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ABSTRACT

The leading cause of mortality and morbidity globally is cardiovascular disease (CVD). CVD can present in the
thoracic aorta as atherosclerosis, an aneurysm or a dissection, which can be related to certain fluid mechanics metrics.
This study investigates the fluid flow profiles within a healthy and a branched endovascular graft-treated rigid
phantom, manufactured from Sylgard 184, to determine the effect geometry has on the resulting fluid mechanics
and the subsequent biological processes. Planar particle image velocimetry data was recorded to visualise steady flow
conditions at Re 4500 (peak), 3400 (mean), and —225 (reverse). Evaluation of anatomical features affecting the flow
fields, concluded that the tapering of the healthy thoracic aorta naturally aids in the prevention of low flow on the inner
arch wall more effectively than the untapered graft-treated model. Focus on the aortic branches demonstrated the
angle of the aortic branches in relation to the aortic arch, highly affects the regions of low and high blood flow present
within each branch. However, due to the biological response (or lack of) associated with a cellular boundary and
synthetic material, the haemodynamic changes in the aortic arch and branches have different challenges. Therefore,

direct replication of a healthy geometry is not necessarily optimal for the design of an endovascular graft.

1. Introduction

Cardiovascular disease (CVD) affects more than half a billion people worldwide and represents
about 32% of global deaths (WHO, 2021). The development of CVD is due to a combination of
fluid mechanics and biological responses, where metrics such as wall shear stress (WSS) have been
identified as key haemodynamic risk factors. The development of atherosclerosis is prone to occur
in low WSS areas as the initiation of plaque formation has been linked to haemodynamic forces
acting on the vascular endothelial cells lining the artery and the subsequent biological response
(Zhou, 2023). High WSS leads to the development of an aneurysm, which is a 50% increase of the
aorta’s healthy diameter. It can also cause a dissection, defined as a tear in the inner layer of the
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aortic wall, allowing blood to flow into a separate passage within the wall (Harky, et al., 2021). Both
can be treated with branched endovascular aortic grafts, made of synthetic fabricated tubes, which
may be supported by metal stents (a wire mesh tube) and stitched together. These are inserted
surgically with total arch replacement (TAR) or hybrid procedures (Werner, et al., 2022) to patch
or replace an injured or diseased section of the aorta. Post implant, it is vital that the endovascular
graft exhibit consistent flow to ensure effective perfusion of blood to organs and tissues.

Despite advancements in endovascular techniques and designs of aortic grafts, there are compli-
cations and risks associated with the procedure. The major complication continues to be a stroke,
with reported incidences ranging from 1.2 - 8.2 % (Chen, et al., 2020). Strokes can be caused by
blood clots blocking or obstructing the blood flow to the brain. Clots in arteries such as the aorta
are mainly made up of platelets (tiny discoid shaped cell, present in the blood). This is due to
platelet concentration being higher near the vessel wall as blood segregates into a red blood cell
rich core in fast flowing blood following a process known as margination. These platelets help to
form vital blood clots to slow/stop bleeding, aiding in the healing of wounds. This is achieved
by platelet deposition and coagulation, through monitoring the integrity of the endothelial cell
layer and adhering to the exposed subendothelial matrix via bonds of its molecules, and platelet
surface receptors (Fogelson and Neeves, 2015), platelets can aggregate to form a plug. However,
platelet deposition and coagulation processes can result in the formation of a thrombus, which
can then obstruct blood flow. These processes are strongly influenced by fluid dynamics. Most
notably shear-induced platelet aggregation (SIPA), where platelets aggregate without the initial
subendothelial matrix surface contact, through the interaction of von Willebrand factor (vWF) via
glycoprotein Ib—A1 binding (Liu, et al., 2022). This has been associated with CVD.

Computational modelling is used to support the cardiovascular device industry in the design and
development of vascular grafts by predicting the resulting fluid flow profile of a patient with an
implanted cardiovascular device (Hirschhorn, et al., 2020). Computational fluid dynamics re-
quire assumed inputs. Therefore, to gain Food and Drug Administration (FDA) and Medicines
and Healthcare products Regulatory Agency (MHRA) approval, it is imperative that computa-
tional models have an in vivo or in vitro comparator, to evidence the model’s credibility as stated
in the American Society of Mechanical Engineers Validation and Verification 40 Standard (V&V
40 .A.SM.E., 2018). Experimental data for validation remains lacking. Consequently, this work
utilises planar particle image velocimetry (PIV) to visualise the flow in an in vitro model of the
thoracic aorta. This model comprises of the ascending and descending aorta, and the aortic arch,
which includes three aortic branches: brachiocephalic artery (BA), left carotid artery (LCA) and
left subclavian artery (LSA), depicted in Figure 1 (a), (b) and (c), respectively. This study aims to
use phantom models of the human thoracic aorta and graft-treated thoracic aorta to investigate
the effect geometry has on the fluid mechanics within each phantom and the associated biological
responses.
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Figure 1. Labelled diagram of the aorta and subsequent thoracic aorta (Biorender, 2023).

2. Materials and Methods

2.1. Phantom

The geometries of the healthy and branched endovascular graft phantoms displayed in Figure 2 (a)
and Figure 2 (b), respectively, were adapted from a combination of literature (Malkawi, et al., 2010;
Boufi, et al., 2017) and outlined dimensions. The rigid phantoms were designed using SolidWorks
(Figure 3 (a) and (b)) and incorporated a 13 mm minimum wall thickness as suggested in previ-
ous manufacturing of rigid vascular models (Geoghegan, et al., 2012), then manufactured using
silicone (Sylgard 184). The lost core casting technique was employed, with an acrylic external box
mould and an acrylonitrile butadiene styrene (ABS) 3D printed core mould, that was dissolved
with acetone. The UltiMaker S5 with a 0.4 mm nozzle was employed to print the core moulds and
has a linear accuracy of 20 - 200 pm. Isopropyl alcohol and a lens wipe were used to clean the
faces of the phantom, before being encased in its corresponding acrylic box that held the phantom
under compression.
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Figure 2. Centerline plane outline of the computer-aided design of the thoracic aorta for the (a) idealised healthy, and
(b) branched endovascular graft, with proprietary phantom geometries.

(b) ‘H[

Figure 3. Computer-aided design of (a) healthy thoracic phantom and (b) branched endovascular graft phantom,
with the line of the laser light sheet along centreline plane depicted in green.
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2.2. Flow rig

The phantoms were secured horizontally in the flow rig by flanges attached to the endplates, each
side of the phantom. The flow rig depicted in Figure 4 consisted of a reservoir (a), steady flow
pump (b) (controlled by gate valves), flow straightener (c), electromagnetic flow meter (d) and
header tank (i) (a weir was included to maintain outlet pressure).
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Figure 4. Experimental setup schematic: a) reservoir, b) steady pump, c) flow straightener, d) electromagnetic flow

meter, e) inlet (ascending aorta) , f) aortic arch phantom, g) outlet (descending aorta), h) aortic branch outlets i)
header tank (with weir), j) laser, k) charged-couple device camera (Biorender, 2023).

A working fluid composed of water-glycerol-urea (46:28:26 weight ratio respectively) to match the
refractive index of the silicone phantoms (n = 1:41), was seeded with neutrally buoyant hollow
glass particles (9-13 um) (LaVision, Germany). Dynamic similarity in vitro was ensured by match-
ing the Reynolds number (Re) and Womersley number ( ), such that

Re = E; 1)

and

(2)
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where: U is the velocity, D is the inner diameter, v is the kinematic viscosity and ! is the angular
frequency. The working fluid density was measured at 25 °C and found to be 1124:6 kgm™>. The
temperature (T) of the working fluid varied slightly between recordings, as the steady pump over-
time began to heat the working fluid. Therefore, additional viscosity measurements were obtained
at temperatures ranging from 18 °C (v = 4:74 mPas) to 28 °C (v = 3:52mPas). A 2nd-order poly-
nomial fit of the viscosity—temperature data was then computed to determine the viscosity such
that

Vv = T7es T2 — 0:0004T + 0:0102 3)

For steady flow conditions, data was obtained at flowrates matching key Re of the aortic wave-
form, as highlighted by Figure 5, these included: 4500 (peak), 3400 (mean) and -225 (reverse flow).
The x-axis in Figure 5 shows time (t) as a factor of the waveform’s time period ( ). For reverse flow
the steady pump output was diverted to the header tank and a drainage tube was incorporated to
allow the reverse flow to occur back through the phantom’s inlet.
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Figure 5. Customised thoracic aorta physiological waveform.
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2.3. Particle image velocimetry setup

A Litron Nd: YAG pulsed laser (532 nm, Nano S 65-15 PIV), with a sheet optic producing a
1 mm laser light sheet created with a -10 mm sheet optic, was employed. Planar PIV images were
recorded with a charged-coupled device (CCD) camera, with a resolution of 2752 px by 2200 px,
titted with a Nikkon 50 mm lens, and 532 nm filter, using an aperture of f/8. The PIV experiments
were recorded at three values of t (where t is time) per Re, to appropriately capture particles
moving in the aortic arch, aortic branches and near the vessel wall. For each tested condition, 60
images pairs (120 frames) were attained. This number of images (N = 60) was chosen so that for
a confidence level of 95% the precision of data was within two standard deviations. Processing
was undertaken with the LaVision DaVis 10.2 FlowMaster (LaVision, Germany) software pack-
age. Pre-processing involved drawing a geometric mask of the fluid domain in Adobe Photoshop
(Adobe Inc., USA) from an exported image, then replicating this mask 120 times (for each frame)
and importing them back into Flowmaster. A sliding background subtraction was utilised, aiding
in the removal of reflections and noise. For post-processing, a multi-pass (decreasing size) cross-
correlation was applied, with a single pass at 64 px by 64 px with 50% overlap and three 32 px
by 32 px passes with 75% overlap. Mean (time-averaged) velocity and standard deviation matrix
were extracted.

The uncertainty of PIV velocity measurements (represented by V) are stated in Table 1 as a fac-
tor of U. The symbol U corresponds to the mean velocity measured by the flow meter at 20D
upstream of the phantom inlet, at the mean Re = 3400 for each phantom model. The range of

Re experienced when discussing the experimental results at key Re can be determined using the
B(Re)=(Re) values in Table 1.

Table 1. Summary of bias limits for Reynolds number

Model Healthy thoracic Endovascular graft
Re 4500 3400 -225 4500 3400 -225
t (ps) 1000 3000 10000 1000 3000 10000
v 0.0215U 0.0072 U 0.0022 U 0.0243 U 0.0035 U 0.0024 U
B(Re) 35 29 2 40 34 3
B(Re)=Re 0.0078 0.0085 0.0089 0.0089 0.0100 0.0130

3. Results and Discussions

The velocity results in this study are nondimensionalised using U, the mean velocity recorded
when replicating the mean Re = 3400 for each model. The x and y axes are nondimensionalised
based on the phantom’s inlet diameter D. The discussion explores the fluid dynamics within
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the healthy thoracic aorta and a branched endovascular graft-treated geometry, focusing on how
anatomical features influence blood flow patterns and the subsequent haemodynamic and biolog-
ical risks.

3.1. Healthy thoracic model

The PIV flow visualisation results, in Figure 6 (a) demonstrate the nondimensionalised flow veloc-
ity (time-averaged velocity measurements across 60 image pairs) within the healthy thoracic aorta
at the mean Re (3400). Figure 6 (b), (c) and (d) compare the contour plots of fluid velocity for the
healthy aortic arch model, at Re = 4500 (peak), Re = 3400 (mean) and Re = —225 (reverse) in the
aortic branches, respectively.
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Figure 6. Nondimensionalised flow velocity fields of the rigid healthy thoracic aorta phantom at Reynolds numbers
(a) 3400 and its aortic branches at Reynolds numbers (b) 3400, (c) 4500 and (d) -225.
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Within the healthy thoracic aorta geometry at the mean (Figure 6 (b)) and peak (Figure 6 (c)) Re the
pattern of high and low flow does not significantly change, but the magnitude increases respec-
tively. The faster blood flow occurs on the right wall of the BA, LCA and LSA. This is due to the
diameter and angle of the aortic branches. These geometric features also then cause a local region
of low flow on the left wall of each branch. This local region of low flow continues during the re-
verse flow in Figure 6 (d) for all aortic branches. This suggests that throughout the aortic waveform
this region continues to experience low velocities, which is associated with low WSS (Trenti, et al.,
2022). This is a key haemodynamic risk factor for the possible initiation of plaque formation and
development of atherosclerosis. Additionally, the low velocity flow can lead to the accumulation
of platelets as this is an in vitro model of a healthy thoracic aorta the endothelial layer can be con-
sidered as integral. However, it is important to consider that in instances where the integrity of the
endothelial layer is compromised, these platelets will begin to adhere to the sub-endothelial ma-
trix, triggering a response called platelet activation, where platelets begin to adhere to each other
and initiate enzymatic reactions. This accumulation of platelets is more prevalent in geometries
containing features such as bifurcations or branching as phase separation occurs. This is due to an
unequal distribution of platelets and red blood cells to the aortic branches as the flow in the aortic
arch has a high red blood cell rich core leading to margination of platelets nearer the vessel wall.
These follow the blood flow through the BA, LCA and LSA resulting in a higher concentration of
platelets within the aortic branches, being deposited within the stagnant/low flow region, result-
ing in the formation of a thrombus. The wall of the BA, LCA and LSA experiencing high velocity
can also experience increased WSS, which can damage endothelial cells. If the rate of damage to
endothelial cells in a local region exceeds the replenishment of the endothelial layer it can result in
a weakening to the arterial wall, leading to the development of aneurysms and dissections.

3.2. Branched endovascular graft-treated model

Figure 7 (a) illustrates the blood flow in the branched endovascular graft-treated aortic arch model,
during steady flow at the flowrate matching the mean Re (3400). The flow in the aortic branches
were investigated at Re = 4500 (peak), Re = 3400 (mean) and Re = —225 (reverse) as displayed in
Figure 7 (b), (c), (d).
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