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Abstract: The fluid dynamics of a natural aortic valve are complicated due to the highly pulsatile
flow conditions, the compliant wall boundaries, and the sophisticated geometry of the aortic root.
In the present study, a pulsatile flow simulator was constructed and utilized to investigate the
turbulent characteristics and structural deformation of an intact silicone aortic root model under
different flow inputs. Particle image velocimetry and high-frequency pressure sensors were
combined to gather the pulsatile flow field information. The results demonstrated the distributions
and the variations of the jet flow structures at different phases of a cardiac cycle. High turbulence
kinetic energy was observed after the peak systole phase when the flow started to decelerate.
Deformations of the aortic root upstream and downstream of the valve leaflets under normal
boundary conditions were summarized and found to be comparable to results from clinical studies.
The cardiac output plays an important role in determining the strength of hemodynamic and
structural responses. A reduction in cardiac outputs resulted in a lower post-systole turbulence,
smaller circumferential deformation, a smaller geometric orifice area, and a shortened valve-
opening period.

Keywords: aortic root; hemodynamics; pulsatile flow; particle image velocimetry; turbulence;
structural deformation

1. Introduction

Valvular heart diseases affect more than 1.5 million people in the United States. In particular,
the aortic valve diseases, including calcification, stenosis, and regurgitation, are among the most
prevalent [1], and are also considered significant predisposing factors for many other cardiovascular
diseases such as aortic aneurysm, thromboembolism, and stroke [2]. Each year, approximately
300,000 patients go through either percutaneous surgeries or transcatheter aortic valve replacement
procedures [3] to replace calcified aortic valves [4]. However, the clinical outcomes of valve
replacements are still far from satisfactory. Patients with replacement valves suffer from a 14% chance
of recurrence of regurgitation and more than a 60% risk of death in five years [4]. These statistics
clearly demonstrate that aortic hemodynamics are of paramount significance for human
cardiovascular health. An improved understanding of the fluid and structural dynamics in the real
aortic root geometry is critical in order to enhance clinical outcomes and future prosthetic valve
designs.

In recent years, experimental studies based on particle image velocimetry (PIV) have emerged
as an important alternative approach in cardiovascular hemodynamics research. PIV studies on
physiological phantoms provide reliable flow simulations resembling the in vivo flow from magnetic
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resonance imaging (MRI) [5] and help set benchmarks for patient-specific computational fluid
dynamic (CFD) simulations [6]. Over the past decades, in vitro experimental studies have contributed
to the knowledge of hemodynamics within the soft-tissue organs, such as heart and other vascular
systems [7-11], and the evaluation and validation of cardiovascular assist devices [12,13].
Hemodynamics in arterial diseases, such as thoracic and abdominal aortic aneurysms, have also been
extensively studied using PIV.

The hemodynamics of the aortic replacement valves have been a focus of experimental and fluid
visualization studies in the past two decades. Lim et al. [14] investigated the fluid dynamics in four
prosthetic mechanical valves under steady flow conditions using PIV measurements. Ge et al. [15]
performed both PIV experiments and computational fluid dynamics simulations of the steady-state
flow past a fully open bi-leaflet mechanical valve. Similar research on the mechanical valves has also
been conducted under pulsatile flow conditions [16]. By comparing PIV results and direct numerical
simulations, Dasi et al. [17] revealed the sophisticated vortical flow characteristics of the pulsatile
flow at different phases through a rigid bi-leaflet mechanical valve. Bellofiore and Quinlan [18]
performed PIV measurements of flow past a mechanical valve with significantly enhanced spatial
and temporal resolutions, which enabled a Lagrangian analysis of blood cell trajectories and the
platelet activation at different stages of the cardiac cycle. Through various in vitro experimental
setups, researchers have also been able to analyze other biomedical indicators, e.g., energy loss, to assess
aortic stenosis and the performance of mechanical valves and stented valve prostheses [19-21].

Compared with mechanical valve replacements, compliant aortic valves, such as tissue-
engineered bioprosthetic valves and polymeric valves, have soft leaflets that could result in better
hemodynamics. The fluid dynamics and fluid-structure interaction (FSI) of bioprosthetics and native
tissue aortic valves have been studied extensively in computational fluid dynamics and fluid-
structure interaction simulations [22-25]. The dynamic responses of the soft valve leaflets under
simulated physiological loadings have been studied by many finite element simulations [26,27]. In in
vitro experimental studies, Leo et al. [28] assessed the fluid dynamic characteristics downstream of
polymeric prosthetic valves through PIV measurements. Hasler et al. [29] performed tomographic
PIV measurements on the pulsatile flow downstream of a negatively molded silicone aortic root
model. Aortic valves with native tissues leaflets have also been studied through in vitro experiments
to understand the changes in hemodynamics induced by morphological abnormalities, such as
bicuspid aortic valves. Saikrishnan et al. [30] found that the turbulent kinetic energy and vorticity of
the flow downstream of the valve were significantly increased in a bicuspid porcine tissue valve.
McNally et al. [31] also studied the effects of the morphotype of bicuspid valves on the aortic
hemodynamics in the aortic arch downstream using a benchtop simulator. Recently, in vitro studies
also suggest that the sinuses of Valsalva (aortic sinus) play an important role in the regulation of the
aortic hemodynamics. Pisani et al. [32] and Salica et al. [33] found that the presence of the sinuses of
Valsalva increases the effective orifice area when the cardiac output increased, which helps minimize
the flow energy loss during ejection.

However, most of the above-mentioned research addressed the hemodynamics of the artificial
aortic valves, where the stented replacement valve models were placed into simplified or rigid tube
models. The geometric complexity and compliance of the aortic root and the valve leaflets were
seldom considered. Additionally, the effect of reduced flow rate or cardiac output (CO) on the aortic
flow hemodynamics, which is often associated with the left ventricular systolic and diastolic
dysfunctions [34], has not been extensively studied. The reduced CO is not a rare medical condition,
and particularly the low cardiac output syndrome (LCOS) is the most common and serious
complication associated with short and long-term mortality after cardiac surgeries [34,35], in which
the cardiac index can be lower than 2.0 L/(min‘m?). These research gaps result in a scarcity of
important validation benchmark data for computational fluid dynamics and fluid-structure
interaction simulations in realistic aortic root models.

In the present study, we investigated the fluid dynamics of a 1:1 scale silicone aortic root model
with a realistic three-leaflet aortic valve based on an experimental cardiovascular flow simulator. The
simulator was constructed as a closed flow loop driven by a programmable piston pump to simulate
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the natural flow waveforms, mimicking average human physiological features. The system, which
was equipped with high-frequency pressure sensors, was then synchronized with a particle image
velocimetry system to gather flow field data at different phases. The results were analyzed to obtain
average flow information, ensemble turbulent characteristics, as well as the corresponding structural
deformations. The results were then compared with those from experiments under varied cardiac
outputs to generate insights on the impacts of this common variation of physiological boundary
conditions.

2. Materials and Methods

2.1. The Cardiovascular Flow Simulator

The experiments have been conducted in a closed-loop flow circulation system, as shown in
Figure 1. The pulsatile flow conditions were generated by a programmable pulsatile pump (PD-1100,
BDC Laboratories, Wheat Ridge, CO, USA), which can be operated under arbitrary user-defined
profiles with a frequency of two to 240 beats per minute (bpm), a stroke volume between 0-300 mL,
and a flow rate between 0-10 L/min. A pump head module is customized to simulate the function of
the left ventricle. Compliance chamber and resistance units were used downstream to maintain
appropriate flow and pressure conditions for the tested model. A fluid reservoir is used to store the
working circulating fluid and seed PIV tracer particles. Pressure transducers (BDC-PT, BDC
laboratories, normal sensitivity: 5 pV/mmHg, < +/-1%, frequency response 5 kHz, operating pressure
range —362 mmHg to 3878 mmHg) have been installed at multiple locations to monitor the pressure
input inside the pump head and the pressure changes across the model. A silicone aortic root model
was fixed in a transparent acrylic test section. The model was constructed (Figure 2, commercially
obtained from BDC laboratories) by silicone molding based on a clinically scanned three-dimensional (3D)
CAD model of a realistic aortic root. The model has an inner diameter of 25 mm and an average wall
thickness of 2 mm. The average thickness of the leaflets is less than 1 mm, and they are tapered from
the root to the tip. Under room temperature and low frequency (1-Hz) loading, the dynamical
mechanical analysis of the material shows high elasticity (storage modulus 1.3 MPa) and low
viscosity (loss modulus 0.086 MPa), suggesting that minimal energy dissipation will occur during
deformation under the current cyclic loading. It should be noted that although the silicone model
represents a certain degree of the compliant nature of the aortic root and valve leaflets, the material
properties do not replicate those of the non-linear viscoelastic native tissues. Pressure transducers
were implemented at two sides of the test section, which operates at a sampling frequency of 5 kHz,
and the data was acquired through a LabView DAQ module (National Instruments, Austin, TX,
USA).
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Figure 1. Schematic of the cardiovascular flow simulator.
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Figure 2. The silicone aortic valve model and refractive index matching.

2.2. Particle Image Velocimetry (P1V)

The quantitative flow parameters were measured by utilizing a phase-locked PIV system. A
double-pulsed Nd:YAG laser (Gemini 200, New Wave Research, Inc., Fremont, CA, USA, 100 mJ, 532
nm) was used to illuminate the flow field. A set of spherical and cylindrical lenses were used to shape
the two laser beams into a laser sheet with a thickness of 1 mm. A 2M-pixel CCD (charge-coupled
device) camera (LaVision, Ypsilanti, MI, USA) was used with its axis perpendicular to the laser sheet
to catch images of the model. The lasers and camera were connected to a delay generator that
synchronizes these components. The PIV system is externally triggered by the pulsatile pump signal
to capture phase-locked images. Instantaneous PIV velocity vectors were computed through cross-
correlation, which involved successive frames of patterns of particle images in a multi-pass
interrogation process from a window size of 32 x 32 to 16 x 16 pixels. An effective overlap of 50% was
employed to satisfy the Nyquist criterion. The time-averaged quantities were obtained from a cinema
sequence of 300 frames of instantaneous velocity fields for each case. In the present experiments, the
field of view is set to be 65 mm by 45 mm, resulting a spatial scale of approximately 0.0375 mm per
pixel. Therefore, the resolution of vector data based on the 16 x 16 pixels investigation windows is
estimated to be 0.6 mm. The uncertainty factors affecting the PIV measurements are the optical error
of the CCD camera and numerical error of the cross-correlation algorithm. The uncertainty of the PIV
results in such an experimental setting is very low (approximately 0.2%) according to a similar study
using the same LaVision CCD camera [30].

To minimize the optical distortion of the PIV results, a mixture of water—glycerin (40% and 60%
respectively by volume) was used as the working fluid in this experiment. The refractive index (RI)
of the fluid mixture measured by a digital refractometer was 1.43 under the room temperature, which
matched the RI of the silicone model. The fluid mixture has a density of p = 1160 kg/m?® and a
dynamic viscosity of u =0.012 Pa-s. It should be noted that the non-Newtonian fluid properties were
not considered in the present study. During the PIV experiments, the fluid was seeded with hollow
glass microspheres with a seeding density of 0.1 ppm, which has been adopted by many previous
experimental studies [15,36]. These particles were 10 um in size, and of density at 1100 kg/m?3, which
was quite close to the density of the working liquid and results in a Stokes number that is much less
than 1.

2.3. Test Conditions

In normal healthy population, the cardiac output (CO) varies from person to person due to
aging. A significant reduction in CO could occur in relevant heart diseases, such as valvular stenosis,
cardiac arrhythmia, and heart failure [37]. To study the effect of cardiac outputs on the flow and
structure responses, three different flow rates, i.e. 4 L/min (normal), 2 L/min, and 1 L/min were tested
in the present experiments, corresponding to a stoke volume of 66.7 mL, 33.3 mL, and 16.7 mL,
respectively. In this experiment, a pressure waveform was generated by setting a 50% systolic duration
(compression of the left ventricle) of a complete cardiac cycle. According to Sarnari et al. [38] and Chung
et al. [39], the systole-to-diastole (S/D) ratio varies significantly among patients within different age,
body surface area, and heart rate groups. Out of 752 patients from children to young adults [38], the
S/D ratio ranges from 0.397 to 1.62, with a mean of 0.995 + 0.23. Therefore, based on this clinical
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evidence, a 1:1 ratio sinusoidal wave (50% systole) has been used in many previous fluid dynamic
studies [29,30]. In all of these tests, the heart rate was fixed at 60 beats per minute (bpm), i.e., one
second between two heartbeats, to enable a better synchronization between the pump and the laser
system.

Two non-dimensional parameters, i.e., the Womersley number and Reynolds number, are
normally used to describe the periodicity and the dynamic similarity of physiological pulsatile flow
in in vitro experiments. The Wo and peak Re are defined by:

a =dgJwp/u (D
Re = pdauq/p 2)

where d, is the diameter of the valve; u, represents the velocity of the maximum jet flow; p
represents the density of the working liquid; p is the dynamic viscosity; w is the angular frequency
of the pulsatile flow. The Wo and peak Re results from the present experimental conditions are listed
in Table 1. The peak Re is 4370 for 4 L/min at the peak flow rate of a cycle, which is slightly lower
than the normal range of peak Re for healthy subjects (around 4500-10,000 reported from different
literatures, e.g. Stein [40] and Fung [41]) due to the current limitations of the setup. According to Trip
et al. [42], when the mean Re is above 2500, the turbulent statistics of the pulsatile pipe flow become
almost independent of Re and Wo. Therefore, many similar research studies using a moderately lower
Re between 3000-4500 have all successfully captured the major characteristics of the pulsatile flow
[25,29,43].

Table 1. Basic hemodynamic and non-dimensional fluid dynamic parameters.

Cardiac Output Stroke Volume
[L/min] [mL] Re wo
1 16.7 903
2 33.3 2249 11.7
4 66.7 4370

To evaluate the structure deformation under the pulsatile flow, two parameters, i.e., the area
strain (AS) and geometric orifice area (GOA) were analyzed by digitizing the phase-averaged PIV
raw images. The concept of AS is adapted from an in vivo clinical study of aortic valve [44], which
quantifies the deformation of the aortic root wall based on the following equations:

AS = (drznax - drznin)/drzninr 3)

where d,., and d,,;, represent the maximum and minimum diameters during a cardiac cycle for
a specific cross-section. Specifically, AS was quantified at three sites, i.e., aortic annulus, sinus, and
sinotubular junction, as shown in Figure 3a. The GOA can be estimated by calculating the area of an
assumed triangular-shape opening, which is defined as:

9v3

GOA="—"12 4)
16

where L represents the length of the orifice in the investigated two-dimensional plane, which can be
seen in Figure 3b. It should be noted that the GOA does not stand for the exact opening area due to
the two-dimensionality of the measurements, but rather serves as a close estimate. Both the diameters
and orifice length were measured manually using a computer image digitizer from the raw PIV
images. The uncertainty of these calculations is estimated to be within 10% based on the limited
temporal resolution of the measured PIV image data, which is calculated based on the standard
deviation from many digitized data in a single phase. Since the phase-locked results do not fully
resolve the temporal variations, the current calculations regarding structural deformation only
served as an estimation of the quantitative trend as a function of varied flow conditions.
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Figure 3. Example raw image of the aortic root demonstrating (a) three major sites (aortic annulus,
sinus, and sinotubular junction) for deformation analysis and (b) the effective length of the orifice (L).

3. Results and Discussion

3.1. Phase-Averaged Flow Patterns in a Typical Cardiac Cycle

In the present experiments, the pulsatile flow was driven by the time-dependent pressure
gradient across the aortic valve generated by the reciprocating piston pump, i.e., the left ventricular
(LV) function. Figure 4 shows the pressure gradient across the aortic valve model as a function of
time and the relative piston displacement during two cycles for the 4 L/min case. It is clear that during
the systolic stroke of the pump (LV contraction), the positive pressure gradient spikes, and the peak
value occurs at the mid-systole (maximum piston velocity). Through the transition from systole to
diastole (LV relaxation), a mild negative pressure gradient briefly occurs due to the reversed piston
displacement. The pressure gradient restores to approximately zero toward the end-diastole phase.
The pulsatile flow variation was in accordance with the changes of the pressure gradient over time.
To quantify the variations, PIV measurements were conducted at eight phase-locked conditions, as
illustrated by the red dots in Figure 4a. Figure 4b shows that the peak pressure gradient and the
magnitude of the negative pressure gradient during diastole both decrease proportionally as the CO
reduces from 4 L/min. Meanwhile, the time to reach the peak pressure gradient is also slightly
delayed due to the reduced CO. It should be noted that the maximum pressure gradient generated
in the present study under 4 L/min CO is higher than that which is normally expected in a healthy
native tissue aortic valve [30]. This is potentially caused by the greater flow resistance of the stiffer
silicone valve leaflets in this bioengineering model compared with that of a native tissue valve.

Pressure Gradient (4L/min)
—~ — Piston Displacement (50% systolic time) —— 4L/min

Systole wmmp qmmmi Diastole wmm:quemi Systole wemp:mmmi Diastole wesp| 35+ =L/l

—— 1L/min

AP (mmHg)

o

Displacement
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Figure 4. Pressure gradient waveforms (a) the pressure gradient in two cardiac cycles and the particle
image velocimetry (PIV) measurement phases; (b) the pressure gradients under different reduced
cardiac outputs.
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Figure 5 shows the ensemble-averaged velocities in x and y directions inside the silicone model
at different phases of a typical cardiac cycle. The boundary shapes of the aortic root and valve leaflets
were also plotted as bold black lines based on the data extracted from the raw images, so that the
interaction between the fluid and structures could be correlated. The dashed lines indicate the hinge
locations of the valve leaflets. At phase 1 (Figure 5a), the heart valve was almost closed, and the phase-
averaged flow velocities upstream and downstream of the valve were both very small. The v velocity
contour clearly shows that a pair of vortices started to develop at the tip of the valve leaflets. At phase
2 (Figure 5b), the valve was pushed open, and the jet flow started to build up. The strength of both
the u and v velocity components increased significantly. At phase 3 (Figure 5c), a clear central jet was
developed, and the flow velocity increased dramatically both upstream and downstream (Figure 5c).
At this peak systole phase, the valve reached its maximum opening, and started to close gradually
afterwards. A strong out-of-plane vorticity (w = dv/dy — du/0x) was observed at the interface of the
jet flow (Figure 6a). At phase 4 (Figure 5d), the valve opening area decreased substantially, and the
jet flow was weakened due to the decreased pressure gradient. The strength of flow recirculation
(vortices) was clearly enhanced at this phase at a few sites downstream from the valve, particularly
in the sinus and near the wall boundary around the sinotubular junction (Figure 6b). At phase 5
(Figure 5e), due to the development of the negative pressure gradient, the jet started to dissipate, and
the flow was split into a v-shaped pattern. The magnitude of vorticity downstream from the valve
became much weaker (Figure 6c). At phase 6 (Figure 5f) and afterwards, the jet flow dissipated due
to the vanishing pressure gradient and the closure of the valve. It is also clear that at this phase, the
remaining flow upstream of the valve induced vortices near the root of the leaflets. Overall, it is
evident that the variation of flow patterns is strongly associated with both the time-dependent
pressure gradient and the dynamics of the flexible structures.

y (V) U component V component

x (U) -1 -06-0202 06 1 -0.15 -0.09 -0.03 0.03 0.09 0.15

(a) Phase 1

(b) Phase 2

(c) Phase 3

(d) Phase 4
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Figure 5. Contours of PIV phase-averaged velocity in x and y directions.
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Figure 6. Out-of-plane vorticity fields at selected phases.

The level of turbulence during the pulsatile flow process was also obtained by evaluating the
ensemble turbulence kinetic energy (TKE). The normalized two-dimensional (2D) TKE were
calculated as:

TKE = 0.5(u% + v'2) /Ul g, (5)

where u’ and v’ are the velocity fluctuation components in the horizontal and vertical directions,
respectively, and Up.qx is the peak centerline flow velocity, which is used for normalization for all
of the phases. Figure 7 shows the TKE distributions at a few selected phases. It is clear that the
turbulence was minimal at the beginning of the phases during the acceleration phase of the systole
(Figures 7a,b). Particularly at phase 3 when the peak systolic velocity developed, the TKE was very
low, and moderate TKE areas were only found near the interface of the jet flow downstream due to
the fluid shear. However, at phase 4 (Figure 7c), right after the peak systole, the TKE downstream
from the aortic valve increased dramatically as the valve started to close and the flow decelerated. At
phase 5, when the negative pressure gradient built up, the overall magnitude of TKE was reduced.
The flow energy dissipation caused a fan-shaped TKE distribution downstream from the narrowing
orifice (Figure 7d). In the following phases, the TKE in the entire flow field quickly decreases to near-
zero values (not shown for brevity) until the next systolic jet flow develops. The entire process
demonstrates that the instability of the pulsatile flow past the aortic valve bursts into turbulence
during the initial deceleration phases and quickly dissipates (a quarter of a second in this study)
during the diastole phases before the next cycle starts.
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Figure 7. Normalized turbulence kinetic energy.

In sum, the PIV results clearly demonstrated the process of initiation and transportation of tip
vortices, the development of the jet flow, as well as the dissipation of the jet at selected phases during
a normal cardiac cycle. Strong vortices are also observed in the sinus region at this phase, which
corresponds well with the results regarding the tension release of the compliant wall downstream
from the valve [45]. The sinus vortices, which have been exclusively studied in previous in vitro
experimental studies [46], are believed to contribute to the blood supply of the coronary arteries that
originate from the sinus in the natural aortic root hemodynamics. Meanwhile, the highest jet velocity
was found at the peak systole phase, with the highest TKE observed to occur during the deceleration
phase of the pulsating flow (right after the peak systole). This phenomenon corresponds well with
the well-known instability growth in the deceleration phase of a pulsatile flow in a rigid pipe flow
[42], and is also a prominent feature of human arterial blood flow [40,41]. The present results suggest
that the deceleration instability also occurs in the pulsatile flow within the complex aortic root wall
boundaries.

In comparison to a PIV study by Saikrishnan et al. [30] in which native tissue valves with
bicuspid and tricuspid morphologies were studied, the results show certain differences and
similarities. On one hand, the orifice area of the current model is smaller than that measured for the
tissue valves, resulting in a higher pressure gradient in the present study. This is potentially due to
the stiffer material properties of the silicone material that was used in the present study. However,
on the other hand, both trileaflet valve results show similar symmetric velocity, vorticity, and
turbulent kinetic energy distributions near the peak systolic phases. The magnitudes of turbulence
kinetic energy of the downstream jet flow at peak systole were also on the same order of magnitude
(0.1 J/kg), despite the different experimental models and conditions that were used.

3.2. Structural Deformation in a Typical Cardiac Cycle

The deformation of the compliant model under the pulsatile flow was quantified by the
variations of the tubular diameters and the leaflet orifice areas as shown in Figure 8. Figure 8a
displays the changes of the normalized diameters (D/Do, Do is the initial diameter at phase 1) during
the cardiac cycle at the aortic annulus, aortic sinus, and sinotubular junction, respectively. The results
show that the aortic annulus experiences the largest radial deformation during the course of the
systole due to the direct exposure to the high upstream left ventricular pressure. In addition, it is
interesting to note that while the maximum deformation of the aortic annulus and the sinotubular
junction happened at phase 3 when the maximum jet flow occurs, the maximum deformation of the
aortic annulus occurred at an earlier phase ahead of the peak systole. This early area increase of the
aortic annulus (base) was also found in previous clinical studies of aortic root dynamics [47]. Figure
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8b shows the dynamic motion of the leaflet in terms of the changes of GOA, which was normalized
by its maximum value in a cycle. It is clear that a significant increase of the orifice area also started to
occur at an earlier phase before the peak systole. The opening area of the leaflets then increased as
the systolic jet developed and decreased quickly past the peak systolic phase. It should be noted that
the GOA is not completely zero during diastole due to the small gaps between the silicone leaflets
and the limitation of the molding manufacturing process.
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Figure 8. Deformation of the aortic root: (a) diameters at three sites; (b) the geometric orifice area of
the valve during a cycle under the 4 L/min cardiac output.

3.3. Effects of Reduced Cardiac Output

Various cardiac diseases, such as myocardial infarction, hypertension, congenital heart disease,
and arrhythmias, may lead to a reduction in cardiac outputs (CO). In this section, the results of the
flow and structure responses of two reduced COs, i.e., 2 L/min and 1 L/min, were analyzed and
compared with the results of the normal 4 L/min. Figure 9 summarizes the jet flow velocity both
upstream and downstream of the aortic valve for all three cardiac outputs. The inlet and exit jet velocities
were extracted from the PIV results along the centerline at the locations of the aortic annulus and the
sinotubular junction, as illustrated in Figure 3a. It is clear that when the CO was reduced from 4 L/min to
2 and 1 L/min, the peak flow velocity upstream of the valve decreased to a half and a quarter, respectively
(Figure 9a). These linear trends were less obvious downstream of the valve due to the interaction of the
leaflets (Figure 9b). Specifically, when the CO was reduced from 4 L/min to 2 L/min, the peak exit jet
velocity decreased only by approximately 34%. A reduced CO also caused a faster dissipation of the
downstream jet flow manifested by the sharp decrease of velocity right after the peak systole (phase
3 to4).

Inlet Velocity (m/s)

Exit Jet Velocity

Figure 9. The inlet (a) and exit (b) jet centerline velocities at different phases under three cardiac

outputs.
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The effects of reduced CO on the diastolic turbulence have been analyzed using the ensemble
2D Reynolds shear stress (RSS), which is defined as:

RSS = —pu'v’ ()

where u’ and v’ represent the velocity fluctuations in x and y dimensions, respectively, and p is
the density of the fluid. The RSS distributions are compared among the normal 4 L/min, and the
reduced CO, i.e., the 2 L/min and 1 L/min cases, at phases 3 (peak systole) and 4 (after peak) are
shown in Figure 10 using the same color scales. At the peak systole phase (phase 3), the RSS
magnitudes and distributions do not show apparent differences in reduced CO cases (Figure 10a). At
phase 4, although the maximum values of RSS downstream of the valve are comparable among three
CO cases, more scattered small-scale RSS distribution patterns are seen under reduced CO conditions
(Figure 10b). Particularly, more small flow structures were observed near the center region
downstream of the valve in the low CO cases. These results suggest that the turbulence is dissipated
faster after the peak systolic phase under low CO conditions.

xss pey IENET | | [THNEN

-20-16-12 -8 4 0 4 8 12 16 20
4 L/min 2 L/min 1 L/min

Figure 10. Reynolds shear stress under reduced cardiac outputs (a) peak systole (phase 3); (b) after
peak systole (phase 4).

The deformation of the wall and the aortic valve leaflets is also different under reduced COs.
Figure 1la shows the area strain (AS) at three different locations (aortic annulus, sinus, and
sinotubular junction) and the corresponding peak systolic pressure under different cardiac outputs.
It shows that the deformation at the aortic annulus is the most significant among the three locations
in all of the CO cases. As the CO is reduced from 4 L/min to 2 L/min and 1 L/min, the AS at the
annulus decreased from 14.3% to 11.3% and 8.1%, respectively. In comparison, the AS of the
sinotubular junction downstream of the aortic valve is relatively small, and the AS at the aortic sinus
is the least in all of the CO cases. However, the decreasing trends of the AS at these two sites are also
apparent as the CO is reduced. These reductions are associated with the decreased peak systolic
pressure when the CO is reduced.

Figure 11b displays the variation of geometric orifice area (GOA) over time for three different CO
cases. As expected, the maximum GOA was significantly reduced as the cardiac output decreased. The
maximum GOA at peak phase 3 was around 0.7 cm?, 1.0 cm?, and 1.6 cm? for cardiac outputs of 1 L/min,
2 L/min, and 4 L/min, respectively. It is also evident that the GOA started to increase at phase 2 in the
4 L/min case, while in low CO cases, the orifice area did not increase before the peak systole phase.
These results imply that the blood transport efficiency would be significantly reduced under low CO
conditions, since both the maximum orifice area and the effective time for pumping blood out of the
ventricular chamber are decreased.
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Figure 11. The structure deformation under reduced cardiac outputs. (a) The area strain; (b) geometric
orifice area.

The structure deformation under different cardiac outputs were summarized and compared to some
in vivo data in Table 2. It is clear that the maximum GOA of the silicone aortic valve under 4 L/min cardiac
output was reasonably close to the in vivo value reported in Clavel et al. [48], in which the GOA of a
transcatheter Edwards SAPIEN valve (Edwards Lifesciences, Irvine, California, USA) was evaluated.
The area strain at the sinotubular junction under 4 L/min was found to be smaller, but close to that of
a natural aortic valve from a magnetic resonance imaging (MRI) study [44]. These comparisons
suggest that some major pulsatile flow characteristics are replicated in the present in vitro
experiments. However, it should be noted that the current silicone model does not have the same
stiffness and other viscoelastic properties of the natural myocardium tissue. The structure
deformation results that were observed in the present experiments could not be directly translated
into an in vivo biological setting, where the material properties and the extravascular environment
are inherently different.

Table 2. Area strain (AS) and maximum geometric orifice area (GOA) comparisons.

Effective Orifice Area of a .
Area Strain

Cardiac Output 1 L/min 2 L/min 4 L/min Bioprosthetic Aortic Valve (Mean) [44]
[48]
GOA (cm?) 0.7 1.0 1.6 1.37-1.9 -
AS (%) at
8.1 11.3 14.3 - -
Aortic Annulus
AS (%) at
(%) 2.8 46 7.0 - -

Aortic Sinus
AS (%) at Sinotubular

. 2.9 7.2 7.9 - 8.1
Junction

4. Conclusions

An in vitro experimental study has been conducted to investigate the pulsatile flow
characteristics in an intact silicone aortic root model. Particularly, the turbulent flow characteristics
and structural deformation in response to varied cardiac outputs (4 L/min, 2 L/min, and 1 L/min)
were examined. The pulsatile flow was generated using a programmable piston pump in a closed-
loop cardiovascular flow simulator. A phase-locked particle image velocimetry system and high-
frequency pressure sensors were used to obtain the quantitative flow field and pressure time series
data. The key results can be summarized as follows:

e The flow field characteristics during a typical cardiac cycle have been revealed using phase-
locked PIV. Both the jet flow patterns and the turbulence kinetic energy vary significantly at
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different phases with changes of the pressure gradient. High TKE was observed after the peak
systole when flow started to decelerate.

e  The pulsatile flow caused noticeable structural deformations under normal cardiac output. The
largest circumferential deformation was found at the aortic annulus upstream of the aortic valve
at a phase prior to the peak systolic phase. The maximum valve orifice area was also found at a
phase prior to the peak systole under the baseline 4 L/min condition.

e  Cardiac output (CO) plays an important role in the hemodynamics and structural responses of
the aortic valve root. A decrease of CO from 4 L/min to 2 L/min and 1 L/min resulted in a reduced
exit jet flow velocity and a deceased turbulence downstream. Reduced CO also contributed to a
decrease in circumferential deformation, a decrease in orifice area, and a shortened valve
opening period.

Overall, the present study shows a preliminary effort to quantitatively investigate the fluid
dynamics of an intact aortic root model under varied input flow conditions. The results demonstrate
that an in vitro pulsatile flow system is capable of capturing some of the most prominent flow
characteristics within a flexible aortic root, while providing better controllability and spatial
resolution that complements the clinical imaging research. The results could provide validation
benchmarks for future patient-specific computational fluid dynamics and fluid-structure interaction
simulations.

Due to the nature of the present bioengineering model and experimental setup, this study has a
few limitations. (1) The silicone model does not replicate the non-linear viscoelastic tissue properties.
(2) The use of the same silicone materials for both the aortic root wall and the leaflets does not reflect
the real histological differences of the different tissues. (3) The non-Newtonian flow properties of the
blood are not involved. (4) The time-resolved flow behaviors have not been captured. Future research
will focus on these aspects to improve the understanding of the hemodynamics and fluid-structure
interaction phenomena in more realistic biological settings.
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