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inﬂuential factor.5,33 Computer simulations provide a
relatively straightforward way to explore the effect of
geometry on ﬂow characteristics, such as wall shear
stress (WSS). Although computer simulations can
predict the ﬂuid dynamics in anatomically realistic
in vitro models,3 assumptions are inevitably made in
such models. For example, assuming rigid vessel walls
and Newtonian ﬂow,2,32 which may not be sufﬁciently
physiologically realistic, requires that validation with
in vivo data should be conducted wherever possible.10,17
Therefore, research using living tissue is essential for
determining the effect that haemodynamics, and the
resultant stresses, have on the development and progression of arterial disease. The most widely used model
for in vivo research, mice, have signiﬁcant similarity to
humans, with 99% of mouse genes having a homologue
in the human genome.31 This, combined with the ability
to genetically modify mice, creates a powerful tool in
the research of human disease; thus, this study is targeted at future murine research.
Atherosclerosis is a progressive and degenerative
disease in which plaque forms on the arterial walls, due
to a build up of fatty materials. The formation of
plaque is associated with the presence of a low WSS
region,6 with the plaque having a small but gradually
increasing effect on the haemodynamics of the ﬂow as
it develops. As the plaque increases in size, the caliber
of the blood vessel can decrease (stenosis), causing an
increase in velocity at the stenosed area and a high
WSS region. High WSS and turbulence is seen to harm
endothelial cells, initiating platelet activation and
causing plaque rupture.29 As a result, clots form, enter
the circulation and may occlude smaller arteries
downstream, inducing infarction.39 At present, the
methods used to determine the severity of a stenosis
are crude, often relying on the growth rate, constriction size, or even the patient’s physical symptoms.45

Abstract—High resolution in vivo velocity measurements
within the cardiovascular system are essential for accurate
calculation of vessel wall shear stress, a highly inﬂuential
factor for the progression of arterial disease. Unfortunately,
currently available techniques for in vivo imaging are unable
to provide the temporal resolution required for velocity
measurement at physiological ﬂow rates. Advances in technology and improvements in imaging systems are allowing a
relatively new technique, X-ray velocimetry, to become a
viable tool for such measurements. This study investigates
the haemodynamics of pulsatile blood ﬂow in an optically
opaque in vitro model at physiological ﬂow rates using X-ray
velocimetry. The in vitro model, an asymmetric stenosis, is
designed as a 3:1 femoral artery with the diameter and ﬂow
rate replicating vasculature of a mouse. Velocity measurements are obtained over multiple cycles of the periodic ﬂow
at high temporal and spatial resolution (1 ms and 29 lm,
respectively) allowing accurate measurement of the velocity
gradients and calculation of the wall shear stress. This study
clearly illustrates the capability of in vitro X-ray velocimetry,
suggesting it as a possible measurement technique for future
in vivo vascular wall shear stress measurement.
Keywords—Particle image velocimetry, Synchrotron imaging, Wall shear stress.

INTRODUCTION
Developing our understanding of arterial disease,
currently the leading cause of death and morbidity in
the developed world, is an essential step in reducing its
eﬀect on the world’s population. The link between
atherosclerosis, one of the most common forms of
arterial disease, and ﬂuid dynamics has been known for
over half a century,43 with more recent studies speciﬁcally identifying wall shear stress as being a highly
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These methods are too general and neglect the speciﬁc
geometry of the stenosis, such as the change in stenosis size along the length of the vessel, which is
known to be a highly inﬂuential factor on WSS. As it
is the ﬂow parameters, not the maximum size of the
stenosis, that is thought to inﬂuence plaque rupture, it
is clear that current diagnostic methods could be
improved.
A well-established method for experimentally
determining the shear stress that a ﬂuid imparts on a
wall is to calculate the gradient of the velocity ﬂow
ﬁeld at the wall. The WSS is deﬁned as
@u
WSS ¼ l ;
@y

ð1Þ

where l is the dynamic viscosity, u is the velocity
parallel to the wall, and y is the distance from the wall.
Unfortunately, due to the two-phase nature of blood
(red blood cells and plasma), whole blood acts as a
non-Newtonian ﬂuid, meaning that it does not have a
constant dynamic viscosity.38 The dynamic viscosity of
whole blood is generally considered to range between
3 and 4 9 1023 kg m21 s21 with previous investigations using ﬁgures within this range.23,24,49 Furthermore, to calculate accurately the WSS, high resolution
velocity measurements are required at the wall;15
the current study uses l ¼ 3  103 kg m1 s1 (0:03
dyn s cm2 ; 3 cP) for WSS calculation.
The two major clinical techniques used for in vivo
velocity measurements are magnetic resonance imaging
(MRI) and ultrasound. However, MRI and ultrasound
are unable to obtain accurate wall shear stress measurements in blood vessels, the majority of which are
1–20 mm in diameter, as their near-wall resolutions,
1000–1200 and 250–300 lm, respectively, are insufﬁcient.37 Higher resolution is possible in ultrasound but
at the expense of penetration, which is acceptable for
small animals with vessels within this range. Additionally higher resolution is possible for small animal
MRI systems,4 however, higher resolution is generally
gained by a reduction in temporal resolution. High
temporal resolution is necessary for in vivo studies due
to the rapid and highly pulsatile cardiac cycle. A recent
study has performed 3D ﬂow reconstruction using
ultrasound particle image velocimetry,35 however, the
spatial resolution was an order of magnitude larger
than that of the current study.
Particle image velocimetry (PIV)1 is a laser-based
imaging method recognized as one of the most capable
techniques for acquiring velocity measurements at the
spatial and temporal resolutions required for accurate
WSS measurements.47 However, the opacity of living
tissue renders optical-based imaging methods unable
to assess internal ﬂuid dynamics, such as in the deep
vasculature. Laser-based PIV has previously been

conducted in vivo for small transparent vessels found in
rodents,41,42 chicken embryos,25,36,46 and zebraﬁsh
embryos.11,18 Although these studies have provided
insight into the development of the heart, investigating
minor blood vessels in these animals becomes less relevant to major vessels in human physiology due to the
similarity of the vessel diameter and red blood cell
(RBC) diameter in the former.
Previous in vivo studies using laser-based PIV have
either injected tracer particles41 or, in a novel
approach, used the RBCs themselves as the tracer
particles.42 While using RBCs as tracer particles
ensures no foreign material is introduced into the
blood stream, the RBC depleted region found near
vessel walls adversely affects the ability to acquire
accurate near wall measurements. Seeding the blood
with tracer particles enables measurement of the
velocity across the entire vessel, including the RBC
depleted region near the vessel wall. This is advantageous for investigating the wall shear stress, which
requires high resolution velocity information in the
near wall region.
A relatively new technique, X-ray velocimetry,12,27
allows the investigation of optically opaque specimens,
overcoming the restriction of optical access. As an
alternative to X-ray absorption imaging, X-ray phase
contrast imaging (PCI)7 utilizes a large propagation
distance between the sample and the detector.13 This
distance allows the X-rays after the sample, which are
refracted when passing though differing materials, to
interfere with the incident X-rays at the detector to
produce a characteristic edge enhancement, which
serves to also increase contrast and hence signal to
noise ratio. Previous work has demonstrated the ability
to perform X-ray velocimetry on whole blood without
the addition of tracer particles by utilising phase contrast imaging,19,21,28 but the relatively small phase
difference between RBCs and the surrounding tissue
renders this technique impractical for in vivo studies.
Other studies have recently developed bio-compatible
microcapsules;22,26 however, there is yet to be published work using these microcapsules for X-ray
velocimetry. Alternatively, commercially available
ultrasound contrast agent has been used to seed blood
for use in the newly developed technique: computer
tomographic X-ray velocimetry (CTXV).8 Unfortunately, the non-uniform particle size and buoyancy
of these contrast agents make them impractical for
velocimetry measurements. Additionally, CTXV allows
the investigation of highly complex swirling ﬂows.8,9
However, as the majority of the ﬂow in the vasculature
is one-dimensional, a two-dimensional method is used
here instead, as its capability to capture instantaneous
ﬂow makes it ideal for advancement towards in vivo
measurements. Furthermore, the current study utilizes
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3.5 lm silica microspheres. These particles are available in a range of sizes as small as 0.15 lm and are
capable of being coated with a biocompatible surface.
Additionally, although the above mentioned X-ray
velocimetry work has been successful in measuring
blood ﬂows within geometrically realistic in vitro
models, no study has been capable of conducting such
experiments at in vivo ﬂow rates. This is the ﬁrst study
to conduct X-ray velocimetry on a model that is
physiologically realistic for an adult mammal.

METHOD
The experiments in this study were performed at the
SPring-8 third generation synchrotron, Hyogo, Japan.
The undulator beamline, 20XU (located within the
medical imaging center), was used and the broadband
synchrotron radiation was ﬁltered by a Si-111 double
crystal monochromator to provide a beam energy of
25 keV. A modiﬁed beam monitor (Hamamatsu AA50)
was used to convert the X-rays into visible light using a
23 lm scintillator. The source to sample distance was
80 m and the optimal sample to detector distance was
found to be 140 cm. A 109 objective lens (Nikon
Brightﬁeld CFI Plan Apo 109/0.45) was coupled with
the detector (Photron SA2 with 2 9 2 binning) to
obtain the required effective pixel size of 1.8 lm2. The
spatial resolution of this system is designed to ensure
accurate imaging of the silica microspheres, which have
a mean diameter of 3.5 lm. The beam size at the sample
was approximately 0:8  1:8 mm.
Geometric Parameters
Figure 1 shows the geometric parameters commonly
used to deﬁne an idealized asymmetric stenosis: the
major diameter D, the stenosed diameter d, the stenosis
length L, and the eccentricity E. This study investigates
a rigid p
stenosis
with a reduction in area of 50%
ﬃﬃﬃﬃﬃﬃﬃ
ðd=D ¼ 0:5Þ; with an aspect ratio (L/D) of 2 and
with one edge of the blood vessel remaining straight
(E/D = 0.25). The proﬁle used to deﬁne the stenosis
geometry is a sinusoidal wave as described by

FIGURE 1. Geometric parameters used to define an asymmetric stenosis superimposed onto a cross-section of the
CAD model used to create the in vitro model. U is the average
velocity, m the kinematic viscosity, L and d the stenosis length
and diameter, respectively, E the eccentricity, and D the vessel diameter.
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Sheard et al.40 The stenosis is modelled such that the
cross-section remains circular throughout the length
of the geometry. The model was manufactured by
3D-printing (ObjetTM FullCureÒ acrylic-based photopolymer), enabling geometries that standard machining techniques are not capable of producing. This high
resolution technique, with a layer thickness of 16 lm
ensured the model was accurate on the small scale
being investigated. The major diameter D was chosen
to be 1.5 mm to replicate a 3:1 femoral artery of a
mouse, approximately 5 mm distal to the iliac bifurcation. The model has a lead-in section, both before
and after the stenosis, of 10D in length. This ensures
the ﬂow is fully developed before the stenosis and that
no sudden changes in geometry after the stenosis affect
the resulting ﬂow structures.
For pulsatile circulatory ﬂow, two dimensionless
parameters are typically used to characterize the
ﬂow: Reynolds number and Womersley number. The
Reynolds number represents the ratio of inertial force
to viscous force and is deﬁned as
UD
;
m

Re ¼

ð2Þ

where U is the velocity and m is the kinematic viscosity
(for this study whole blood is taken as m ¼ 2:83 
106 m2 s1 ). The Womersley number represents
the ratio of unsteady force to viscous force, or the
unsteady behavior of ﬂuid ﬂow in response to an
oscillatory pressure gradient. The Womersley number
is deﬁned as
D
a¼
2

rﬃﬃﬃﬃ
x
;
m

ð3Þ

where x is the frequency of the pulsatile ﬂow. The
maximum Reynolds numbers measured in previous
in vivo studies are provided in Table 1. The maximum
Reynolds number is deﬁned as
Remax ¼

Umax D
;
m

ð4Þ

where Umax is the maximum velocity throughout the
measurement and D* is the diameter at which this
velocity occurs. The majority of studies have investigated Remax  1, with only recent studies being
capable of measuring in vivo ﬂows at Remax  1.
Additionally, the maximum vessel size previously
investigated in vivo has been 250 lm due to the
requirement of optical access. Previous X-ray velocimetry studies have investigated thicker samples in vitro
than possible with optical PIV and are also shown in
Table 1. Due to the relatively large exposure times
required, all previous X-ray blood ﬂow studies
have had Remax <1. The current study investigates a
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TABLE 1. Maximum Reynolds number of previous in vivo optical PIV studies and in vitro X-ray velocimetry blood flow studies.
Year

Microscope techniques
2002
Sugii42
2003
Hove18
2006
Vennemann46
2009
Poelma34
X-ray phase contrast imaging
2005
Lee28
2006
Kim21
2010
Irvine20
2010
Dubsky8
Current study
a

Standard,

Subject

Vessels size (lm)

Max. velocity (mm s21)

Remax

Rat mesenterya
Zebrafish embryo heartc
Chicken embryo heartb
Chicken embryo heartb

23.6
14.5
200
250

3.5
5
26
40

0.03
0.03
1.84
3.53

0.4
0.5
1.1
0.05
22

0.07
0.49
0.74
0.01
8.24

Lead author

b

Epifluorescent,

c

In
In
In
In
In
Confocal,

vitrod
vitrod
vitroe
vitrof
vitrod
d

2D,

490
2770
1900
707
1060
e

Axisymmetric 3D, f CTXV 3D.

investigated. The X-rays pass through the sample and
strike a scintillator to produce visible light, enabling a
standard scientiﬁc camera to be used; a mirror is placed
in the optical path to ensure that the image sensor is not
exposed to X-ray radiation. This setup produces volumetric data which, if under simple ﬂow conditions, can
be extracted to provide three-dimensional measurements.12 The measurements in the current study are
two-dimensional, with the cross-correlation providing
the modal velocity, which, for parabolic like ﬂows, can
be assumed to be at the center of the model.
FIGURE 2. Schematic setup of the micro X-ray velocimetry
configuration. The X-ray beam (purple) penetrates the sample
(stenosis model mounted on a CT stage) and interacts with
the scintillator to produce visible light (green). An objective
lens is used to magnify and focus the visible light from the
scintillator onto the sensor of the camera. A mirror is used
to remove the camera from the X-ray path. For reference, the
X-ray beam size is 0.8 mm high 3 1.8 mm wide.

signiﬁcantly thicker section of whole blood than previously possible in vivo ðD ¼ 1:5 mmÞ with a maximum
velocity of U = 22 mm s21, resulting in Remax ¼ 8,
twice that of previous in vivo work and an order of
magnitude greater than previous X-ray in vitro work.
X-ray PIV
X-ray velocimetry requires a pair of images of a
seeded ﬂow to be acquired at a speciﬁed time interval
ðDTÞ. The images are divided into integration windows
and cross correlation is utilized to determine the modal
displacement of the particles; this combined with the
known DT gives the instantaneous velocity. For more
details of the speciﬁcs of the software analysis, the
reader is referred to Fouras et al.14
The basic conﬁguration required for X-ray velocimetry is shown in Fig. 2. The in vitro model is placed
into the beam path such that the X-rays produced by
the synchrotron penetrate the volume of ﬂow being

In Vitro Imaging
The experimental set-up consisted of an in vitro
model, pump and ﬂow probe connected in a closed
loop system via silicone tubing. The working ﬂuid was
whole blood (rat blood purchased through SPring-8)
seeded with 3.5 lm silica microspheres (Bangs Laboratories, Inc. SS05N/5903). The addition of microspheres allows the plasma velocity to be measured and
increases the signal to noise ratio without adversely
affecting the blood. A peristaltic pump (Walker P720/
66) was used to circulate the blood through the system
with a pulsatile ﬂow. A ﬂow probe (Transonic Systems
Inc. TS410 transit-time tubing ﬂowmeter with a 1PXN
ﬂow probe) was used to monitor the pulsatile blood
ﬂow of the system and a data acquisition module (IDT
MotionPro) was used to record the data; the ﬂow
probe was situated upstream of the velocimetry measurement location. The frequency and ﬂow rate of the
pump were chosen to be highly pulsatile ð3:3 Hz;
a ¼ 2:1Þ and at a physiological ﬂow rate for a mouse.
In order to achieve the temporal resolution required
to measure in vivo ﬂow rates, a high-speed camera was
used (Photron Fastcam SA2, 1000 frames per second
(fps) at full resolution of 4 MP). A region of interest
was selected that corresponded to the location of the
X-ray beam resulting in an image size of 1024 
512 pixels.
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The current study has made signiﬁcant gains in the
exposure times required to acquire synchrotron images
for use in X-ray velocimetry, using exposure times of
only 0.5 ms. The reduction in exposure time has been
achieved through optimization of scintillator thickness,
objective lens, and synchrotron settings. Previous
studies have reported minimum exposures of 10–
40 ms, with only two studies reporting exposures less
than 10 ms.8,20 This represents an increase of more
than an order of magnitude in temporal resolution
over the majority of previous studies and a sixfold
improvement over the previous best. It is this decrease
in exposure time that has been critical in the ability to
measure at physiologically realistic ﬂow rates. It
should be noted that one study has reported structuretracking velocimetry48 with signiﬁcantly lower exposure times; however, this technique utilizes double
exposure images to achieve a small DT and can only
acquire images at a rate of 1 Hz. This setup is not
suitable for the current study as the analysis of double
exposure images requires prior knowledge of the ﬂow,
and the temporal resolution is not high enough for a
constantly changing system, such as in vivo blood ﬂow.
An adverse result of high-speed imaging is the
increased eﬀect of high temporal frequency ﬂuctuations in the X-ray beam, an eﬀect not seen in experiments with longer exposures. These ﬂuctuations are
caused by instabilities in the electron beam orbit of the
synchrotron which, coupled with the long distance

FIGURE 3. Comparison of left: raw and right: filtered images
of whole blood seeded with 3:5 lm silica microspheres.
Inserts provide a magnified view of the same section. The
filtered image has had spatial and temporal band-pass filters
applied. The filtered image displays significantly improved
signal to noise ratio and yields improved velocimetry measurements. For reference, the inset box is 90 lm  90 lm.
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between the source and the sample (80 m) and vibration of the monochromator, mean that the vertical
position of the X-ray beam varies in time over the ﬁeld
of view.30 This has a strong, negative effect on the
capacity of PIV algorithms to accurately detect the
motion of the tracer particles. This is overcome by
post-processing the raw images using a spatial frequency ﬁlter to remove the low spatial frequency signal
produced by the ﬂuctuations in the X-ray beam.
Additionally, since the depth of ﬁeld in an X-ray image
is effectively inﬁnite, all material subjected to the X-ray
beam appears in focus in the images, including the
stationary structure of the model. This is removed by
temporal band-pass ﬁltering. Figure 3 shows a comparison of the raw image to the ﬁltered one, illustrating
the improvement in signal to noise ratio and a reduction in the spatial non-uniformity of the X-ray beam.

RESULTS
Multiple cycles of the periodic ﬂow were acquired to
enable phase averaging to be utilized, enhancing the
precision of the velocity measurements. As the X-ray
beam size limited the ﬁeld of view, ﬁve positions were
used to acquire data for both the converging and
diverging sections of the model, and were then combined digitally. An overlap of 130 pixels between
imaging locations was used to ensure that the velocity
data could be tiled together. In total, 11 s of data (ﬁve
acquisitions, each approximately seven cycles in
length) were acquired over a 27 s time period, enabling
conﬁdence in the consistency of data at each position.
The instantaneous vector ﬁeld for each measurement
location was calculated at a temporal resolution of
1 ms. The period (T) of the ﬂow was determined by
both the ﬂow probe and the velocimetry to be 300 ms
(3.3 Hz), corresponding to a heart rate of 200 beats per
minute. The vectors were then phase averaged to create
16 bins in the 300 ms cycle, enough to accurately
deﬁne the periodic wave used in this study, with a
temporal measurement spacing of 18.9 ms.
Figure 4 shows the data acquired by the ﬂow probe
compared to the ﬂow rate calculated from individual
rows of the velocimetry measurements. The average
ﬂow rate is plotted along with the standard deviation.
In order to estimate the ﬂow rate from the 2D velocity
measurements, axisymmetry was assumed and the
velocity ﬁeld was integrated over the cross-sectional
area. This approach provides a quick and useful tool to
establish conﬁdence in the measurements. The peristaltic pump is shown to create two distinct pulses
during each cycle, as does a beating heart, with signiﬁcant gradients during the increase in ﬂow rate of the
ﬁrst pulse and the decline in ﬂow rate of the second
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FIGURE 4. Flow rate measured by both the flow probe (solid
line) and the velocimetry measurements (circle). Average flow
is plotted over one period (300 ms) and error bars indicate one
standard deviation from the mean. The gray area indicates the
time points of measurements shown in Fig. 6.

pulse. There is good agreement between the measurement techniques over the entire cycle, with the velocimetry accurately measuring the minimum and
maximum ﬂow rate, frequency and clearly identifying
temporal detail of both pulses. Additionally, the
average ﬂow rate measured by the ﬂow probe was
0:399 mL min1 compared to 0:418 mL min1 as measured by velocimetry. This represents a 4.5% discrepancy between the techniques. Considering the ﬂow
probe is calibrated for whole blood, not blood seeded
with silica microspheres, and given the assumption of
axisymmetry, this process provides a good approximation of ﬂow rate.
In order to combine the results acquired at multiple
positions, each velocimetry vector ﬁeld was vertically
tiled together. WSS was calculated using the velocimetry measurements before tiling to ensure that the
eﬀects of tiling did not result in spurious WSS measurements. Velocity gradients were calculated using the
method described in Fouras et al.15 In this method
accuracy of vorticity calculation has a second-order
relationship with spatial sampling separation, thus a
50% reduction in velocity measurements results in a
75% reduction in the accuracy of the vorticity calculation. Figure 5 shows both the averaged vector ﬁeld
and the average WSS for the entire length of the stenosis. The interrogation windows used were 64 9 64
pixels with an overlap of 75%. For a detailed study of
PIV parameters such as overlap the reader is referred
to Theunissen et al.44 The mean and maximal pixel
displacements of particles were 5.1 and 12.3, respectively. Every ﬁfth vector is shown in the vertical

FIGURE 5. X-ray velocimetry measurements time averaged
over the periodic cycle, with the corresponding average wall
shear stress shown offset from the main geometry. Five
measurement positions were acquired and are shown tiled
vertically together. Vectors show the direction and magnitude
of flow while overlaid contours show velocity magnitude.
Vectors are calculated at 29 lm spacing. For clarity, only every
fifth vector is shown in the vertical direction and every second
in the horizontal direction. Contours bound by the black mesh
and offset from the main geometry show the average wall
shear stress over the periodic cycle. The mesh applied to the
contours illustrates the resolution of the technique. Quantification of contours is provided within the figure.

direction and every second in the horizontal direction
to help visualize the velocity proﬁle between the stenosis walls. Flow is from the top of the page down and
the contours show the velocity magnitude. The WSS is
shown, offset from the ﬂow ﬁeld for clarity, with the
mesh overlaid onto the contours illustrating the resolution of the measurement technique. The ﬂow is seen
to be parallel to the walls within the straight section of
the model and increases in magnitude as the caliber of
the model reduces, with the maximum velocity occurring in the center of the narrowest section. The horizontal component of velocity is seen to be greatest in the
sections that exhibit greatest change in caliber. The ﬂow
is seen to be attached, as would be expected at this
Reynolds number.16 The WSS is seen to be low upstream of the stenosis, maximal at the throat and steadily reducing downstream of the throat. Additionally,
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This information can be interpreted more easily by
plotting in just one dimension; time or space. Figure 8
6
shows the WSS at 16
T (Fig. 6b) for both the straight
and stenosed walls. Artifacts of the tiling can be seen;
however, these do not restrict interpretation of the
data. Figure 8 shows the similarity of WSS between
the straight and stenosed walls at the throat of
the stenosis. In contrast, Fig. 8 also shows the large

WSS (dyn cm -2)

Straight
1
0.5
0
0

1
0.2

1.5

0.4

t/T 0.6

0
0.8

-0.5
1 -1

x/D

Stenosed
WSS (dyn cm-2)

the downstream section of the non-stenosed wall displays higher WSS after the throat compared to the
upstream section. This is thought to be due to RBCs
taking longer to return to a uniform distribution across
the cross-section of the diameter. This highlights the
importance of using whole blood for in vitro experiments and the need for WSS to be calculated in vivo.
Figure 6 shows four time points of the phase averaged vector ﬁeld for the entire length of the stenosis,
5
starting from the sudden decrease in velocity at 16
T
(Fig. 4). This series was chosen to illustrate the
capacity to temporally capture the pulsatile ﬂow wave
used in this study. As can be seen, the ﬂow is initially at
a mid-range velocity (a), drops to a low velocity (b),
sharply increases to a high velocity (c), which then
continues to rise gradually (d). While Fig. 4 illustrates
the global features of the ﬂow, Fig. 6 is able to display
the local variations within the ﬂow ﬁeld.
The WSS can be displayed both temporally and
spatially as surface plots, over the entire periodic cycle,
as shown in Fig. 7, for both the straight and stenosed
walls, allowing areas of high and low WSS to be clearly
identiﬁed. The location on the wall at which the WSS is
calculated is given as a ratio of its distance from the
throat of the stenosis. The WSS is seen to be highest
during the latter part of the periodic cycle, when the
ﬂow rate is the highest, at the throat of the stenosis,
with both walls experiencing a similar amount of
stress.
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1
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1
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FIGURE 7. Wall shear stress for both the straight and stenosed walls. Surface displays the WSS in terms of location
with regards to the stenosis throat and phase within the pulsatile cycle. For clarity contours also show WSS.

5
6
7
8
FIGURE 6. X-ray velocimetry measurements at (a) 16
T, (b) 16
T, (c) 16
T, and (d) 16
T, as indicated in Fig. 4. Five measurement
positions were acquired for each time bin and are shown tiled vertically together. Measurements are phase averaged and show the
direction and magnitude of flow while contours show the velocity magnitude (contour levels are consistent with Fig. 5).
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variation between the straight and stenosed walls WSS
both upstream and downstream of the throat. The
lowest WSS is experienced at the upstream and
downstream ends of the stenosed wall. Furthermore,
this ﬁgure in conjunction with Fig. 7 shows that the
WSS at the straight wall is always higher than that at
the stenosed wall. This observation implies that once a
vessel is stenosed, it is most likely that future plaques
will occur on the stenosed side of the blood vessel,
increasing its length rather than continuing to develop
around the diameter of the vessel. The maximum WSS
on the stenosed wall is located just upstream of the
throat, indicating that this location is at highest risk of
plaque rupture, leading to platelet activation, clotting,
and possible infarction.
Figure 9 shows the WSS for three positions, as
indicated in Fig. 8, over the periodic cycle for both the
straight and stenosed walls (x/D = 20.6, x/D = 0,
and x/D = 0.6). It can be seen that upstream of the
throat of the stenosis (x1), there is a consistent difference in WSS over the entire cycle, with the stenosed
wall constantly experiencing a lower WSS. Additionally, the inﬂuence of the periodic cycle can be seen,
with both peaks clearly identiﬁable. At the throat of
the stenosis (x2), both the straight and stenosed walls
experience a similar WSS over the entire cycle, once
again the inﬂuence of the periodic cycle is clear.
However, inspection of the location downstream of the
throat (x3) gives an interesting result. Although the
WSS at the straight wall is seen to return to a similar
shape to that upstream, the downstream wall is shown
to ﬂatten out and display little inﬂuence from the
periodic ﬂow. Additionally, the WSS of the straight
wall downstream (x3) is consistently higher than
upstream (x3), whereas the opposite is true for the
stenosed wall. It is in this location, downstream on the
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FIGURE 8. Wall shear stress measurements for one time bin
6
T, velocity map also shown in Fig. 6b.
in the periodic cycle (16
Data for both the straight (circle) and stenosed (triangle) walls
are shown. The shaded areas indicate the position of measurements given in Fig. 9.
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FIGURE 9. Wall shear stress measurements for three positions in the stenosis; x1 0.6D upstream of the throat, x2 at the
throat, and x3 0.6D downstream of the throat. Data for both the
straight (cirlce) and stenosed (triangle) walls are shown.

stenosed wall, that recirculation zones are seen to
occur at higher Reynolds numbers.16

CONSIDERATIONS FOR IN VIVO
MEASUREMENT
In order for this technique to transition from in vitro
to in vivo velocity and WSS measurements several
points ﬁrst need to be addressed. As synchrotron X-ray
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PCI captures information relating to all tissue that the
X-ray beam passes through, in vivo images will contain
unwanted artifacts from surrounding tissue, bones and
airways. However, the majority of these unwanted
artifacts can be remove using the ﬁltering processes
described in this study. The use of tracer particles in
this study to increase the signal to noise ratio to levels
surpassing those required in vitro has helped develop
the current technique towards the capability for in vivo
measurements. Calculation of wall shear stress will be
more difﬁcult in vivo as vessel walls may move due to
blood ﬂow, breathing and cardiac movement. However, this difﬁculty is present in all in vivo techniques
and has been successfully overcome in previous optical
PIV studies.42 The authors feel that future studies will
also be able to overcome these difﬁculties with X-ray
velocimetry by appropriate tracer particles and PIV
algorithms allowing dynamic boundaries.
Additionally, in order to measure greater velocities,
exposure times need to be reduced. A decrease in
exposures of an order of magnitude would allow for
the investigation of even larger vessels. This represents
only a small improvement when compared to the
improvements presented in this paper. The beamline
that this study was conducted on utilizes a monochromator that removes 99.99% of the available light.
Moving to a beamline utilising a larger fraction of
available light would result in signiﬁcantly lower
exposure times, and has been shown to still be suitable
for velocimetry measurements of blood ﬂows.21

CONCLUSION
This study has demonstrated the ability of X-ray
velocimetry to image pulsatile blood ﬂow in an in vitro
model at a physiologically realistic ﬂow rate. A highly
pulsatile ﬂow ð0:42 mL min1 ; 200 bpmÞ was accurately
measured at high temporal and spatial resolution (1 ms
and 29 lm vector spacing). Two-dimensional velocity
measurements were successfully converted to ﬂow rate
measurements by assuming axisymmetry. A ﬂow probe
was used to independently conﬁrm the ﬂow rate measured by velocimetry with a discrepancy of 4.5%
between measurement techniques. Additionally, the
ﬂow probe and velocimetry agreed strongly with the
maximum and minimum ﬂow rates and the frequency
of the ﬂow. The wall shear stress was calculated from
the velocity ﬂow ﬁeld at high enough resolution to
clearly identify local variations. Furthermore, it
showed features that would be expected within this
geometry at the ﬂow rate investigated. These results
conﬁrm X-ray velocimetry as a suitable technique for
in vivo studies of haemodynamics with highly pulsatile
ﬂow in fully developed mammalian models, provided
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the appropriate signal to noise ratio can be maintained.
The ability to perform velocimetry in vivo will lead to
high resolution velocity measurements and result in
highly accurate wall shear stress measurements, critical
for developing our understanding of the effect of
haemodynamics on arterial disease.
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