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Abstract—The aorta with its compliance plays a major role
in hemodynamics as it saves a portion of ejected blood
during systole which is then released in diastole. The aortic
compliance decreases with increasing age, which is related to
several cardiovascular imparities and diseases. Changes in
flow patterns and pressure curves, due to varying aortic
compliance, are difficult to investigate in vivo. As a result, the
aim of the present work was to develop an in vitro setup
enabling standardized investigations on the effect of compli-
ance changes on flow patterns and pressure curves. Therefore
an experimental setup with an anatomically correct silicone
phantom of the aortic arch was developed, suitable for
optical flow measurements under pulsatile inflow conditions.
The setup was developed for precise adjustments of different
compliances and optical flow measurements. Particle image
velocimetry measurements were carried out downstream of
the aortic valve in the center plane perpendicular to the valve
with compliance adjusted between 0.62 x 107° to
1.82 x 107> mmHg~'. Preliminary results of the in vitro
investigations showed that decreases in compliance results in
significant increases in pressure changes with respect to time
(dp/dt) and altered pressure curves in the aortic arch. In terms
of flow, an increased aortic stiffness lead to higher mean
velocities and decreased vortex development in the aortic
sinuses. As in vivo validation and translation remains
difficult, the results have to be considered as preliminary
in vitro insights into the mechanisms of (age-related) com-
pliance changes.
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ABBREVIATIONS
LDV Laser Doppler velocimetry
MR Magnetic resonance
Nd:YIf  Neodymium-doped yttrium lithium
fluoride
PIV Particle image velocimetry
PTV Particle tracking velocimetry
UsS Ultra sound
SYMBOLS
A Area (cm?)
C Compliance (mmHg ")
dp/dt Pressure change with respect to time
(mmHg s~ ')

n Dynamic viscosity (Pa s)
n Refractive index

P Density (kg m ™)

m Mass (kg)

p Pressure (mmHg)

v Velocity (cm s~ ')

T Temperature (°C)

INTRODUCTION

The aorta plays an important role in the cardio-
vascular system. One major mechanical characteristic
is the physiological compliance, leading to the Wind-
kessel effect: due to the elastic vessel walls, the systolic
pressure leads to an expansion of the aorta and a part
of the ejected stroke volume is stored. This blood
volume is dispensed during diastole, sustaining dias-
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tolic pressure in the cardiovascular system and con-
tributing to organ and coronary perfusion.* Aortic
compliance is dependent on different factors but gen-
erally decreases with age, except in the period between
birth and early childhood, where it is increasing.'®
Changes in compliance can affect hemodynamics, such
as systolic and diastolic pressures, pulse wave velocity,
and systolic blood velocities.*!® Those changes are
related to several cardiovascular imparities and dis-
eases, like hypertension or heart failure, but the
mechanisms are not completely understood.®!%!-2!

One problem lies in the difficulty to investigate the
influence of compliance changes on flow patterns and
hemodynamics in vivo. Firstly, controlled isolated
compliance changes are hard to perform. Drugs can be
applied but it can influence the entire cardiovascular
system. Alternatively, the native aorta can be replaced
by a stiffer graft,'® which is a complex procedure.
Secondly, in vivo flow investigations techniques, such
as Doppler ultrasound (US) or magnet resonance
imaging (MRI), are limited to their spatial and tem-
poral resolution. Thirdly, parameters that influence
hemodynamics can interact (i.e., compliance, pulse
wave velocity, systolic pressures, heart work), making
it difficult to investigate the effects separately.'? In this
case, in vitro methods are appropriate tools, as they
offer the opportunity to standardize investigations.
For example Keshavarz-Motamed ef al. published two
studies including a mock circulation loop with a real-
istic aortic compliant model.'*'> The manufactured
aortic model had a compliance comparable to a human
aorta and compliance adjustments were made by put-
ting rigid ring structures around the model.

In order to investigate aortic flow patterns in vitro,
optical measurement techniques are favorable, as they
offer a good spatial and temporal resolution. Examples
of optical flow measurement techniques used for
assessment of aortic flows include particle image
velocimetry (PIV),° laser Doppler velocimetry (LDV)"’
or particle tracking velocimetry (PTV).” In order to
provide good optical access without distortion, the
vessel models must be transparent and usually needs to
have planar windows, which is often made by silicone
casts in the form of a block.”*> Although these
requirements are hard to combine with elastic prop-
erties, a few studies can be found where optical flow
measurements were carried out while considering aor-
tic elasticity. Giilan et al. investigated the influence of a
stiff and flexible silicone aorta on flow and hemody-
namics with means of particle tracking.'® In a study by
Yip et al., a compliant model of a human aorta was
manufactured to validate the results of numerical
simulations concerning wall shear stress distribu-
tions.”® Quantitative data for the compliance was not
provided in both works and compliance changes was

not performed. Examples of more fundamental work
in which elastic silicone tubes have been used include
studies by Pielhop et al.** and Burgmann et al.’ They
investigated an oscillating flow in an elastic 180°
curved tube and a straight tube, respectively.

The purpose of this work was twofold: (1) to de-
velop an experimental setup of an anatomically correct
aortic arch with an adjustable compliance in the range
of physiological values, which is suitable for optical
flow measurements, and (2) to perform first investiga-
tions on the effect of (age-related) compliance changes
on flow patterns and hemodynamics in vitro with
means of PIV.

MATERIALS AND METHODS

A transparent silicone model of the aortic arch was
manufactured, which was surrounded by a fluid com-
partment. This enabled fulfillment of the requirements
of having a non-distorted optical access and allowed
compliance adjustments with an attached compliance
chamber. The aortic model was connected to a mock
circulation loop mimicking native heart pulsatility with
subsequent PIV measurements being taken. In this
section, details about the manufacturing, experimental
setup, measurements and post processing are given.

Manufacturing of the Silicone Aorta

The aortic geometry of a healthy adult human vol-
unteer (male 33 years) was extracted from magnetic
resonance (MR) data using Mimics (Materialise,
Leuven, Belgium). The geometry was used to design a
mold in 3-matic (Materialise, Leuven, Belgium). The
inner wall of the mold represented the outer wall of the
original vessel. The mold was manufactured with a 3D
printer (Eden 350V, Objet Geometries Ltd., Israel).
The mold and four cross sections are shown in Fig. 1.
For the molding process, firstly, the inner surface of
the hollow mold was covered with polyvinyl alcohol. A
two component silicone (Elastosil RT620, Wacker,
Germany) was mixed and degassed. This silicone is
highly elastic and has a low viscosity after mixing
which is advantageous for the manufacturing process
(mechanical properties of silicone see Table 1). To fill
the entire inner surface of the mold, 35 mL of silicone
was used. During the curing process, the mold was
mounted to a rotating mandrel and was rotated for
30 min to ensure an even distribution of silicone on the
surface. Two additional layers of silicone were applied
the same way to guarantee complete coverage of the
inner surface and provide sufficient wall thickness.
Based on CAD data, it was theoretically calculated
that each layer (35 mL silicone) would be 0.5 mm thick
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FIGURE 1. Left: MR-Data extract executed with Mimics (Materialise, Belgium), middle: CAD image of the mold which was
3D-printed (top and side view) and four cross sections, right: image of the manufactured silicone aorta.

TABLE 1. Properties of silicone RT 620.

Hardness shore A 17
Tensile strength (N mm—2) 5
Elongation at break (%) 900
Tear strength (N mm~2) 12

resulting in a final wall thickness of 1.5 mm. This value
was chosen as a compromise to fulfill the two
requirements: mechanical stability to avoid cracks and
optical accessibility. Due to manufacturing tolerances,
the thickness had an error of +0.5 mm. After the
curing process, the silicone model was removed from
the mold. The high elasticity of the silicone was
advantageous to demolding, which was considered
during the initial design. The resultant silicone model
of the aorta is shown in Fig. 1.

Compartment

In order to provide optical access for the PIV
measurements and allow adjustment of the aortic
compliance, a compartment (22 x 27 x 16 cm) was
used to surround the silicone aorta (Fig.2). The
compartment was filled with a water glycerol mixture
of 56.6%/43.4% (mg)/my,) to match the refractive in-
dex of the silicone aorta (n ~ 1.402) at 45 °C. Both
sidewalls and the top plate were made of acrylic glass
to ensure optical access for both the camera and laser.
The top plate was fixed with screws to allow opening of
the compartment. Connection of a mock circulation
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loop to the aortic arch was made possible by using
custom designed connectors to seal the compartment.
The silicone phantom was mounted to an inlet tube
with a bileaflet mechanical heart valve (SJM Regent
25 mm, St.Jude Medical Inc., USA), which was posi-
tioned in an anatomically correct location. A compli-
ance chamber with an adjustable air volume was
connected to the compartment. It was possible to ad-
just the aortic compliance with this attached chamber,
as the trapped air was the only compressible fluid
within the system (Fig. 2): aortic expansion leads to
compression of air volume. By changing the air vol-
ume, different compliances can be achieved. The
compliance chamber had a total fill volume of ~2.28 L
(diameter = 11 cm, height = 24 cm). Air volumes for
the different compliances are given in Table 2.

Experimental Setup

The mock circulation loop (Fig. 3) consisted of two
fluid columns with a diameter of 45 mm to represent
the atrium and ventricle, separated by a mechanical
valve (Alsco, Lithia Springs, USA), modeling the mi-
tral valve. Contractility of the ventricle was provided
using air pressure produced by a Medos driving system
(Medos AG, Germany, Stolberg). This system is nor-
mally used for pulsatile ventricular assist devices,
where the air pressure drives the movement of a
membrane. The system was run at 65 bpm. The
resultant pressure curve in the ventricle is shown in
Fig. 3. The ventricle was connected to the inlet of the
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FIGURE 2. Experimental setup of the aortic model in the compartment with the attached compliance chamber, used to adjust

aortic compliance. Left: side view, right: top view.

TABLE 2. Compliance adjustments.

Setup Amin (cm?) Amax (cm?) Ap (mmHg) Vair (dm?3) C (x107% mmHg™") Q (L min™"
1 (max) 8.3 9.1 53 0.65 1.82 2.81
2 8.1 8.7 61 0.41 1.21 2.75
3 (min) 7.9 8.25 72 0 0.62 2.63

Anmin Mminimum area measured during pump cycle, A.,.x maximum area measured during pump cycle, Ap according pressure difference for
Amax and Anin, Vi volume of air in the compliance chamber, C determined compliance, Q mean flow (cardiac output).

compartment, which contained the silicone aorta. The
outgoing tubes of the compartment were connected to
the atrium. The loop was filled with the same water
glycerol mixture used to fill the compartment
(mg) = 56.6%). A temperature of T = 45 (£1) °C was
maintained with a heating circuit connected to the
compartment. The fluid viscosity at 45 °C was mea-
sured and found to be n = 3.6 (£0.1) mPa s (AMVn,
Anton Paar, Austria), mimicking blood viscosity for
high shear rates,'" which is common practice, as the
nonlinear viscosity of blood is difficult to model.?® The
average flow was measured with a clamp-on US flow
probe in the tube leading to the column representing
the left atrium (SonoTT, Emtec, Germany). Pulsatile
inflow (ventricle to aorta) flow measurements were not

feasible, as the flow probe would have required a
longer inlet section, which was kept as short as possible
to avoid inertial effects. Pressure was measured in the
aortic arch (paora), compartment (peomp) and ventricle
(Pvent) (DPT-6000, Codan pvb, Germany), see Fig. 3.
The signals were monitored and recorded with a data
acquisition system (CompactDAQ, National Instru-
ments, USA).

A high speed camera (X3, IDT, USA) with an AF
Micro-Nikkor 60/F2.8D objective (Nikon Inc., USA)
was positioned with a top view of the box. A pulsed
laser beam (Nd:Ylf-Laser, Pegasus, NewWave Re-
search Inc., USA) entered a light sheet optics. The
resultant laser light sheet, thickness of ~0.8 mm, en-
tered the box perpendicular to the side wall in hori-

% BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org



372 BUSEN et al.

Air pressure

ﬂ:r\\

Air N
U
@
QL
—
-
c
g 0%
® 7
Mitral
valve
____________________________________________ _>_--__________

(® - pressure measurement

160 : : _— -
\\ — Ventricle
---Aorta
o N e
1201
=)
I
E100~_ [/l
ETINY e
o e e b Ty
5[
o 8of
o
o
60+
----- Backflow
h
H
1
' 40t
1
H
:
@ _________ H 20 . . . .
0 02 04 0.6 0.8 1

t/T

(®) -flow measurement

FIGURE 3. Schematic view of the experimental circuit (left) and according pressure curves of compliance setup 1 for one cycle in

the aortic model, in the ventricle and in the compartment (right).

zontal alignment (Fig. 2). The laser illuminated fluid
suspended fluorescent particles with a diameter of
10 um (microParticles GmbH, Germany,
p = 1.06 g cm ). The laser sheet was in-line with the
center plane perpendicular to the aortic valve (Fig. 2).

PIV Measurements & Post Processing

Image acquisition was carried out with Dynamic
Studio (Dantec Dynamics, Denmark). Aortic compli-
ance was adjusted three times and PIV measurements
were taken for each compliance (Table 2). Ten cycles
were recorded with a resolution of 120 image pairs per
cycle. As the system ran at 65 bpm the resulting
recording rate was 130 Hz. The time delay (dr) between
the image pairs was set up to be 500 us, achieving a
maximum particle displacement of about " of the
interrogation area size for the highest appearing
velocities.>* The field of view was 68 x 54 mm. The
final resolution was 54 um/pixel.

Post processing of the particle images consisted of
two parts: the determination of (1) the compliance and
(2) the velocity fields. Compliance was determined by
analyzing the images for edges with a Canny edge
detecting algorithm (MATLAB, Mathworks, USA),
which identified the inner aortic walls in a small region
20 mm distal from the aortic valve. As the inner walls
were determined in the mid plane their distance was
used to calculate the cross sectional area of the silicone
aorta (Fig. 4). Calibration of optic scaling was done
with a rigid tube of a known and fix diameter, to which
the silicone aorta was attached (Fig. 2). Simultaneous
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FIGURE 4. Particle image with schematic diameter detec-
tion.

pressure recordings, p,ora (inside the aorta) and peomp
(outside the aorta), were used to calculate transmural
pressure (Eq. 1), pyans, Which is responsible for aortic
expansion.

Ptrans = Paorta — Pcomp- (1)

Physiologically, pcomp =~ 0 mmHg, as this is the
pressure in the surrounding tissue. In terms of com-
pliance, different clinical definitions can be found.
They are summarized by O’Rourke es al®* In the
present work, the compliance was determined based on
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diameter changes and corresponding pressure changes
during the simulated cardiac cycle, as described by
Laogun and Gosling'® and Burgmann er al.’ The
change in pressure, Ap, and the resulting change in the
cross section area, AA, related to the minimum mea-
sured area A,;, were used to calculate the compliance,
C, as shown (Eq. 2).

_ 1 M
Ap Amin

C [mmHg '], (2)
Other (clinical) definitions for compliance, for exam-
ple, is without normalization to A,,;,, calculated as
C = AA/Ap (mm? mmHg '). Another definition is the
total arterial compliance (“‘area method’’), which is
calculated based on the heart stroke volume and
resultant pressure differences in the aorta, resulting in
units of (mL mmHg').*

For PIV post processing, recorded images were
analyzed with Dynamic Studio (Dantec Dynamics,
Denmark). An adaptive correlation with a final inter-
rogation area size of 32 x 32 pixels with an overlap of
50% was applied. The resulting vector fields of 10 cy-
cles were averaged, generating 120 averaged velocity
fields for one cycle. The final resolution of the vector
field was 0.84 x 0.84 mm.

RESULTS

In this section the results for the compliance mea-
surements are presented; and a comparison of aortic
pressure curves, pressure changes with respect to time
(dp/dt) and vector fields for different compliances are
presented.

Compliance

Three different compliance values have been ad-
justed by changing the amount of air in the compliance
chamber. In Fig. 5, the post processed cross sectional
area was plotted against the corresponding transmural
pressure for the two exemplarily compliances C; (max)
and C; (min). Detailed values (area, amount of air,
pressure difference) for all setups are given in Table 2.
The maximum area was 9.1 cm? for the most flexible
setup (C,) and 8.25 cm? for the stiffest setup (Cs), the
minimum area was 8.3 and 7.9 cm?, respectively. The
according pressure differences for maximum and min-
imum area were 53 mmHg (most flexible setup) and
72 mmHg (stiffest setup). Using Eq. (2), the obtained
compliances had values of C; = 1.82 x 10~* mmHg ™'
and C3 = 0.62 x 107> mmHg ', which was a decrease
of about 63%. The decrease in maximum area was
about 7%.

Pressure and (dp/dt) Curves

In Fig. 6, the aortic pressure and (dp/dt) curves are
shown for the three compliance adjustments. The
pressure within the ventricle did not significantly
change with changes in compliance, therefore only one
ventricle pressure curve was plotted for orientation.
The results show that the pressure pulsatility was
attenuated for higher compliances. The systolic pres-
sure did not increase but the diastolic pressure
decreased with a stiffer aortic setup by about
20 mmHg for Cpax — Chin- Also, the increase of
pressure was faster in case of the stiffer aorta, which
can be quantified with the (dp/df) curves, shown in
Fig. 6. Evaluating the (dp/dt) curves, it was found that
with a stiffer aorta the maximum pressure change with
respect to time increased from 450 mmHg s ' for
C(max) to 1000 mmHg s~ ! for C; (min), which cor-
responds to an increase of 122%.

Flow Fields

The flow fields downstream of the aortic valve in the
center plane perpendicular to the valve for three
compliances are shown in Fig. 7 for different time
points after valve opening (time points A-E are
marked in the ventricular pressure curve). The overall
flow pattern was similar for every compliance adjust-
ment: In the early ejection phase, the fluid was accel-
erated (A4), hereafter a central jet could be observed
(B + C), followed by valve closure and tension release
of the silicone aorta, which was accompanied by vortex
development in the aortic root (D) and lower velocities
in diastole (£). Comparing the flow fields for the dif-
ferent compliances, it can be noted, that the velocities
in early ejection phase (A4) were higher for the stiffer
aorta. Here, the mean velocity in the measurement
plane is about 0.18 cm/s for most flexible setup (C;)
and 0.28 cm/s in case of the stiffer aorta (C3), which is
an increase of about 56%. At this specific time point
areas are 8.8 cm? (C;) and 8.17 cm? (C3). Also, the
vortices developing in the sinuses were less significant
with decreasing compliance during systole and diastole
(C + D). Shortly after valve closing (D) it can be seen,
that the backflow towards the valve was lower in case
of the stiffer aorta.

DISCUSSION

In this work, an aortic model setup with
adjustable compliance was developed and optical PIV
flow measurements were performed downstream of the
aortic valve in the center plane perpendicular to the
valve. The aim was to develop an experimental setup
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FIGURE 6. Left: Aortic pressure for compliance setups 1-3;
setups 1-3.

which allowed for optical flow measurements and fast
and easy compliance adjustments to enable investiga-
tions of compliance changes in a standardized manner,
which is hardly feasible in vivo. With this setup, different
compliances were adjusted and determined, and the
effects on flow and pressure curves were investigated
in vitro. To the best of our knowledge, this is the first
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time that optical flow measurements in a model of the
aortic arch in combination with different compliance
adjustments (and determination) has been carried out.

Compliance was adjusted between 0.62 to
1.82 x 107 mmHg '. According to Laogun and
Gosling, this corresponds to aortic compliances in
humans between the ages of 15-65 years.'® However,
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FIGURE 7. Flow fields for specific time points (A—-E) downstream of the aortic valve in the center plane perpendicular to the valve
for one pump cycle (systole and diastole) on base of data for compliance setup 1-3. Markers indicate the time points (A-E) in the

pressure curve.

there are different clinical studies which report other
values, summarized by O’Rourke ef al.*> The compli-
ance changes could be easily achieved by changes of air
and water volumes in the compliance chamber. This
setup facilitates the comparison of the data acquired for
different compliances as no further modification is
required, in contrast to using different aortic phantoms
with different mechanical properties, where reassem-
bling, recalibration and readjustment of the whole sys-
tem would become necessary. However, the modeling of
the aortic compliance in the presented manner is tech-
nically controlled by both the mechanical properties of
the aortic silicone model and the amount of air in the
compliance chamber. This results in changes in pressure
around the aortic model (“‘surrounding tissue’).

The collected data for different compliances shows
that a decrease of 63% in aortic compliance leads to a

significant increase of 122% in the aortic pressure
change with respect to time (dp/dt). Regarding the im-
pact of changed compliance to flow patterns down-
stream of the aortic valve, the comparison shows that
mean velocities in early systole are higher for decreasing
elasticity in the range of about 56%. One reason is the
decrease in maximum area, but it is only about 7%;
another reason might be the fact that less fluid volume
is stored in the expanded part of the silicone aorta and
the pressure change with respect to time is higher in the
case of a stiffer aorta. These findings confirm the
qualitative findings reported by Giilan er al.'® Sec-
ondly, vortex development in the aortic sinuses were
less significant, which could also be caused by the less
expanding vessel walls. Vortex formation in the aortic
sinuses is important in terms of coronary perfusion,
washout and leaflet closure.” The overall flow pattern
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of the mechanical valve were in good agreement to
those measured in other flow studies of mechanical
heart valves,'** although quantitative differences were
observable due to the diminished cardiac output. In
detail, this was the acceleration phase accompanied by
a central jet, the peak flow phase and the deceleration
phase accompanied by a backflow and vortex devel-
opment in the aortic sinuses.'>

Compared to the in vivo situation, the mock circu-
lation loop showed some discrepancies, including lower
average flow (cardiac output), higher systolic pressures
and a longer systolic peak. The native aortic valve has
been modeled with a bileaflet mechanical valve, leading
to altered flow patterns (except in patients with this
kind of heart valve prostheses). A biological valve
(trileaflet valve) was not used, as the applied fluid would
have damaged the valve. Future work will be carried
out to optimize the mock circulation loop; however, it
is challenging to perfectly mimic in vivo conditions,
while fulfilling certain requirements (i.e., measurement
technique). Thus, a quantitative translation of the re-
sults to in vivo should be carried out with consideration
of these limitations. Besides, physiological hemody-
namics are influenced by auto regulation mechanisms,
adaption of heart work to the physiologic situation, or
changes in the mechanical characteristics of the vessel
(i.e., vasodilation/vasoconstriction). For example, a
decreased diastolic pressure would be regulated by the
circulatory system, leading to higher systolic pressure
levels. However, the focus of this study was (1) to
present an experimental setup allowing for isolated
investigations of effects of aortic compliance changes
and (2) to perform first comparative examinations.

In conclusion, an in vitro setup of an anatomic correct
silicone aortic arch with an adjustable compliance is
presented, which allows for effective compliance chan-
ges in physiological ranges in a standardized manner
while allowing PIV flow measurements in the aortic
arch. Investigations on the effect of compliance changes
show that decreased compliance results in increased
peak velocities and pressure changes with respect to
time, as well as altered pressure curves and decreased
vortex formation in the aortic sinuses. As an in vivo
validation and translation remains difficult, the results
have to be considered as preliminary in vitro insights into
the mechanisms of (age-related) compliance changes.
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