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Abstract: We combine well established particle
tracking with wall surface measurements using to-
mographic scanning and present results for the
non-stationary 4D — flow field within an abdomi-
nal aortic aneurysm (AAA) phantom. It was ma-
nufactured from an optically homogeneous but
slightly opaque silicone having an index of refrac-
tion n = 1.414. The fluid used is a mixture of wa-
ter and glycerol to match the index of refraction
of the silicone to render the region of interest un-
distorted. The 3D data is acquired in two ways.
First full volume illumination and spectral sepa-
ration of Rhodamine labelled particles is used to
obtain the flow field. In a second experiment, a
scanning light sheet illumination for the detection
of the aorta wall is used. Both experiments are
phase locked to the pulsating beat of the pump.
We use a set of four high speed cameras, which
were calibrated using a standard PIV calibration
target placed parallel at two separate planes with-
in the region of interest. In addition to the seeded
particles, which we identify and track in time, the
aneurism wall lights up across the cut with the
laser plane and we will now also extract the sur-
face of the moving interior wall through proper
epipolar constraints, e. g. their intersection with
a filtered edge detection map.

Previous measurements and attempts of differ-
ent groups (MRI, DNS) to unify the stationary
flow field data have shown the necessity to obtain
the compliant wall motion simultaneously with
the flow field boundary conditions. This paper ad-
dresses this issue to meet all necessary require-
ments that will allow further development of a
numerical simulation tool.

* Corresponding author.

Kurzfassung: Simultane Messung eines pulsieren-
den Geschwindigkeitsfeldes und der bewegten Ge-

fafwand eines abdominalen Aortenaneurysmas mit

Scanning PTV. Wir kombinieren Particle Track-
ing Velocimetry und tomographisches Laser
Sheet Scanning, um das Geschwindigkeitsfeld
und die Wandbewegung eines abdominalen Aor-
tenaneurysmas (AAA) wihrend pulsierendem
Durchfluss zu bestimmen. Das AAA-Phantom
besteht aus optisch homogenem, flexiblem Silikon
mit Brechungsindex n = 1.414 und leicht milchi-
ger Fiarbung. Als Testfliissigkeit wurde eine Mix-
tur aus Wasser und Glycerin mit gleichem Bre-
chungsindex gemischt, um das Beobachtungsvo-
lumen verzerrungsfrei abbilden zu konnen. Die
3D Daten werden auf zwei Methoden erzielt. Zu-
erst wird das gesamte Beobachtungsvolumen be-
leuchtet und die Emission der beigefiigten Fliis-
sigkeitsmarker (Rhodamine Partikel) durch einen
Gelbfilter vom Hintergrund getrennt. In einem
folgenden Experiment wird die Aorta-Wand mit
einer diinnen, senkrecht zu ihrer Ebene bewegten,
Lichtschicht durchstrahlt. Dasselbe Kamerasys-
tem, jedoch ohne Gelbfilter, erlaubt nun die
Wandkoordinaten aus den im Laserschnitt be-
leuchteten Querschnitten im Raum zu rekonstru-
ieren. Beide Experimente sind tiber eine im Bild
platzierte LED mit dem Puls der Pumpe synchro-
nisiert und erlauben so, ein phasengemitteltes Ge-
schwindigkeitsfeld und die zugehorige Wandbe-
wegung als Funktion der Zeit darzustellen.
Frithere Versuche verschiedener Gruppen
(MRI, DNS) zeigten, dass beide Informationen
im gleichen Experiment zu messen sind, um ein
geschlossenes System inklusive der zeitlich abhéin-
gigen Randbedingungen zu erhalten. Dieses dient
dann als Testfall fiir die Weiterentwicklung der
numerischen Methoden fiir den allgemeinen Fall.
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1 Introduction

1.1 Motivation

The quantitative analysis and modelling of
fluid flow in humans has become an increa-
singly important tool for decision making
regarding the course of action for treatment.
In patients with an aortic aneurysm, the
risks of surgery have to be weighted against
the risks of rupture. To date, the main de-
cision criterion for or against surgical inter-
vention is a critical aneurysm diameter of
D = 5cm.

Whereas this criterion is an empirically
found result that should save most peoples’
lives, each aneurism exhibits its own flow
topology. Additional fluid stresses on the ar-
terial walls stem from flow redirection, flow
separation and possibly wall attached vor-
tex cores. Generally these additional stresses
generate within the aneurism due to the sud-
den increase diameter and therefore act pri-
marily on the arterial wall cells that have
already weakened considerably. The local
nature of these repetitive alternating fluid
flow stresses may contribute significantly to
ones individual risk, especially when the
wall has lost enough elasticity and support
tissue to actually collapse locally during the
low pressure phase.

The final goal of this cooperative effort
is to have a reliable numerical simulation
tool that incorporates the moving geometry
and time dependent fluxes from individual
patient MRI data to help in the decision pro-
cess.

1.2 Aims

We aim to provide a complete experimental
data set that allows the necessary verifica-
tion and optimization of a numerical flow
simulation, given the fluctuating wall sur-
face and flux or pressure boundary condi-
tions at the inlet and exits. Although the
phantom geometry is modelled after an in-
dividual patient, the experimental setup will
not simulate the exact flow in the patient
mainly due to differences in the outlet im-
pedances and the differences in the struc-

tural support. Nevertheless it will provide a
viable data set, being a regular solution of
the Navier-Stokes equations under the given
boundary conditions.

Previous work using index matched liquids
for optical flow measurements in complex
geometries were pioneered by EDWARDS &
Dysss 1984 (LDA in rod bundles) and later
expanded by Hopkins et al. 2000 (PIV in a
nasal cavity). Here additionally we allow
compliant wall motion compared to the pre-
vious investigations.

2 Material and Methods

2.1 Index matching

The AAA wall material is a permanently
cured but flexible silicone from DOW
Chemicals and was manufactured by repeat-
edly brushing the surface of a A = 3/2 scaled
up wax positive and curing the layer to the
elastic state from the initially viscous liquid
state. During the liquid state of the curing
process, the positive wax geometry has to
be constantly tumbled around in a specially
designed rotating fixture to avoid large ir-
regularities in the wall thickness.

The material exhibits a homogeneous in-
dex of refraction that has been matched us-
ing an approximate (40:60) mixture of gly-
cerol and water. During the mixing and
matching, the refractive index of the so-
lution was repeatedly measured using a Bel-
lingham + Stanley Eclipse 45—-41 refrac-
tometer, which allowed approaching the
ideal mixture asymptotically.

2.2 Full volume illumination for
particles phase

As tracer particles we added Rhodamine
labelled particles with a nominal size dis-
tribution of 64 um < d,, < 128 um. It was
necessary to use labelled particles to increase
the signal to noise ratio. Unfortunately, the
silicone material was more opaque than it
should ideally have been. Although certain
opaqueness is desirable, too much scatter
from the wall increases the background grey
value and also blocks light especially to re-
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gions where it has to pass multiple wall seg-
ments. The particle phase was therefore
measured separately from the wall acquisi-
tion described further below.

To measure the particle phase, we used
an expanded Ar-Ion laser beam and yellow
filters on the cameras to block the scattered
light (488 and 514 nm wavelength), from the
aneurism wall. A separate camera calibra-
tion was obtained for the setup with filters
since it was necessary to touch the cameras
to mount the mirrors. The camera exposure
was over the entire frame at a camera frame
rate of f. = 250 Hz.

2.3 Scanning laser sheet illumination
for wall

Our laser sheet is obtained by expanding an
Ar-lIon laser beam of approximately 2.5 mm
diameter using a cylindrical lens. The sheet
thickness at the observation volume adjusts
to approximately d,; = 1 mm using a long
focal length cylindrical lens. The laser beam
reflects from rotating 16-face cylindrical
mirror and a passes through a spherical lens
to parallelize the beam. The prism was
closed loop controlled using National In-
struments motion control hardware. The
horizontally scanning beam now expands to
a sheet using a f'= 8.5mm focal length cy-
lindrical lens having a maximum length
[ = 80 mm. The scanning laser sheet then is
mirrored directly to the region of interest
such that the light passes through the model
in the least self obstructing way, possibly
compromising the ideal case of the scan di-
rection being as aligned to the camera axis
as possible to maximize data yield. The wall
data was acquired having the prism rotating
at f, = 11 Hz. Camera frame rate was set
at f, = 500Hz and shutter set to 1 ms to
obtain stop action images.

2.4 Camera setup and image splitter

We use a set of four highspeed cameras
(Microtron with resolution 1280 k by 1024 k
@ 12pm square pixels) with C-mount
f=25mm focal length lenses set with two
5mm spacers and at f#16 to maximize depth

of field. Additionally a yellow filter reduced
the direct scatter of the laser light and passed
the Rhodamine emitted light essentially un-
hindered. This allowed additional signal im-
provement for the fluid phase tracking. The
cameras are set to view a common region
of interest.

3 Data acquisition and processing

3.1 Camera calibration

The camera calibration is achieved using a
standard PIV target positioned at two
known planes separated approximately as
to border the front and back of the region
of interest with respect to the camera axis.
The back calibration image was taken
through the AAA phantom. This image was
high pass filtered, after which edge artefacts
from the phantom were removed, whereas
the front calibration was imaged directly. To
give an impression for the index match qual-
ity we show the original back calibration
image in Fig. 1.

Together with a target file of the “‘true”
3D coordinates, this image file allows deter-
mination of the inner and outer camera pa-
rameters with respect to a chosen coordinate
system. The calibration, the particle recog-
nition and the stereoscopic matching
through the multimedia geometry is detailed

Fig.1: Processed back plane calibration image
as seen by one camera. In the second from bot-
tom row one recognizes the slightly opaque
AAA phantom wall (particles were removed).
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in Maas (1992). The calibration of the cam-
era model allowed identification and stereo-
matching of about 400 particles per slice.
The positioning accuracy is about 50 um in
the normal to and about 300 um parallel to
the camera axis. The decreased resolution
along the optical axis can be explained with
the large working distance when imaging a
relatively large region of interest using the
4 way splitter geometry and a 25 mm focal
length lens. A shorter focal length lens may
also help to improve this compromise.

3.2 Camera trigger

The camera is being triggered in “random
reset”’-mode which allows triggering to the
rotating prism or each new start of the laser
scan. On the trigger, the camera timer is re-
set after which a set number of images are

taken at a pre-programmed frame rate. In
our case we obtained 20 images at 500 Hz
camera frame rate per trigger.

3.3 Image sequence

In SPTV we use a laser sheet that scans per-
pendicular to its plane, whereas a camera
repeatedly takes a rapid image sequence. To
illustrate the process, we have added a film-
strip image of a volume scan through the
region of interest

As a result of the fast sequential image
acquisition we have an observation volume
that is gathered with increasing time stamp,
e. g. the far planes are scanned after the near
planes. For the tracking and post-process-
ing it is desirable to have all data interpo-
lated to a single time stamp for each volume
scan. The detailed code adaptations for
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Fig. 2: Filmstrip of one volume scan through the aorta as imaged by one camera view. Time
progresses from left to right and from top to bottom. The camera frame rate from this earlier is

2kHz and is acquired within 1/100s.
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Fig. 3: Top/left quarter of the imager chip with
typical raw data (grey) and pearl-string contour
(red). The green arrow is parallel to the laser
light. Both the illumination and the observation
paths are partly obscured by wall material; es-
pecially noticeable as dark region (top right)
and as edge artefact through the lower segment
(bottom right), respectively.

SPTV post-processing have been published
recently HOYER et al. (2005). We tracked the
particle data sequence using a correlation
based approach detailed in HOYER et al.
(2006). For now, we will focus on the edge

detection algorithm used to determine the
wall coordinates. Fig. 3 shows a single slice
of raw data of the top/left 512 pixels, where
seed particles and aortic wall are visible be-
ing illuminated by a thin slice. The edge de-
tected by the image pre-processing is also
highlighted as red pointed line. We can see
that the obstruction of the illuminated re-
gion by dark wall material leads to false
edges, visible in edge detected the lower right
artery. Since these false edges do not gen-
erally result in matched edges, they do not
show up in the result. Only edges that have
stereoscopic matches are determined real,
data that does not result in stereoscopic
matches is discarded.

The scanning laser sheet adds an addi-
tional dynamic thickness to the width of the
laser sheet. When scanning the sheet perpen-
dicular to its plane, the illuminated region
grows linearly with time. To obtain a sharp
contour it is therefore desirable to have a
thin static sheet and a short exposure time.
Since the particle recognition requires the
shutter to be open for the inverse of the
frame rate, we can only increase the frame
rate to minimize this dynamic effect. For the
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Fig. 4: Inner and outer surface contours of the aortic wall compiled from 20 slices. Colours indicates

Z-coordinate (red near/blue far) (units in [mm]).
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Fig. 5a—f: Axial Velocity profile over the artery cross section at different instances in time. Dashes
lines resemble negative velocities. Data is interpolated using 16 phase locked pulses overall.
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surface extraction, the images were pre-pro-
cessed to remove the particles and to in-
crease the signal from the wall scatter using
low pass filtering and gamma correction.
The edge detection and segmentation was
achieved using the LabView image process-
ing toolbox.

3.4 Surface extraction

The surface extraction is achieved by pro-
cessing the edge segments as strings of par-
ticles. Therefore we generated finely dis-
cretized lines of “‘particles” along all edge
sequences to feed to the particle recognition
and matching code. When the line is dis-
cretized in increments smaller than the tol-
erance to the epipolar line, the stereoscopic
matching algorithm will find some candi-
dates and chooses the match with the least
error in every image as long as a common
edge has been detected. The additional noise
introduced to the wall coordinate is directly
related to the discretization and thus can be
reduced to levels comparable with regular
particle recognition uncertainties. For the
current application, memory or processing
time restraints have not surfaced using this
approach.

Fig.4 shows the reconstructed volume
obtained with the described edge detection
displaying the main abdominal aortic
branches supplying kidneys and digestive
tract. The branch leading out to the bottom
right exhibits decreased resolution and pos-
sibly artefacts due to the mentioned obstruc-
tion in the observation path. This obstruc-
tion can be reduced by processing also
unambiguous stereo pairs. This is possible
only when the location of the arbitrarily in-
clined scanning plane is modelled correctly
in time, so that the epipolar lines can be kept
as short as possible. This can be done in a
second step after processing the images in
a first step using little restriction on the
length of the epipolar lines. The arbitrary
inclination and scanning direction is necess-
ary to avoid obstruction of the illumination
path. This iterative second step is not yet
implemented and the particle cloud pres-
ented in Fig.4 was compiled from triplets

and quadruplets, e. g. common points recog-
nized in three and four cameras simulta-
neously, respectively. Possibly also other
topological features such as the grey value
gradient will be needed to sort out doublet
match ambiguities from opposite surfaces.

3.5 Flow field extraction

The pulsating flow field in the observed ex-
periment (see Fig.5a—f) has a large vari-
ation from almost zero velocity to a maxi-
mum of U =0.15m/s which leads to a
Reynolds number of Re = 450 based on the
aorta diameter D = 0.03m and kinematic
viscosity of the water glyercol mixture
v=10""m?/s.

Particle tracking was achieved using the
four time frame tracking algorithm de-
scribed previously. We were also using a yel-
low filter to increase the signal to noise ratio
for the particles, however had trouble recog-
nizing particles in the darker regions, which
is especially true at the Gaussian tails of the
laser sheet intensity. Contrary to the image
preprocessing for the wall surface, the par-
ticle images were high pass filtered.

4 Conclusion

We are presenting a highly resolved flow
field within a replica of an abdominal aortic
aneurysm using SPTV for the illumination
of the tracer particles and the phantom wall.
From a total of 11500 detected particles per
volume scan, 4000 interpolated trajectories
remained after tracking and trajectory inter-
polation. The scattered light from the
opaqueness of the phantom wall material
exceeds by far the signal from the particle
images. Therefore we used spectral separ-
ation between the excitation at 514 nm and
the particle Rhodamine emission using a
yellow filter. The model wall was more
opaque than necessary which resulted in re-
duced data quality and necessitated work-
arounds. The particle recognition and
matching algorithm allows essentially an ar-
bitrary orientation of the illuminating light
sheet, which is necessary to optimize the
light path through the model phantom with
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respect to the obstruction of the incoming
light. Although optimally perpendicular to
the common camera symmetry line, the di-
rection and motion ot the scanning sheet has
to avoid also connection tubing and fittings
within the model tank. The optical access
of both illumination and observation has to
be carefully judged designing and building
a generally customized glass-walled con-
tainer. We present a single observation vol-
ume of only a part of the entire flow phan-
tom. We plan to repeat and optimize the
measurements over the entire phantom to
obtain a dynamic flow field and wall motion
map as an experimental baseline and bound-
ary conditions to allow improvement of the
direct numerical simulation of such flow
problems.
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