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ABSTRACT 

Cardiovascular diseases are the leading causes of illness and death all around the world. The 

third most common cardiovascular disease is aortic stenosis (AS). AS is most commonly 

characterized as a stiffening of the native trileaflet aortic valve, which impedes blood flow 

into the aorta and puts extra stress on the heart. The aorta is the main artery that supplies 

oxygenated blood to the body. AS has been widely studied in the past. However, there has 

been little work in understanding the complex effects that non uniform stiffening of the aortic 

valve can have on the hemodynamics inside the aorta.  

The most effective treatment for AS is to replace the stiffened valve with a prosthetic valve. 

Care must be taken to ensure that the replacement actually performs better hemodynamically. 

A major metric for prosthetic valve performance is the transvalvular pressure drop which is 

a measure of how much pressure, and energy, is lost as the heart pumps blood through the 

valve. Generally speaking, larger valves exhibit a smaller pressure drop because they restrict 

the flow to a lesser degree. This phenomenon has led to a trend for surgeons to implant the 

largest prosthetic valve possible, and in some cases, to expanding the aorta to fit even larger 

valves. However, there has been relatively little work done on determining the effects of 

valve oversizing on the blood flow inside the Aorta.  

The aims of this study were two-fold. First, a model of AS was tested inside an in vitro aortic 

simulator in order to identify how different individual leaflet stiffnesses would affect blood 

flow. Digital particle image velocimetry (DPIV) was used to measure velocity profiles inside 

a model aorta. The DPIV results were used to estimate the wall shear stress and blood 

residence time. Our analysis suggests that leaflet asymmetry greatly affects the amount of 

WSS by vectoring the systolic jet and that stiffened leaflets have an increased residence time. 

This study indicates that valve leaflets with different stiffness conditions can have a more 

significant impact on wall shear stress than stenosis caused by the uniform increase in all 

three leaflets (and the subsequent increased systolic velocity) alone. Second, the 

experimental apparatus was used to test different prosthetic valve sizes and valve mounting 

methods in order to identify how they affected residence time inside the sinus bulge. Dye 
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residence experiments and DPIV were used to measure fluid stasis in several different 

combinations of prosthetic valve sizes, sinus sizes, and valve mounting methods. Our results 

indicate that valve to sinus sizing and mounting method is very important and can lead to 

greatly increased residence time and thrombosis risk. We have also identified a metric that 

can predict the threshold at which valves become oversized.  
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C h a p t e r  1  

Introduction 

1.1 The Heart  

The heart is the organ responsible for pumping blood throughout the human body. It is made 

up of four chambers: the left atrium, the left ventricle, the right atrium and the right ventricle 

(figure 1.1). The right side of the heart is dedicated to pumping deoxygenated blood through 

the pulmonary arteries and the lungs in order to replenish the blood’s oxygen and remove 

carbon dioxide. The blood then is pumped through the pulmonary veins until it reaches the 

left atrium. The left atrium contracts and forces blood through the mitral valve and into the 

right ventricle. The contraction of the left ventricle increases the pressure inside the chamber 

and causes the mitral valve to close2. Once the pressure inside the left ventricle has increased 

to the point where it is equal to the pressure inside the aorta, the aortic valve opens. As the 

pressure inside the left ventricle further increases, the blood inside the ventricle is forced into 

the aorta17. The aorta is a major blood vessel that supplies oxygenated blood to the entire 

body. It is composed of three main parts: the ascending aorta, the aortic arch, and the 

descending aorta. The ascending aorta houses the sinus bulge (also commonly referred to as 

the aortic sinus or sinus of Valsalva) which is a widening of the aorta around the aortic valve. 

The aortic valve has three leaflets and is actuated passively, meaning that there is no active 

control that dictates whether the valve is open or closed and prevents liquid from entering 

the ventricle after contraction. For the purposes of this work, the cardiac cycle can be broken 

into two parts: systole, when the left ventricle contracts and blood is forced through the aortic 

valve, and diastole, when the aortic valve closes and the left ventricle refills with blood. The 

number of cardiac cycles per minute is referred to as the heart rate and is measured in beats 

per minute. The amount of fluid pumped out of the ventricle in each cycle is stroke volume 

(which is measured in milliliters). The product of the stroke volume and the heart rate is the 

cardiac output (measure in liters per minute) and is a measure of how much blood the heart 

is pumping at any given time.  
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Figure 1.1 A schematic of the human heart and the major arteries 

and vein that connect to it. Adapted from 
https://openstax.org/books/anatomy-and-physiology/pages/19-1-

heart-anatomy 

 

1.2 Aortic Stenosis and Wall Shear Stress 

Aortic Stenosis (AS) is the third most common cardiovascular disease in the world37. Aortic 

stenosis is characterized by a decrease in the effective orifice area of the tri-leaflet aortic 

heart valve. The primary effect of this condition is the restriction of blood flow from the heart 

because the left ventricle forces the blood through a smaller than normal valvular opening. 

Clinically, AS is commonly characterized through the American College of Cardiology 

(ACC)/American Heart Association (AHA) guideline3. This guideline sets criteria for the jet 

velocity, pressure gradient, and valve area and classifies stenosis into mild, moderate, and 

severe categories. There can be several mechanisms by which AS can occur, but the most 

common is the calcification of the aortic valve leaflets. Calcification effectively increases the 

stiffness of the leaflets39  and prevents them from fully opening. 

 In addition to restricting blood flow into the aorta, the conditions mentioned above can create 

abnormal hemodynamics downstream of the valve. These irregular blood flows can arise 

https://openstax.org/books/anatomy-and-physiology/pages/19-1-heart-anatomy
https://openstax.org/books/anatomy-and-physiology/pages/19-1-heart-anatomy
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from asymmetrical stiffening of the valve leaflets, which can change the distribution of wall 

shear stress (WSS) in the ascending aorta1. Abnormal WSS can have several detrimental 

effects depending on the magnitude and frequency of the stress. Low and oscillatory WSS 

can lead to thrombus formation and atherosclerotic lesions10. High wall shear stress can lead 

to shear-induced thrombotic trauma47. Researchers have connected the eccentric systolic jets 

created by certain types of mechanical heart valves and bicuspid aortic valves to the growth 

of saccular aneurysms and increased WSS where the jets impinge on the aortic wall31,36,42. 

Furthermore, disrupting normal aortic hemodynamics and valve leaflet opening kinematics 

may affect the residence time near the leaflets. Residence time has previously been used to 

identify the risk of thrombus formation in the sinus bulge20. 

Previous studies have demonstrated that AS causes higher aortic WSS through in vitro 

experiments, in silico simulations25, and in vivo observations30,38. The decrease in effective 

orifice area associated with AS causes velocity of the systolic jet to increase during each 

cardiac cycle as the heart attempts to maintain a specific cardiac output. The high velocity 

systolic jets increase the vorticity and turbulence in the ascending aorta30 and impinge on the 

aorta leading to high shear and normal stresses25. However, existing studies typically model 

AS as a symmetric decrease in the effective orifice area of the aortic valve. While this 

simplification is useful for high level observations on the effects of AS, and for statistical 

analyses with clinical datasets, it does not capture the complex hemodynamics that occur 

downstream of individual stenotic valves. Computed tomography of AS valves shows the 

variance in calcium deposits between individual leaflets34. In some cases, singular leaflets 

can remain completely free from calcium deposits. Non-uniform stiffening of the stenotic 

valves, in effect, alters the valvular opening geometry and may lead to downstream 

hemodynamics similar to those created by the mechanical heart valves and bicuspid valves 

mentioned earlier 31,36,42.    

The aforementioned work investigates the effect of aortic valve leaflet stiffness variability 

on the flow inside the ascending aorta and the distribution of WSS in a physiologically 

relevant in vitro model. The parameters measured include velocity profiles of the systolic 
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jets, WSS, and residence time. Valve modification was achieved by stiffening individual 

leaflets on a polymer prosthetic aortic valve. Various configurations of stiffened leaflets 

serve as a model for aortic valve stenosis. 

1.3 Prosthetic Aortic Valves and Blood Residence Time 

The only effective treatment for severe aortic stenosis is aortic valve replacement surgery 35 

where a prosthetic valve replaces the stenotic native valve.  There are several different types 

of  prosthetic heart valves that fall into three main categories: mechanical valves, 

bioprosthetic valves, and polymer valves (Figure 1.2). Mechanical valves are valves that are 

constructed from manmade materials such as metals and plastics. Some examples of these 

include ball in cage valves, single leaflet, and bileaflet valves8. They exhibit excellent 

durability and often last for the entire lifespan of the patient. However, they require lifetime 

anticoagulation treatment because they are prone to thrombus formation29. Furthermore, 

these valves can create abnormal systolic jets that can affect the endothelial lining of the aorta 

as was described in the previous section. Bioprosthetic valves are created using biological 

tissue and mimic the shape of the native trileaflet aortic valve. They can be xenografts, which 

are created from either porcine or bovine tissue, or they can be homografts, which are donated 

human valves8. Bioprosthetic valves perform better hemodynamically, however they are 

typically less durable than mechanical valves and can calcify similarly to native valves29. 

Polymer valves, as the name would suggest, are created using a synthetic polymer to create 

compliant leaflets that mimic the shape of the native valve. The benefits of using a synthetic 

polymer for valve construction are numerous. Polymer valves would be much easier and 

cheaper to manufacture, would be resistant to biofouling, and would exhibit excellent 

hemodynamics on par with native and biological valves. At the time of writing, there is 

currently one polymer valve that is undergoing clinical trials24. This study will focus on 

bioprosthetic and polymer valves because the problematic hemodynamic performance of 

mechanical valves has been investigated by several researchers in the past6,26,44. However, to 

summarize, mechanical valves have been shown to cause cavitation, which can lead to blood 

cell damage. This increases the propensity for thrombus formation. Furthermore, some 
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mechanical valves can create highly eccentric systolic jets that have been theorized to cause 

aortic saccular formation, as was mentioned in the previous section.  

Historically, prosthetic valve performance has been measured in a very similar way to AS.  

The effective orifice area of the valve normalized to the body surface area of the patient is 

used to determine whether the size of the valve is too small. In such cases, the patient is said 

to experience valve prosthesis-patient mismatch (PPM) 14,15. The consequence of PPM is the 

generation of higher-than-normal transvalvular pressure gradients40. In essence, the smaller 

valve orifice area constricts the flow from the heart which causes the ventricle to have to 

work much harder to pump the same amount of blood. The transvalvular pressure gradient 

is a metric of how much energy is lost across the valve and typically decreases with larger 

effective orifice area and increases with higher flow rates. Large pressure gradients can lead 

to left ventricle hypertrophy and decreased survival rates after aortic valve replacement15,32. 

In order to avoid PPM and high transvalvular pressure gradients, surgeons tend to choose the 

largest size prosthetic valve that can be physically fit inside the sinus9 and in some cases even 

surgically expanding the aortic root with a procedure known as patch enlargement so that 

larger valves could be implanted43. However, there has been very little work on the effects 

of deliberately oversizing prosthetic valves. The few studies that exist focus on how valve 

oversizing can physically deform prosthetic valves such that they do not open, hurting their 

hemodynamic performance7,9.  

The following work presents a discussion on the effect of geometrical factors such as valve 

sizing and valve mounting methods, such as Cor-knots, on the blood flow around the valve, 

specifically, regarding blood residence time. Residence time is a measure of blood stagnation 

and stasis. High residence time increases the risks of thrombus formation12. Thrombus 

formation inside the aorta can cause strokes or transient ischemic attacks33. It has also been 

shown previously that thrombus formation can occur on valves with improperly expanded 

leaflets16 or geometric confinements due to valve in valve (VIV) procedures46 (when a 

transcatheter valve is implanted inside a poorly performing preexisting prosthetic valve). 

Cor-Knots (LSI Solutions) are a surgical device that removes the need for manually tying 
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knots when suturing the valves to the aortic annulus. The Cor-Knot device leaves between 

10-12 4-millimeter titanium posts protruding into the sinus bulge. Some examples of Cor-

knots can be seen in Figure 1.2. They have been shown to reduce surgery times. However, 

there is an ongoing debate on whether they actually provide long term benefit to patients23. 

We theorize that the presence of Cor-Knots may reduce blood flow and increase residence 

time around the base of the valves.  

In order to study the effects of geometrical factors such as Cor-Knots and valve sizing and 

their impacts on life threatening thrombosis risks, we performed several experiments. The 

parameters studied were dye residence time and several fluid washout metrics such as 

average flow velocity and velocity fluctuation deviation. Tests were performed in vitro with 

a model aorta and flow simulator that replicated the conditions inside a typical human aorta.    

 
Figure 1.2:  Examples of Mechanical valves, Bioprosthetic valves, 
and Polymer valves. Cor-Knots can also be seen on several of the 

sewing cuffs (most notable in the bottom right). 
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C h a p t e r  2  

Experimental Setup and Methods 

This chapter describes the experimental setup used to simulate blood flow inside the aorta 

directly downstream of the aortic heart valve and the techniques implemented to measure the 

aforementioned flow. 

2.1 Aortic Root Model  

This section is dedicated to describing our in vitro test apparatus that lets us mimic the 

conditions inside the aorta during the complete cardiac cycle.  

2.1.1 Native Valve Model  

A schematic of experimental setup can be seen in figure 2.1. The native aortic valve and 

ascending aorta model was developed to closely approximate a typical human aorta. It was 

constructed with a polymer prosthetic tri-leaflet heart valve mounted to the base of a curved 

glass pipe with an internal diameter of 28 mm. Following the position of the heart valve, the 

diameter of the glass model widened to 34 mm to simulate the sinus bulge. Downstream of 

the sinus bulge, the pipe bent into an arc with a radius of curvature of 53mm. This portion 

acted as the ascending aorta and the aortic arch. A pulsatile heart pump (Harvard Apparatus) 

drove fluid through the valve with a stroke volume of 70 mL at 50 beats per minute (bpm). 

The duty cycle of the pump was set to 30% systole and 70% diastole. A water column 

connected to the end of the glass pipe provided physiological back pressure of 100 mmHg 

on the valve during diastole. The water column emptied into a reservoir heated to 37 degrees 

Celsius to simulate the average body temperature and ensure that the heart valve polymer 

functioned at its designed specifications. The entire aorta model was immersed into the 

reservoir to ensure uniform heating and to reduce the distortion caused by the index of 

refraction mismatch between the working fluid and the surrounding air. The fluid used for 

the native valve experiments was pure de-ionized water. 
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In this model, we used a tri-leaflet 23mm Tria polymer heart valve (courtesy of Foldax Inc.). 

The valve is constructed using Siloxane Poly(urethane-urea) Elastomer24 which is touted to 

exhibit excellent biocompatibility and biostability while limiting risk of thrombus formation 

and calcium deposition. Additionally, the valve geometry mimics native trileaflet heart 

valves. Figure 2.2 shows a close-up of the prosthetic valve. 

Four configurations of the prosthetic heart valve were tested (Figure 2.2). The first 

configuration was a typical polymer heart valve where no leaflets were stiffened. This case 

will be referred to as symmetric typical (ST) and measured as a baseline for standard heart 

valve operation. The second case was a polymer heart valve where all leaflets were stiffened. 

This fully stiffened configuration will be referred to as symmetric stenotic (SS) and modeled 

severe aortic valve stenosis. The third case was a polymer valve with a single stiffened leaflet. 

In this case, the stiffened leaflet was oriented near the inner wall of the aortic arch and will 

be referred to as asymmetric one (A1). The last case was a polymer valve with two stiffened 

leaflets. The stiffened leaflets were positioned near the outer wall of the aortic arch and will 

be referred to as asymmetric two (A2). The stiffening of leaflets was achieved by depositing 

several layers of Sylgard 184 Polydimethylsiloxane (PDMS) on each leaflet to increase their 

thickness from 0.05 mm to 0.5 mm. PDMS is an organic silicone compound that was 

deposited on the valve leaflets in a liquid form and then cured using the curing agent that 

came with the Sylgard kit. It was cured at 40 degrees Celsius, which created a silicone 

polymer with a Young’s modulus of 1.5 MPa27. The material properties of native leaflets and 

calcium deposits vary, but we used a value of 6 MPa for the leaflet and a value of 1000 MPa 

for calcium deposits4. By thickening the leaflets by a factor of 10, we increased their effective 

stiffness by a factor of 1000 because stiffness is proportional to Young’s modulus and to the 

cube of the thickness (for a thin plate). Therefore, stiffened leaflets exhibited a 1000-fold 

increase in stiffness versus the unstiffened leaflets and served as an adequate model of 

severely stenotic aortic valves. The PDMS could be peeled off to return the valve to its 

unmodified configuration.  
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Figure 2.1: Top: Photograph of the experimental Setup. Note that 
the sinus bulge is missing in the curved glass pipe shown. Bottom: 
Schematic of the Experimental Setup. Note the laser sheets that 
were used to illuminate the DPIV particles. These laser sheets 

bisected the aortic arch and aortic valve. Care was taken to ensure 

that the laser sheet remained in the same location for every test. 
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Figure 2.2: 27mm Polymer Prosthetic Heart Valves developed by 
Foldax. Four different experimental configurations are shown where 

red overlays on the leaflets indicate that they have been stiffened 
from 0.05 mm to 0.5 mm 

2.1.2 Prosthetic Valve Model 

The glass aorta model described in the previous section was modified to allow for sinus 

bulges of varying diameters to be installed to study flow patterns of different diameter valves 

in a range of normally sized sinus bulges found in patients. The sinus bulge can range from 

27 mm to 36 mm in human adults13. This was accomplished by cutting the glass tube just 

before the bend and installing a silicone gasket that allowed smaller glass tubes with differing 

size sinus bulges to be inserted. Important for this set of experiments, these sinuses had ports 

for dye injection attached to the sinus bulges. Figure 2.3 shows the modified aortic arch 

model and different sinus bulge tubes. The pulsatile pump was set to a heart rate of 60 bpm 
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and a stroke volume of either 50 mL or 83 mL to match cardiac outputs of 3 liters per 

minute (lpm) or 5 lpm. These cardiac outputs were chosen because they encompass a low 

and average range for typical humans respectively.  

In order to ensure that the conditions inside the aorta model were as close to philosophical 

typical as possible, the working fluid used for the Prosthetic Valve experiments was changed 

to a 50%  water, 50% glycerol mixture. This mixture matches the viscosity of human blood 

when heated to body temperature. Over time, the water would evaporate and change the 

mixture’s composition. To combat this, the mixture was weighed before every experiment 

to ensure that density was within 0.01 g/cm3 of the target density to account for water 

evaporation49. 

Four different aortic replacement valves were tested. The valves tested were the 21 mm Tria 

valve, the 23 mm Tria valve, the 25 mm Tria valve and the 25 mm Perimount tissue valve. 

These valves were tested in several different configurations by changing the size of the sinus, 

or by mounting the valves with Cor-Knots. 

We chose to use formation number as a metric to measure valve performance against. 

Formation number is a non-dimensional number that relates to the stroke ratio L/D of a 

column of liquid that enters a quiescent fluid bath as a jet. L is the length of the column and 

D is the diameter. The formation number has been studied extensively with respect to vortex 

ring formation. Gharib et al. (1998) showed that jets with a formation number less than 4 

created single vortex rings. Jets with a formation number of more than 4 caused vortex rings 

to form in front of a trailing jet with secondary vortical structures. The leading vortex ring 

would always pinch off due to constraints on the amount of vorticity that the vortex ring 

could absorb before it pinched off from the trailing jets. More recently, researchers have 

applied formation number to the vortical structures seen in the heart in both in vitro28  and in 

vivo studies19. We apply it to the flow in the aorta as a measure of the vorticity injected during 

each systole. The systolic formation number of each valve was found by calculating the 

stroke ratio L/D using the stroke volume of the pump and the Gross Orifice Area (GOA) of 

each valve. The GOA of a valve refers to the area of the orifice that a valve creates when it 
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is fully opened. The length L of the stroke ration was calculated by dividing the stroke 

volume of the pump by the GOA. D was calculated by assuming that the GOA was a perfect 

circle for each valve and solving for its diameter. The formation is calculated as follows:  

 
𝐿

𝐷
=

𝑉

(𝜋∗(0.5 𝑑)2)∗𝑑
  (1) 

where V is the stroke volume, and d is the diameter of the valve.  

 

Figure 2.3: Images of the two curved glass pipes that simulated the 
aortic arch. Top: Curved aorta with a 34 mm sinus bulge. Bottom: 
Curved glass aorta with interchangeable sinus bulge sizes (bottom 

right) Note that some sinuses had dye ports installed. 

2.2 Dye Measurements 
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Fluorescent dyes were used as a measure of blood stasis and mixing around the valve in 

the following experiments. Dye was injected into the sinus through a port in the side of the 

bulge. The dye was comprised of 40% water, 60% glycerol, and 1 milligram per liter of 

fluorescent tracer dye (Bright Dyes Fluorescent Green Tracer 105001-1). The dye mixture 

was denser than the working fluid and would settle under the valve inside the sinus. The dye 

was illuminated by two UV handheld lights. These lights provided volumetric illumination 

of the sinus around the valve and of the dye as it moved throughout this volume. A 

microcontroller (Arduino uno) was retrofitted to the Harvard pump to synchronize the 

equipment to a specific phase of the cardiac cycle. A light detector measured the position of 

the piston inside the pump and a relay controlled whether the pump was on or off. After 

running the pump and ensuring that the water column was primed with liquid, the pump was 

stopped at the same point at the end of diastole to replicate the same settings for all 

experimental trials. Following pump setup, 1 mL of dye was injected into the sinus by a 

syringe pump. Once the experiment started, the microcontroller triggered a high-speed 

camera (Motionpro Y at 125 fps) to start acquisition as the pump was started. Each test run 

lasted ten seconds which allowed for 10 cardiac cycles to be recorded. Each dye test was 

repeated 3 times to ensure reproducibility. The dye concentration was carefully tuned to 

ensure that it would not saturate the camera sensor when it fluoresced from the UV 

illumination. Therefore the luminance values from the camera could be used to measure the 

concentration of dye over time throughout the sinus bulge.  

All images were background subtracted by creating a maximum intensity projection of all 

frames from the last cardiac cycle of each data set. This maximum intensity projection 

created an image that was comprised of the brightest pixel values from the specified time 

period. The last cycle of the dye trials was used because all of the dye was washed away by 

this time so a background image of just the valve movement and reflections could be 

captured. This created a background image that ensured the motion of the valve would be 

removed from the fluorescence measurement and the dye fluorescence could be isolated. 
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Dye fluorescence measurements were computed by summing the pixel intensity of the area 

below the valve where the dye settled before the test. Only the pixels that originally contained 

dye were used in this sum. This provided a measure of dye washout over time after the 

cardiac cycle was started.  

2.3 DPIV Measurements 

Digital Particle Image Velocimetry (DPIV)48 was utilized to measure the velocity field inside 

the model aortas. DPIV uses a high-speed camera to track the motion of particles as they are 

moved by the fluid motion. The fluid flows were seeded with silver-coated ceramic 

microparticles (20 micrometers in diameter) upstream of the valve. A continuous laser with 

a wavelength of 550 nm and 1 W power in combination with a cylindrical lens were used to 

illuminate the nanoparticles in a sheet that spanned the curve of the glass pipe. The laser 

sheet was positioned such that it would bisect mounted valve. An image depicting where the 

valve was illuminated can be seen in figure 2.5. Care was taken to ensure that the laser sheet 

was in the same location throughout all of the tests. A high-speed camera (Motionpro Y) was 

used to record the flow at either 500 or 600 frames per second. For the native valve 

experiments, the field of the view of the camera was positioned to record the flow entering 

the aorta through the heart valve and impingement areas of the systolic jet on the wall of the 

aortic arch. The Prosthetic Valve experiments used a smaller field of view focused on the 

sinus bulge to capture the velocity of fluid above and below the valve.  

All images were preprocessed using a background subtraction algorithm where the average 

intensity was subtracted from the particle images. Qualitative streakline images were 

generated by applying the Kalman Stack filter in ImageJ41. This filter effectively 

superimposed the previous images of a sequence onto the analysis image. Each previous 

image was assigned a weight that decreased for images that were earlier in the image 

sequence. This produced an effect where particles would leave a streak with a tail that would 

become fainter. To further increase the visibility of the fluid’s motion, ImageJ’s Timelapse 

color coder tool was used to assign different colors to these superimposed images.    



 

 

15 

DPIV analysis was carried out using PIVview2C software. The inner and outer edges of the 

glass aorta and the valve were masked to be removed from quantification. Curves were fit to 

the mask points to mark the location of the boundaries for later analysis. The software 

provided time-varying velocity vector fields in the form of a Cartesian grid of discrete 

subsets, at the centroid of which each velocity vector is calculated. 

2.4 WSS Calculation 

The velocity vector fields measured by DPIV were used to calculate the velocity gradient 

values throughout the flow region, composed of the ascending aorta and aortic arch. The 

components (𝜎𝑖𝑗) of the stress tensor were calculated using the following equation,   

𝜎𝑖𝑗 =  𝜇 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)  (2) 

where 𝜇 is the dynamic viscosity and 
𝜕𝑢𝑖

𝜕𝑥𝑗
 𝑎𝑛𝑑

𝜕𝑢𝑗

𝜕𝑥𝑖
 are components of the velocity gradients 

calculated from the PIV measurements. The stress tensor was then used to calculate the 

traction force vector (𝑡) on a curve S which is parallel and adjacent to the wall by using the 

Cauchy relation as follows:  

𝑡 = 𝜎 ∙ 𝑁 (3) 

where 𝑁 is the wall unit normal vector. The traction vector was then decomposed along the 

wall unit tangent vector (𝑇) to calculate the shear stress (𝑡𝑤𝑠𝑠 ) at a given location as follows: 

𝑡𝑤𝑠𝑠 = 𝑡 ∙  𝑇  (4) 

The wall-normal and tangent vectors were found using the same curves marking the wall 

boundaries used for the PIV analysis. To estimate the wall shear stress as accurately as 

possible, the aforementioned methodology was carried out as close to the wall as possible. 

The walls of the glass vessel were identified by hand and the velocity on the wall was 

clamped to zero. Data subsets that were directly adjacent to the inner and outer walls were 
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used to calculate the velocity gradients, and subsequently, the shear stress acting on the 

wall. The coordinate system used in this analysis is shown in figure 2.4. 

 

Figure 2.4: Coordinate System used for WSS measurements 

2.5 Residence Time Calculations  

During the native valve experiments, residence time analysis was carried out using a 

simulated particle tracking algorithm. Simulated particles were seeded inside the flow field. 

The subsequent position of each particle was then estimated for each time step using the 

velocity field data from the PIV analysis. This analysis was carried out throughout a whole 

cardiac cycle starting at peak diastole. An area of interest near the top leaflet was designated 

as shown in Figure 2.5. The number of particles that started inside and ended inside the area 

during one cardiac cycle was then measured to produce a metric for how long blood remains 

stationary near the leaflet. The top leaflet was chosen because it was the only leaflet which 

was bisected by the laser sheet used for PIV measurements. On the bottom portion of the 

heart valve, the laser sheet bisected the post that supports the bottom two leaflets, so the 

residence time was ignored in this region.  

Residence time was estimated for the replacement/prosthetic valve experiments by 

calculating the average and the standard deviation of the velocity at specific points around 

Traction Vector 
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the different valves. These metrics will be referred to as mixing metrics when discussing 

their effects on the blood and valves. Average velocity serves as a measure of blood washout 

while velocity standard deviation relates to the turbulence intensity of the blood in the 

region17. Simulated particle tracking was not used for these experiments because the differing 

sinus and valve sizes made it unmanageable to ensure that each experimental configuration 

had an adequate number of simulated particles and velocity information. Furthermore, small 

gaps between the valve and the wall made it very likely that simulated particles would collide 

with the wall and remain stuck at the no slip boundary condition set there. These particles 

would interfere with the counting algorithm and degrade the quality of the measurement in 

these areas.  

 

Figure 2.5: : A) The red box indicates  the area that was used to 
calculate the residence time. Particles that started and ended this area 
were counted as having remained. B) A depiction of where the laser 
sheet intersected the heart valve. Only the top leaflet was illuminated 

enough for data acquisition. 

 



 

 

18 

C h a p t e r  3  

Results 

This chapter is dedicated to presenting our results on the hemodynamics caused by aortic 

valves inside our aorta model. 

3.1 Native aortic valve and leaflet stiffness asymmetry 

3.1.1 Qualitative Flow Measurements:  

To better understand how different valve leaflet stiffnesses affect the downstream 

distribution of wall shear stress, we first examined general flow patterns created by the valves 

inside the ascending aorta. Figure 3.1 depicts the streak visualization of the flow during peak 

systole for all four configurations. The baseline (ST) valve shows the flow features that 

would typically be present during systole, a wide central jet that expands out and slows down 

as it enters the aortic arch. Small recirculation regions were present above and below the 

systolic jet inside the sinus bulge. The stenotic valve (SS) also exhibits a distinctive systolic 

jet that travels along the center of the ascending aorta. However, the jet has a higher velocity 

because of its decreased effective orifice area when compared to the typical case. This leads 

to a narrower jet and creates larger recirculation regions near the walls. The configuration 

with a single stiffened leaflet near the inner wall (A1) deflects the systolic jet towards the 

outer wall of the ascending aorta. It creates a large recirculation region near the inner wall. 

The jet impinges directly into the outer wall of the ascending aorta. This flow pattern closely 

matches the flow created by a Björk-Shiley tilting-disc valve, which in some cases, was 

thought to contribute to the formation of saccular aneurysms in patients36,42.  Finally, the 

valve with two stiffened leaflets near the outer wall (A2) deflects the systolic jet towards the 

inner wall and creates the recirculation region near the outer wall. The systolic jet in this 

configuration more closely followed the anatomical curve of the aorta, which delayed jet 

wall impingement. For completeness, the time series of the evolution for each configuration’s 

systolic jets and the recirculation regions is presented in Appendix A. These time-lapses 
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provide detailed context for the observations discussed above in relation to the 

comparisons shown in Figure 3.1.  

 

Figure 3.1: Streak Images for each configuration. Each image was 
composed of a superposition of the 10 images that spanned 51% of 
systole to 55% (which equates to 46 milliseconds, 509 milliseconds 

after systole began) of systole when the velocity of the fluid was 

highest. 

 3.1.2 Systolic Jet Velocity Profile:  

To quantitatively measure the effects of leaflet asymmetry, the velocity profile of the fluid 

20 mm downstream of the valve was analyzed. These measurements serve as the entry 

condition for the flow into the aorta. The velocity profile of the fluid during peak systole for 

each experimental configuration is presented in Figure 3.2. As would be expected, the ST 

configuration of the valve produces a fairly uniform velocity profile with a peak velocity of 

0.85 m/s. The stenotic, SS, configuration produces a symmetric profile with a peak velocity 

of 1.7 m/s. This occurs because the stiffer leaflets do not open fully, decreasing the effective 
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orifice area of the valve. Given that the pulsatile Harvard pump was set to the same stroke 

volume for all configurations, the same volume of fluid had to be pumped through a smaller 

area, dramatically increasing the peak velocity during systole. This configuration also 

exhibits a large degree of reverse flow back towards the valve around the sinus bulge. Both 

the single stiffened leaflet (A1) and the double stiffened (A2) configuration produced 

asymmetric velocity profiles where higher velocity fluid was diverted away from the 

stiffened leaflets. Furthermore, the number of stiffened leaflets affected the effective orifice 

area of the valves and their respective peak velocities. In the A1 configuration, the systolic 

jet was vectored directly into the outer wall, whereas the A2 configuration vectored the jet 

towards the inner arch wall.   
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Figure 3.2: A: Image captured from the high-speed camera showing 
a typical particle image. The red dotted line indicated the location 
from which the velocity profile data in B was taken. B: Velocity 

vector data plots for the four different experimental configurations 

during peak systole. 

    3.1.3 Wall Shear Stress 

Wall shear stress is directly related to the velocity gradient of the fluid flow in the vicinity of 

the wall. Therefore, it would be expected that the valve configuration that produces a systolic 

jet with the highest velocity would produce the largest wall shear stress where the jet 

impinges on the wall. However, Figure 3.3 shows how the stiffness (resulting in angled jet 

trajectory) of the valve plays a much larger role in the distribution of wall shear stress. Both 
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of the symmetric configurations (ST and SS) follow the same spatial distribution along the 

inner and outer walls, where the only major difference is that the stenotic SS case has a larger 

overall magnitude. The A1 configuration has the largest overall average wall shear stress, 

even though it has a lower peak velocity than both the A2 and SS configurations. This is 

because the single stiffened leaflet near the inner wall of the aortic arch directs the systolic 

jet towards the outer wall of the arch, which leads to very early wall impingement. The A2 

configuration produces the second lowest wall shear stress because it deflects the systolic jet 

along the direction that the aortic arch is bending. Therefore, the jet has more time to disperse 

its kinetic energy into the surrounding fluid before it reaches the wall. Furthermore, the A2 

configuration reduces the average wall shear stress on the inner wall of the arch, which may 

be caused by a decrease in the amount of reverse flow near the inner wall.  
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3.1.4 Residence time 

Figure 3.4 shows the fraction of simulated particles that remained near the topmost leaflet 

during a single cardiac cycle. The highest residence times are associated with the SS and A1 

configurations. Both configurations had a stiffened upper leaflet, which indicates that 

stiffening a leaflet leads to less reverse flow in the sinus directly behind the stiff leaflet. The 

A2 configuration exhibited the lowest residence time ratio which is most likely attributed to 

how this configuration vectored the systolic jet upwards towards the inner wall and increased 

the profusion near the unstiffened leaflet. Furthermore, the unstiffened leaflets could move 

freely, which prevents blood flow from remaining stagnant in the sinus behind these leaflets. 

Figure 3.3: Wall shear stress plots for every 
experimental configuration. In each graph, the blue 
line is the unstiffened ST configuration as a 
baseline. The x-axis of the graph shows the 
distance along the ascending aorta with the heart 
valve situated at the inlet on the right side of the 
valve and the outlet referring to the point where 
the flow exits the field of view of the camera. A: 
Wall shear stress caused by the stenotic SS valve. 
This configuration exhibits the second highest 
average wall shear stress. B: WSS caused by the 
single stiffened leaflet configuration. This 
configuration produced the highest average WSS 
out of all cases. C: WSS caused by the double 
stiffened leaflet configuration A2. This 
configuration had the lowest WSS out of all 
stiffened cases while simultaneously reducing WSS 
on the inner wall.     
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Figure 3.4: The ratios of the particles that started and ended near the 
top leaflet (boxed in yellow). Stiffened upper leaflets had a higher 

residence time ratio.   

 

3.2 Prosthetic Valve Hemodynamics 

3.2.1 Prosthetic Valve Sizing  

Valve and sinus sizing were investigated to determine their effect on blood stasis and 

residence time 

 3.2.1.1 Dye Visualization  

Dye visualization was used as a tool to measure the performance of different valves and sinus 

combinations. Figure 3.5 shows a time sequence of the 23 mm Tria valve and the 25 mm 

Tria valve in a 32 mm sinus. It is immediately apparent that the 25 mm Tria valve clears less 

of the dye after each subsequent cycle. Moreover, the 23 mm Tria valve is able to completely 

remove the dye from the outer wall after one cycle whereas the 25 mm Tria has dye adhering 

to the sinus wall for several cycles. Figure 3.6 presents the quantitative fluorescence 

measurements for the area under the valve for the three Tria valve sizes tested (21 mm, 

23mm, and 25 mm). The 21 mm valve and the 23 mm valve both clear the majority of the 

dye in a single cardiac cycle. The 25 mm, as described previously, lags by several cycles in 
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both the low flow rate of 3 lpm and the high flow rate of 5 lpm. Figure 3.7 compares the 

23 mm Tria Valve with the 25 mm Perimount tissue valve. The gross orifice area (GOA) of 

these valves is similar, however the tissue valve is bulkier than the Tria valve. Overall, the 

tissue valve exhibits a similar amount of dye residence to the 23 mm Tria valve. However, 

the bioprosthetic valve clears the dye later than the 21 mm and 23 mm polymer valves. The 

polymer valves seem to start clearing during systole whereas the Perimount valve clears dye 

during diastole. The 23mm Tria valve was then tested in sinuses of different sizes. Figure 3.8 

summarizes the comparison between the 29 mm, 32 mm, and 33.5 mm sinuses. Generally, 

each configuration cleared most of the dye in a single cardiac cycle with very little variation.  

 

Figure 3.5: Time sequence of color enhanced dye images. At t = 0 
the pump has not been activated and the negatively buoyant dye has 
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settled underneath the valves inside the sinus. At t = 1 second, one 
cardiac cycle has passed. Note how more dye remains on the wall 
with the 25 mm Tria valve experiment than the 23 mm Tria valve. 
At t = 2 seconds, a second cardiac cycle has occurred and the 25 
mm Tria has cleared less dye than the 23 mm Tria valve. The red 
boxes denote where the dye fluorescence quantification occurs in 

the subsequent plots. 

 

Figure 3.6: Dye Fluorescence quantification in the area between the 
post and the sinus wall. In this experiment, sinus bulge diameter was 

held constant and different size polymer valves were tested over 
several cycles. The blue bar denotes when the first systole occurred, 

and the green bar denotes when the first diastole occurred.  

 

Figure 3.7: Dye Fluorescence Quantification of a 23 mm Tria valve 

and a 25 mm Perimount valve inside a 32 mm sinus bulge. 
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Figure 3.8: Dye Fluorescence Quantification of a 23 mm Tria valve 
inside a 29 mm, 32 mm sinus, and a 33.5 mm sinus. 

3.2.1.2 PIV Velocity Measurements 

Quantitative velocity information from around the valve was then measured using PIV. 

Figure 3.9 shows the average velocity color contour map around the valves computed over 

4 cycles. This data serves to illustrate that having oversized valves inside of narrow sinus 

bulges tends to create regions of low average flow velocity and standard deviation, indicating 

low levels of mixing and increased blood residence time.  

Next, individual points near the leaflets were analyzed to better understand the 

hemodynamics in that region. These points were selected by finding the midpoint between 

the valve and the wall both above the leaflet and below the post. Figure 3.10 presents both 

the average velocity and the velocity standard deviation plotted against the formation number 

of the valve during systole. The formation number can be understood as a measure of 

vorticity injected into the aorta and is impacted by the valve GOA and the cardiac output of 

the heart. Smaller valve GOAs and larger cardiac outputs would lead to larger formation 

numbers. In the areas near the leaflets, the average velocity, standard deviation, and therefore 

fluid washout increase linearly with increasing formation number.  
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However, the area between the valve post and the sinus wall did not follow the same trend 

as the space near the leaflets. Figure 3.11 shows how the average velocity and velocity 

standard deviation does not necessarily increase with increasing formation number. Instead, 

the dominant parameter in this area is the physical distance of the gap between the post and 

sinus wall as seen in figure 3.12. 

 

Figure 3.9: Average velocity heatmap for several different test 
configurations. Note how smaller sinuses tended to create slower 

average flow velocities between the post and the sinus wall. 
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Figure 3.10: Mixing metrics are plotted against systolic formation 
number. The mixing metrics were measured in the area above the 
valve leaflets and are denoted by the red dashed lines in the images 
above. In the legend, v stands for Tria valve and tissue refers to the 

Perimount valve.  
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Figure 3.11: Mixing metrics are plotted against systolic formation 
number. The mixing metrics were measured in the area between the 
valve posts and sinus wall and are denoted by the red dashed lines in 

the images above. In the legend, v stands for tria valve and tissue 

refers to the Perimount valve. 
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Figure 3.12: Mixing metrics are plotted against the distance between 
the valve post and the sinus wall (gap distance). In the legend, v 

stands for tria valve and tissue refers to the Perimount valve. 

 

3.2.2 Valve Mounting Geometry  

The effect of mounting the valves with Cor-Knots was studied.  

3.2.2.1 Dye Visualization 

Dye experiments provided a measurement of the impact of Cor-Knots on the blood flow 

surrounding the valves.  Figure 3.13 shows an example time series comparing the 25 mm 

Perimount tissue valve with and without Cor-knots. The injected dye stays adhered to the 

outer sinus wall for over two cardiac cycles when Cor-knots are present whereas the normally 

mounted valve clears most of the dye from the wall after a single cycle. Figure 3.14 shows 

the decay of fluorescence in the area where the dye settled before the heart pump was 
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activated. As opposed to the oversized valves who failed to clear dye within a single cycle 

regardless of cardiac output, increasing cardiac output when Cor-knots are present improves 

the washout of the valves. This is also observed with the 23mm Tria valve in figure 3.15. At 

3 lpm, the 23mm Tria valve mounted with Cor-Knots performs much worse than the same 

valve without Cor-Knots. However, when the valve size in decreased to 21 mm, dye is 

efficiently cleared regardless of the presence of Cor-Knots and cardiac output (figure 3.16).  

 

Figure 3.13: Time sequence of color enhanced dye images. At t = 0 
the pump has not been activated and the negatively buoyant dye has 
settled underneath the valves inside the sinus. At t = 1 second, one 
cardiac cycle has passed. Note how more dye remains on the wall 
with the Cor-Knot valve experiment than the 25 mm Tissue valve. 
At t = 2 seconds, a second cardiac cycle has occurred, and the 25 
mm Tissue with Cor-knots has cleared less dye than the 25 mm 
Tissue valve. The red boxes denote where the dye fluorescence 

quantification occurs in the subsequent plots. 
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Figure 3.14: Dye Fluorescence quantification in the area between the 
post and the sinus wall. Both tests used the same sinus and 25 mm 
Paramount valve. However, during one of the tests, the valve was 

mounted with Cor-knots. The blue bar denotes when the first 
systole occurred, and the green bar denotes when the first diastole 

occurred.  

 

 

Figure 3.15: Dye Fluorescence quantification of the Cor-knot 
equipped 23mm Tria valve versus the 23mm Tria without Cor-knots 
The blue bar denotes when the first systole occurred, and the green 

bar denotes when the first diastole occurred. 
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Figure 3.16: : Dye Fluorescence quantification of the Cor-knot 
equipped 21mm Tria valve versus the 21mm Tria without Cor-knots 
The blue bar denotes when the first systole occurred, and the green 

bar denotes when the first diastole occurred. 

3.2.2.2 PIV Velocity Measurements 

PIV provided time-varying velocity information around the different valves which was used 

to measure the effective mixing and fluid stasis around the Cor-knots at the base of the valve. 

The area above the leaflets was analyzed first. Figure 3.17 compares the average velocity 

and velocity standard deviation of valves with and without Cor-Knots by plotting them 

against the Formation Number. In every case, the valves equipped with Cor-Knots 

underperform and fall below the trend of the valves without Cor-knots. The 21 mm Tria 

valve is least affected by the presence of Cor-knots which is consistent with the dye studies 

performed in the previous section.  

The area between the valve posts and the sinus wall was analyzed next.  Figure 3.18 presents 

the average and standard deviation of the velocity plotted against the gap distance (the 

distance between the post and the sinus). This region follows a similar trend as the region 

near the valve leaflets with Cor-Knots valves performing slightly worse in both average 

velocity and standard deviation. This occurs despite the Cor-Knot valves having a slightly 

larger gap distance. This gap increase is most likely caused by the Cor-Knots themselves 

causing the valves to be slightly shifted upwards.  
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Finally, figure 3.19 shows the average velocity fields of the 23mm Tria valve with and 

without Cor-Knots. The presence of the individual Cor-knots dampens the average velocity 

in their vicinity at low cardiac outputs. However, increasing the cardiac output did serve to 

reduce the effect that the Cor-Knots had on the surrounding flow.  

 

Figure 3.17: Mixing metrics for valves with and without Cor-knots 
plotted against formation number. In the legend, v stands for tria 

valve and tissue refers to the Perimount valve. 

 

Figure 3.18: Mixing metrics for valves with and without Cor-knots 
plotted against gap distance. In the legend, v stands for tria valve 

and tissue refers to the Perimount valve. 
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Figure 3.19: Average Velocity Heatmaps of the 23 mm Tria valve 
with and without Cor-Knots.  
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C h a p t e r  4  

Discussion 

4.1 Native aortic valve and leaflet asymmetry 

The stiffness of the individual leaflets, and hence the opening geometry of the tri-leaflet 

aortic valve, heavily influences the downstream hemodynamics in the ascending aorta. The 

first, most apparent effect is the gradual decrease in the effective orifice area of the valve as 

leaflets are stiffened. This leads to higher systolic jet velocities and increased WSS from 

systolic jet impingement on the wall. These findings were to be expected and match closely 

with results from previous studies25,30,37,38. However, Oojj et al. (2017) remarked that 

different AS patients had highly variable flows and that AS was the dominant factor when 

compared to other factors such as bicuspid aortic valves38. This work was an expansive study 

that averaged results over hundreds of patients. However, by averaging their results, they 

could not draw specific conclusions from individual patient’s stenotic valvular geometries. 

This illustrates the impact stenosis, and more importantly, the non-uniform stiffening of 

aortic leaflets can have on the hemodynamics in the aorta. Our systemic approach allowed 

us to illuminate the complex effects that non-uniform leaflet stiffening create in the aorta. 

When only one or two leaflets are stiffened, the systolic jet is vectored away from the 

stiffened leaflets. In effect, the eccentricity of the systolic jet is increased in a predictable 

fashion with the jet being diverted away from the stiffened leaflets. The eccentricity of the 

systolic jet directly influences the distribution of WSS, with the highest WSS being located 

where the jet impinged on the aortic wall. Notably, the valve configuration that produced the 

highest WSS was the A1 valve, even though this valve had second largest effective orifice 

area and the second lowest systolic jet velocity. In a clinical setting, an analogous valve with 

a single stiffened leaflet would be classified as less stenotic than the A2 and SS valve 

configurations because it would perform better in all ACC/AHA guideline metrics3. 

However, the high WSS exhibited by the A1 configuration could lead to conditions similar 

to those created by bicuspid valves and mechanical valves where highly eccentric systolic 
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jets were thought to cause the growth of saccular aneurisms in the ascending aorta31,36,42. 

The A2 configuration produced the lowest WSS of any stiffened leaflet configuration even 

though it exhibited a higher jet velocity and a smaller valve area. This illustrates how the 

WSS distribution in an aorta is highly dependent on the individual stiffnesses of the upstream 

valve. The leaflet stiffening also heavily influenced the residence time of the fluid directly 

adjacent to the valves. Stiffer leaflets consistently increased the number simulated particles 

that remained near the leaflet over one cardiac cycle. This is likely due to the fact that the 

stiffened leaflets could not open properly, and the eccentricity of the systolic jet caused there 

to be low flow velocities behind the stiffer leaflets. This would theoretically lead to a higher 

chance of thrombus in the sinus bulge. 

The aforementioned work on Aortic Stenosis serves two purposes. Firstly, it models and 

visualizes the hemodynamics associated with the disease states found in aortic stenosis so 

that they can be better understood and accurately simulated. The data presented above can 

be used to validate detailed numerical simulations of the aforementioned disease. Secondly, 

it shows how WSS can be controlled through careful manipulation of the aortic valve’s 

individual leaflet thicknesses. A creative potential application of this work is the downstream 

control of the systolic jet through the customization of valve leaflet stiffnesses, which could 

be used to tailor replacement prosthetic heart valves to individual patients. However, care 

must be taken to balance the amount of leaflet stiffening with the decrease in the effective 

orifice area and the increase in the residence time inside the sinus. While the level of 

stiffening used in this study was far more than would ever be used in any prosthetic 

replacement valve, this study serves as a proof of concept for tailoring valvular leaflets 

characteristics to individual patients in order to optimize the hemodynamics inside the 

ascending aorta. Furthermore, the recent development of reliable polymer tri-leaflet 

prosthetic valves will make the manufacturing of these patient-specific valves much simpler 

and realistic. 

4.2 Prosthetic Valve Hemodynamics 
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Both aortic Prosthetic Valve sizing and valve mounting configuration play a large role on 

the hemodynamics inside the aorta, and primarily, the residence time inside the sinus bulge. 

Valve sizing impacts the flow in two distinct ways. First, it affects the formation number of 

the systolic jet entering the aorta. Larger diameter valves exhibit a larger GOA. Therefore, 

under similar conditions (same stroke volume and heart rate) a larger valve will have a lower 

velocity systolic jet than a smaller diameter valve, and thus, a lower formation number. This 

can also be thought of as larger valve injecting less vorticity into the aorta11. Figure 3.10 

shows the range of formation numbers covered by the different valves in this study. None of 

the tested valves reached formation number of less than 4, which is the point vortex ring 

pinch-off occurs18. This indicates that the systolic jets from the valves did not create 

individual vortices and instead exhibited well developed trailing jets and secondary vortical 

structures behind the primary vortex. Increasing formation number leads to linearly 

increasing mixing measures (average and standard deviation of velocity) in the areas near 

the leaflets of the valves. Due to the geometry of the trileaflet valves, these areas were the 

most “open” and allowed for the flow in the ascending aorta to interact with the fluid near 

the leaflets more readily. Therefore, the steady increase of the two mixing criteria with 

increasing formation number is to be expected because as the formation number grows, more 

vorticity is added to the fluid in the aorta and the velocity of the systolic jet also increases. 

However, the formation number does not have as strong of an effect on the fluid situated 

between the posts of the valve and the sinus wall (figure 3.11). This relates to the second 

mechanism by which valve sizing affects the flow in the sinus. The second way that valve 

sizing affects the aortic hemodynamics is that larger valves will inherently take up more 

volume inside the sinus bulge and the gap between their posts and the side of the sinus wall 

will be smaller. These smaller gaps are more isolated from the flow inside the aorta and can 

form pockets where blood remains trapped. The geometrical confinement of the blood flow 

is similar to how thrombosis can occur on TAVR valve leaflets when they have undergone 

improper implantation16,33. It is clear that the mixing criteria both decrease as the gap distance 

decreases (3.12). Furthermore, the average velocity in this region is almost half of that in the 

region near the leaflets. However, the average velocity and velocity standard deviation does 

not necessarily show the critical threshold where mixing in the region between the posts and 
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the sinus wall becomes too low. This is where the dye measurements become relevant. 

The dye visualization falls under two main categories valve configurations that managed to 

clear the majority of the dye in a single cardiac cycle, and valve configurations that took 

more than one cycle to clear the dye from the area under the valve post. The inability for a 

valve to completely clear dye in a single cardiac cycle indicates a significantly long blood 

residence time and a higher risk of thrombosis formation20. Comparing which valves 

performed poorly in the dye experiments with how they performed with the PIV velocity 

measurements provides a preliminary threshold for determining what gap distances will be 

acceptable to avoid thrombotic risk. The 25 mm Tria valve performed the worst in the dye 

visualization experiments. Referencing figure 3.12, we see that the gap distance for this valve 

was 1.57 mm and that both of the mixing criteria were 0.01 m/s. The 25 mm Perimount valve 

had a smaller gap distance of 1.47 mm but performed better than the 25 mm Tria on both the 

mixing parameters and in the dye visualization experiments. This is most likely because of 

the valve’s smaller gross effective area and, thus, larger formation number. However, the dye 

visualization shows how late in the cardiac cycle the dye is cleared which indicates that the 

valve may be barely able to adequately washout the sinus. In order to account for both 

formation number and gap distance, Figure 4.1 presents the mixing criteria between the post 

and the sinus wall against the product of the formation number and the ratio of the gap 

distance over the diameter of the valve. This ratio will be called the formation gap ratio.  

It is important to clarify that 25 mm Tria valve is not an inherently poorly performing valve. 

As previously stated, the dimensions of the human sinus bulge vary from 27 mm to 36 mm, 

and the 25 mm Tria valve is an oversized configuration for the 32mm sinus bulge. This valve 

choice proved useful as a test case for studying detrimental effects of oversizing on a patient’s 

health and to challenge the current trend for surgeons to use the largest prosthetic valve 

available (1.3.8). The 25 mm Tria valve would be an adequate choice in patients with larger 

sinus bulges as cardiac output and aortic root size tend to increase with increasing body 

surface area (BSA)22,13.   
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The presence of Cor-Knots mounting posts around the valve also heavily influenced the 

residence time in the aorta. Three different valves were tested with and without Cor-Knots. 

These were the 21 mm Tria, the 23 mm Tria, and the 25 mm Perimount. Unfortunately, the 

25 mm Tria could not be tested with Cor-knots because this configuration could not fit inside 

the glass sinus model. In their normal mounting configuration, all of the tested valve 

configurations managed to clear the dye after a single cycle. However, both the 23 mm Tria 

and the 25 mm Perimount exhibited significantly higher dye residence time when mounted 

with Cor-knots. This trend continued with the PIV measurements with all Cor-Knot mounted 

valves showing lower mixing criteria both near the leaflets and between the post and sinus 

wall. However, both the 23 mm Tria and the 25 mm Perimount valve recovered performance 

with higher cardiac outputs in the dye visualization and in mixing criteria in the gap between 

the post and sinus. This phenomenon indicates that the presence of Cor-knots pushes the 23 

mm Tria and 25 mm Perimount past the critical threshold where their residence time becomes 

significant. Essentially, the Cor-Knots act as baffles to the flow that severely impedes flow. 

This decrease in mixing criteria was even present in the more open region of the valve near 

the leaflets. The 21 mm Tria did not exhibit a detrimental increase in dye residence time and 

maintained adequate mixing criteria for both cardiac outputs tests which implies that the 21 

mm valve’s large gap distance and high formation number could create adequate washout 

despite the effects of the Cor-Knots.  

The work presented serves to highlight the importance of proper aortic valve sizing and to 

define a possible threshold for valve oversizing. There has been a trend among surgeons to 

implant the largest valve possible in order to minimize the transvalvular pressure drop and 

prevent patient prosthetic mismatch9,14. However, there has been very little previous work 

on the effects of valve oversizing. Our work shows how oversized valves can significantly 

reduce the washout around the different prosthetic aortic valves, especially when Cor-Knots 

are present around the valves. According to our observations, valves perform in a binary 

manner, where the valve either creates enough washout to present hemostasis between the 

posts and sinus wall or fluid remains after each cardiac cycle and increases the risk of 

thrombosis. The dominant factors that affect the propensity for a valve to perform poorly are 
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the valve’s gap distance between the valve’s post and the sinus wall and the systolic 

formation number. The gap distance is affected by the external size of the implanted valve 

and the size of the sinus bulge. Large valves implanted inside small sinuses will lead to tight 

spacing between the two, which could lead to reduced velocity and mixing in that area, 

increasing residence time. A valve’s systolic formation number increases with increasing 

stroke volume and decreases with valve gross orifice area. In the future, proper valve sizing 

must balance patient prosthetic mismatch against valve oversizing. Larger valves that exhibit 

smaller and more favorable transvalvular gradients will also take up more space inside the 

sinus and risk small gap distances and lower formation numbers. This study also illustrates 

that a formation gap ratio of less than 0.5 puts the valve at risk of hemostasis and thrombosis. 

The presence of Cor-knots further exacerbates the risks  and increase blood residence time. 

These devices should be investigated further to ascertain the degree to which they effect the 

hemodynamics inside the aorta and to weigh the benefits they provide versus the risks they 

introduce. Future work must be done in order to validate these findings inside an in vivo 

model. However, formation gap ratio can be readily measured through pre-operative imaging 

and could provide surgeons with a necessary upper bound for valve sizing.  

 

 

Figure 4.1: Mixing metrics plotted against Formation Gap Ratio for 
all valves without Cor-Knots. 

4.3 Study Limitations  
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The aforementioned work was carried out in a vascular glass model. While useful for 

identifying trends that stenotic valves would produce inside the human vasculature, there are 

several limitations inherent to this in vitro experimental setup. First, the material properties 

of the glass aorta analog prevented the model’s walls from exhibiting the compliance of the 

human vasculature system. Previous studies have documented the effect of compliance on 

the hemodynamics inside the aorta. Most significantly to this work, rigid aorta models have 

higher systolic velocities and an increased amount of turbulent kinetic energy5,21. 

Furthermore, a compliant aorta model would likely change how WSS, and wall-normal stress 

are distributed along the wall as the vessel deforms due to these stresses. We deemed the 

need for image clarity to be more important for this initial work because movement of the 

aortic wall would degrade our measurement and analysis of the WSS. Moreover, we feel that 

the relative differences that were described in the native valve study, such as the ability for 

stenotic valves to divert the systolic jet into the aortic wall, will hold in compliant models 

that will be carried out in future works. Secondly, velocity information was only measured 

from within a 2-dimensional cross-section of the flow. This prevented us from measuring the 

complex out of plane flow patterns which make up the hemodynamics inside the aorta. 

However, we were most interested in the flow patterns that were in the same plane as the 

aortic arch. Third, our system for creating non-uniform stiffness conditions for different 

stenotic native valve configurations was binary, as in each leaflet was either unstiffened or 

stiffened. We did not investigate the effect of different levels of stiffness for each leaflet. Our 

goal was to measure the maximal effect that non-uniform leaflet stiffness conditions could 

produce. However, it is unlikely that entire leaflets would be stiffened uniformly as seen in 

this work. Calcium deposits and fibrosis can semi-randomly accumulate on the leaflet’s 

surface meaning that the stiffness of a single leaflet can vary wildly. We deemed that this 

added to much variability and was excluded from our model but would be interesting to 

future work. Furthermore, our experiment still identifies very informative trends about the 

effects that AS can have inside the aorta. Fourth, our method for measuring wall shear stress 

was an estimate that could only be used to measure the relative level of wall shear stress 

between different valve configurations. This limitation arises from the difficulty in 

measuring near-wall velocity gradients accurately. However, the relative measurements 
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described above are useful for understanding the effect that different valve configurations 

have on the hemodynamics near the wall. Finally, the 2-dimensional nature of the laser sheet, 

coupled with the complex geometry of the Cor-Knots made it impossible to measure velocity 

and residence time information behind individual Cor-Knots. Future work will have to be 

performed to study this area as it would be expected that the flow there would be very 

susceptible to thrombus formation.  
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Appendix A: 

Stenotic Valve Systolic Jet Time Sequences  

 

Figure A-1: Time evolution of the systolic jet in the ST (symmetric 
typical) configuration. In each case, the spacing between each image 

in a sequence was held constant such that the first image was 
captured at 8.333% of the systolic cycle, the second image was at the 
16.667%, the third was at 25%, the fourth was at 33.333%,  the fifth 
was at 41.667%, and the sixth was at 53%. This scheme is identical 

for figures A.1-A.4. 
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Figure A-2: Time evolution of the systolic jet in the SS (symmetric 
stenotic) configuration 
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Figure A-3: Time evolution of the systolic jet in the A1 (asymmetric 

1) configuration. 
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Figure A-4: Time evolution of the systolic jet in the A2 (asymmetric 
2) configuration 


