV data is estimated
from the background noise of the magnitude data. Where
possible, the uncertainty is measured directly within the
region of interest by subtracting two consecutive measure-
ments, which may give better results (Bruschewski et al.
2016). For the pulsating pipe flow, the relative uncertainty
with respect to the maximum velocity is determined to be
approximately 2.4%, and 5% for the aneurysms. However,
due to the circumferential averaging, the uncertainty reduces
significantly.
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]
o
(=}
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Fig.8 Velocity field in the straight pipe. The detected geometry (red)
is divided into 12 equally spaced segments
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3.3 Laminar sinusoidal pulsating pipe flow

The velocity profile of the laminar sinusoidal pulsating pipe
flow, shown in Fig. 9, is evaluated at three characteristic time
steps, which correspond to the instants of maximum, mini-
mum and zero crossing of the volume flow rate. The analytic
solution exhibits the characteristic parabolic velocity profile
for laminar flows in the middle of the pipe. Near the wall, the
profile deviates from its steady solution due to the periodic
change of the volume flow rate. Although the net volume
flow rate is always positive, the flow experiences consider-
able back flow in the region near the wall, where viscous
effects dominate over inertia forces. The red area represents
the region, in which the velocity profiles of the 12 segments
fall. Thus, this value gives an indication of the symmetry
of the flow. The red dots represent the mean value over all
segments. The velocity profile shows small deviation from
its symmetric values, especially for the time at maximum
Reynolds number. However, the deviations become much
smaller at the region near the wall. The laser Doppler and
mean MRV data are in excellent agreement with the analytic
prediction for all time steps.

The wall shear stress from the LDV is calculated from a
refined velocity measurement near the wall (not shown here).
The gradient is calculated between the wall, where the no
slip condition is assumed, and the first point totally inside
the flow. This point is chosen according to the procedure
described above for determining the wall position and is
usually in the range 160 pm < y < 200 pm. In Fig. 10, and
the resulting wall shear stress 7, is shown over the angle ¢
of the cycle. The laser Doppler data can capture the value of
the wall shear stress very well. In the lower region, the LDV
data experience a slight underprediction of the amplitude

Remin Remean Remax
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Fig.9 Velocity profile of the laminar sinusoidal pulsating pipe flow.
Note that the resolution of the MRV data appears finer due to the cir-
cumferential averaging
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Fig. 10 Estimation of the wall shear stress for the laminar sinusoidal
pulsating pipe flow, in comparison to the analytic solution

of the wall shear stress as well as some minor phase shift.
The MRV data show a significant underprediction of the
amplitude of about 25%. Again, a phase shift is noticeable.
The red area marks the variations of the WSS between the
individual pipe segments.

3.4 Physiological pulsating pipe flow at resting
conditions

The velocity profile of the physiological pulsating pipe flow
at resting conditions is shown in Fig. 11. The velocity shown
is evaluated at the three peaks of the volume flow rate, which
are maximum, minimum, and the second maximum, as indi-
cated in Fig. 4. The laminar solution is calculated from Eq. 5

Remin Remaxz Remaxl
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Fig. 11 Velocity profile of the physiological pulsating pipe flow at
resting conditions. Note that the resolution of the MRV data appears
finer due to the circumferential averaging

with the cyclic volume flow rate. Due to the higher frequen-
cies present in the flow, compared to the sinusoidal case,
the velocity profile has a very flat shape in the pipe center.
Although the maximum Reynolds number is Re,,, = 3952,
the velocity profile from both MRV and LDV measure-
ments match perfectly the laminar solution. The accelerat-
ing motion appears to have a stabilizing effect on the flow,
which is in accordance with previous findings (Iguchi and
Ohmi 1984). The flow is quasi-symmetric in circumferential
direction. Deviations between the individual pipe segments
are insignificant.

The temporal evolution of the wall shear stress is depicted
in Fig. 12. Although the flow waveform appears to have a
smooth evolution in time, the wall shear stress experiences
some additional curvature. The large peak at the beginning
of the cycle has roughly the same value of the wall shear
stress as the second, minor peak, while the largest amplitude
originates from the backflow. The laser Doppler is able to
follow even the smaller excursions in the WSS. The data
show a slight underprediction of the amplitude of the theo-
retical value with a small phase shift. The WSS from the
MRYV measurements shows a larger underprediction and in
accordance with this a larger phase shift. The deviation of
the WSS over the individual segments is minor.

3.5 Physiological pulsating pipe flow at exercise
conditions

The velocity profile of the physiological pulsating pipe
flow, shown in Fig. 13, is almost equal in shape to the
velocity profile from resting conditions. The curvature
in the vicinity of the wall is slightly higher. One would
expect the flow to be turbulent, with the maximum Reyn-
olds number being Re,,,, = 7651. As can be seen from the
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Fig. 12 Wall shear stress of the physiological pulsating pipe flow at
resting conditions, in comparison to the analytic solution
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Fig. 13 Velocity profile of the physiological pulsating pipe flow at
exercise conditions. Note that the resolution of the MRV data appears
finer due to the circumferential averaging
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Fig. 14 Wall shear stress of the physiological pulsating pipe flow at
exercise conditions, in comparison to the analytic solution

velocity profile in comparison to the analytic reference
data, this is not the case. Again all measurement data are
in perfect agreement with the laminar solution. In addition,
the flow is again perfectly symmetric

The shape of the temporal wall shear stress is similar to
that in the resting conditions (Fig. 14). The laser Doppler
shows a slightly larger underestimation of the amplitude
than in the former case and has a more significant phase
shift. The MRV data again underestimates the WSS in
the same order as that for the resting conditions. In gen-
eral, the differences between resting and exercise condi-
tions regarding underpredictions of the expected values
is minor.
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4 Steady flow through aneurysm
4.1 Flow phenomena

Figure 15a shows the velocity field in the middle of the
aneurysm, obtained from the MRV measurement at a mean
Reynolds number of Re = 1998. The steady flow enters the
aneurysm from the left and detaches from the wall due to
the steep expansion and the associated adverse pressure
gradient at about x/d ~ —2, where x is the coordinate in
axial direction, measured from the location of maximum
diameter. Resulting from the detachment of the flow, a
large recirculation zone forms in the middle of the aneu-
rysm. The flow reattaches at an axial distance of x/d ~ 2.
In the vicinity of the resulting stagnation point, shown in
Fig. 15b, large velocity gradients exist in the radial and
axial direction, suggesting high local wall shear stress with
large spatial variations.

Results from Budwig et al. (1993), which are shown
in Fig. 15c, confirm that the wall shear stress experiences
high spatial variations around the detachment point and in
the local vicinity of the reattachment point. Downstream
of the detachment point, the wall shear stress reaches a
minimum value, slightly below zero, due to the small
negative velocities in the recirculation zone. At the reat-
tachment point, the wall shear stress shows a continuous
decrease followed by a sudden increase, reaching a global
maximum of about 7,,/7,, = 2.2. In the turbulent flow with
Re = 5320, the same characteristics are observed.

For clinical studies, these spatial variations may be the
key factor for the development and growth of enlarge-
ments, as suggested by Boussel et al. (2008) and Meng
et al. (2007). The challenge for in vivo measurements
and post-processing algorithms is to properly resolve this
variation.

For these reasons, the focus for the LDV reference
measurements is placed on a small region around the peak
of the wall shear stress, downstream of the reattachment
point, marked in Fig. 15c.

4.2 Post-processing of the MRV data

For the calculation of the wall shear stress from MRV
data, the same azimuthal averaging process is applied as
for the pulsating pipe flow. The boundary of the geometry
is determined as follows. First, the midpoint and radius
within each slice in axial direction are determined by find-
ing the boundary with the method described in Atherton
and Kerbyson (1999). This also provides information
about the local aneurysm diameter. Using the resulting
center axis and the location of maximum diameter, the
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Fig. 15 a Velocity magnitude of the MRV data in the middle of the
aneurysm geometry at Re = 1998. b Close-up view of the MRV data
in the region near the point of reattachment, where local variations
in the velocity lead to high spatial gradients of the wall shear stress.
¢ Results from Budwig et al. (1993) in different geometries for lami-

known geometry of the aneurysm is positioned. The wall
shear stress is subsequently calculated in the wall-normal
direction from the boundary with the tangential velocity,
using the built-in function of Matlab® improfile.

4.3 Laminar flow

For the laminar flow conditions, the region at the wall, where
a nearly linear velocity profile prevails, is large enough to
apply the same procedure as described in Sect. 3.1, shown in
Fig. 15d. Neighboring measurement points are located at a
distance of Ay = 50 pm. A linear fit is used to determine the
gradient, while the measurement points which lie partially
within the wall are omitted.

The results for the laminar flow through the aneurysm
are shown in Fig. 16. The laser Doppler is able to cap-
ture the position of the peak wall shear stress as well as
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nar flow show high spatial variations of the WSS. The region exam-
ined in this work is highlighted. ¢ Exemplary LDV measurement at
an axial distance of x/d = 2.1. d Exemplary LDV measurement at an
axial distance of x/d = 2.1

its magnitude. The numerical simulation is in excellent
agreement with the experimental results. The computa-
tion is challenging, since even small upstream variations
in the flow may influence the separation and reattachment
points, and thus the local wall shear stress. In compari-
son to the results from Budwig et al. (1993), the peak is
shifted approximately x/d = 0.3 upstream. The deviations
from the wall shear stress in axial direction in comparison
to results from Budwig et al. (1993) may be caused by a
slightly different shape of the aneurysm, which was not
completely documented in Budwig et al. (1993).

The wall shear stress from the MRV data exhibits a
systematic underestimation, especially in the regions of
higher wall shear stress amplitudes. The shaded area indi-
cates that the laminar flow is not perfectly symmetric,
but this asymmetry does not increase over the aneurysm
length.
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Fig. 16 Experimental data compared to computational results for the
wall shear stress distribution along the axial distance in the aneurysm
for Re = 1998. 7, is normalized with respect to the measured value in
the straight pipe upstream of the expansion

4.4 Turbulent flow

Although the measurement grid for the laser Doppler is
refined to Ay = 25 um in the turbulent flow through the
aneurysm, the determination of the gradient remains chal-
lenging. Only a few points remain in the linear region of
the boundary layer velocity profile, contrary to the turbulent
pipe flow used in Sect. 3.1. In the following section, four
different approaches for the estimation of 7, from the LDV
data are discussed.

The first method is a manual estimation of the gradient by
visual inspection of the velocity profile. Usually, this method
results in the choice of the steepest gradient.

As suggested by many other authors (Clauser 1956; Ken-
dall and Koochesfahani 2008; Rodriguez-Lépez et al. 2015),
the data points which lie outside the linear region may con-
tribute as well to the calculation of the wall shear stress.

For turbulent flows there exist a more or less universal
shape of the velocity profile when nondimensionalized. In
a small region in the vicinity of the wall, where viscous
forces are dominant, the velocity profile follows a linear
relationship u* = y*, where u* and y* are denoted as the
dimensionless wall coordinates. These are given by the
definitions u* = &t/u_ and y* = yu_/v with the wall shear
velocity defined as u, = y/7,,/p. This relation is valid
for y* < 5. For y* > 30, a logarithmic law in the form of
ut = 1/xIn(y*) + B applies, while the constants x and B
may slightly vary for different types of flows (Rodriguez-
Lépez et al. 2015). In the intermediate region (5 < yt < 30),
a buffer layer is present, smoothly connecting both regions.

The second and third methods to estimate z,, are based
upon this universal shape of the velocity profile. The
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principle used is described in Kendall and Koochesfahani
(2008), while a good overview about other techniques can
be found in Rodriguez-Lépez et al. (2015). The wall shear
stress and the position of the wall are iteratively determined
by fitting the measurement data to the aforementioned law of
the wall or other empirically or numerically derived velocity
profiles. The measured mean velocity & is normalized with
respect to the friction velocity u, to obtain u* and the wall-
normal coordinate is expressed in the form of:

RN
y* =040 )

where y, is a possible offset of the wall distance. The values
of u, and y, are chosen iteratively to fit the measurement
data to the model. The optimal values for u, and y, are deter-
mined with the minimum of the residual function:

+ +
ui,model I

1 i
@ = ; — 8)
which is a measure of the difference between the measured
data points «" and the model data points u:mo 4o The residual
function gives more weight to data points near the wall. The
wall shear stress is calculated from 7, = uip. For the first
model, the data are fitted to the velocity profile developed
by Musker (1979). It is valid from the viscous sublayer to

the logarithmic region and is given in the implicit form of:

oH* 1
du* K + s
e U R ®)
dy (CADSES|
(y+)3 + T + =

with x = 0.41 and s = 0.001093.

The second velocity profile used as a model are the data
from a direct numerical simulation (DNS) of a turbulent
pipe flow at Re = 5300 from El Khoury et al. (2013). The
axisymmetric geometry of the aneurysm motivated the use
of this data set. Results are shown in Fig. 17.

The last method to calculate 7, is the one proposed by
Durst et al. (1996b), which fits the measurement data to a
model of the form:

)
u= Tf(y —0) + Gy =yl + Coy = yo)* + Cs(v = ),

(10)
with the free fitting parameters C,, C,, Cs, u, and y,. This
method satisfies the momentum equation, but is restricted
to the region y* < 12.

The results of all four methods are shown in Fig. 18. The
LDV measurements are in very good agreement with each
other. All LDV post-processing methods show a peak of
at x/d = 1.8. In general, the methods from Musker (1979)
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Fig. 18 Wall shear stress distribution for different LDV post-process-
ing methods, compared to MRV data in the aneurysm for Re = 5320

and DNS data differ only slightly. In comparison, the manual
assessment yields lower values, owing to the steep gradient
and the few points inside the linear region. The method pro-
posed by Durst et al. (1996b) gives comparable results, but
the data exhibit higher scatter. In this turbulent regime, the
reason for the very similar results from the fits to the velocity
profile from Musker (1979) and the DNS is the very simi-
lar velocity profile near the wall and the fact that the LDV
data were restricted to this area (Fig. 17). The reason for the
highly scattered results obtained with the method proposed
by Durst et al. (1996b) is unknown, but the method may be
more sensitive to measurement errors.

The MRV data underestimates the local wall shear stress
especially in the region of the peak. The magnitude of this
deviation is comparable to deviations obtained from the

laminar flow through the aneurysm and the pulsating pipe
flow from Sect. 3. In contrast to the laminar flow, the sym-
metry before and after the aneurysm is less significant, but
there exists a larger scatter in the recirculation zone. It has
to be mentioned, that the turbulent flow field shows a high
degree of non-uniformity due to turbulent velocity fluctua-
tions. The shaded area in this case is not only a measure for
asymmetry, but also represents turbulent fluctuations.

In summary the LDV is able to capture the wall shear
stress of the complex geometry of a model aneurysm and is
able to identify regions where 7, may affect the local behav-
ior of the vessel walls.

5 Discussion and conclusions

One of the main purposes of the present study was to fabri-
cate a flow facility in which various flow conditions—steady,
pulsating/oscillating—for various flow geometries—pipe
flow, aneurysm models—could be generated with a high
degree of reproducibility while being suitable for both MRV
and LDV measurement of the wall shear stress. This goal
has been achieved. The test facility exhibited a high degree
of reproducibility, demonstrated in particular for the pulsat-
ing pipe flow. Excellent agreement of the flow conditions
was achieved for LDV and MRV experiments, despite the
fact that the measurements were conducted consecutively on
different days. This is considered a pre-requisite for the sub-
sequent critical assessment of the wall shear stress measure-
ments obtained using MRV through comparison with nomi-
nally more accurate methods, either LDV, analytic solutions
or numerical simulations.

While analytic solutions are preferable as a ’gold stand-
ard’, they do not exist for the complex flow conditions even-
tually to be encountered with in vivo measurements; hence, a
second goal of this study was to demonstrate that wall shear
stress measurements using LDV could be used as a substitute
standard, where feasible. Despite the complex geometry of
an aneurysm, the present results indicate that WSS meas-
urements using LDV are indeed feasible; however, careful
consideration must be taken in evaluating the influence of
the finite detection volume size. In general, the limiting
factor for reasonable estimations of the WSS using LDV
is the spatial resolution. The deviation from the expected
values, especially in Figs. 12 and 14, originates most likely
from the finite size of the measurement volume. With the
current LDV setup, the minimum distance from the wall
where accurate measurements can be performed is about
the semi-axis of the measurement volume size, thus 165 pm.
Theoretical considerations from the laminar analytic velocity
profile show that the wall shear stress from a linear gradient
between the nearest possible LDV point to the wall coincide
well with the measured values. A detailed description can
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be found in Bauer et al. (2018). Even though the velocities
in the investigated models, especially in the vicinity of the
wall, were close to zero, and high spatial resolution was
required, the LDV results for 7, were excellent. For unsteady
flow conditions, the time varying wall shear stress could be
resolved in the flow of a pulsating pipe flow and excellent
agreement with the analytic solution could be achieved. The
finite size of the measurement volume led to minor underes-
timations of the wall shear stress. However, the measurement
in a complex geometry of an aortic aneurysm showed good
agreement with the numerical predictions as well as with
values from literature.

Although the velocity profiles obtained from MRV and
LDV for the sinusoidal pulsating pipe flow show excellent
agreement, the WSS from the MRV data is found to depend
highly on the averaging process as well as on the exact
choice of points taken into the calculation of 7,

Nevertheless, the current work demonstrates that WSS
estimation from MRV data is feasible and this work forms
the basis for future systematic comparisons with newly
developed post-processing algorithms and data assimila-
tion techniques applied to the MRV data, preliminary results
being presented in Egger and Teschner (2019). Ultimately,
this study strives to improve in vivo measurements of the
wall shear stress. One of the main challenges beyond those
of the present study will be to accurately estimate the geom-
etry of the pulsating vessel; hence, the wall position, since
the wall shear stress estimate is extremely sensitive to know-
ing the wall-normal distance of the measured velocity.
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