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Abstract

Cardiovascular disease (CVD) is the leading cause of death in the United States. A
subset of CVD affects the valves of the heart (HVD). Due to the aging population's susceptibility
to HVD, it is a growing concern. Heart valve replacement is often necessary if the valve is
beyond repair. There are two main categories of artificial heart valves that can be used for a
replacement, mechanical and bioprosthetic. Although there have been many advances in
artificial heart valve technology, there are still many problems that need to be addressed. One
major problem for bioprosthetic heart valves is deterioration . This study aims to design an
accelerated wear tester (AWT) that is compatible with a particle image velocimetry and high
speed camera set up so that bioprosthetic heart valve deterioration can be studied at an
accelerated rate. By using SolidWorks, a single chamber AWT was designed and its materials
were modeled to determine if it could withstand the stresses of testing a heart valve at an
accelerated rate. The design of the AWT needed to be able to meet FDA requirements for in
vitro bioprosthetic heart valve testing. Simulations were run to determine if the AWT could test
a bioprosthetic heart valve over 200 million open and close cycles, having the valve fully open
and close during each cycle, while maintaining a minimum average transvalvular pressure of
100 mmHg during valve closure. Based on the initial tests, the AWT’s acrylic walls underwent
loading stresses of 0.99 MPa, which is much smaller than acrylic’s fatigue life of 38 MPa. This
means that the flow chamber walls will not break or crack while testing the heart valve over the
valve's entire life span. The pressures induced by the AWT’s piston motor during its down-
stroke (¥135 mmHg) and its up-stroke (~ -120 mmHg) were large enough to fully open and close

the valve during each heart beat. The piston’s up-stroke created a transvalvular pressure drop



of 120 mmHg during valve closure, proving that the AWT will be able to meet all the FDA
requirements for testing bioprosthetic heart valves. Future studies will need to be carried out

to physically building the AWT.
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Chapter 1
Introduction

1.1 Clinical Need

Cardiovascular disease (CVD) is currently the leading cause of death in the United States
and has been the leading cause of death for over 100 years (1). Heart valve disease (HVD) is a
subset of CVD that concerns the valves of the heart. HVD can affect any of the four heart valves
and is characterized by regurgitation, stenosis, or atresia (2). The most common cause of HVD
is the mineralization of the aortic valve, also known as calcific aortic valve disease (3, 4). HVD is
commonly treated with medication and lifestyle changes; however, invasive surgery is
sometimes required depending on the severity of the patient's HVD. These surgeries can range
from valve reconstruction surgery to total valve replacement. The most common cause of such
surgeries is aortic stenosis (5, 6, 7). Even with these treatments, HVD affects approximately
2.5% of American adults and has a significant mortality and morbidity rate (8, 9, 10). Risk
factors for HVD include high blood pressure, high cholesterol, obesity, smoking, diabetes, and
having a family history of cardiovascular disease (2, 11). Age is also a major risk factor for HVD
(2, 4). Nkomo reported in 2006 that varying degrees of HVD already affect 13% of people 75
years and older (4). The census bureau also estimates that about one third of the United States
population will be 55 years or older by the year 2020 (12). With such a large populace at risk
for HVD, there is a huge need for improved HVD treatment. Each year in the United States,
60,000 heart valve replacement surgeries are performed (13). When valve replacement surgery

is needed, they tend to have poor results with most patients having a short to midterm



mortality rates (8). These poor outcomes can be due to poor valve biocompatibility,

mechanical failure, or thromboembolic complications (14, 15, 16).

1.2 Artificial Heart Valves

Valve replacement surgery has been used as early as the 1960's (13). Artificial heart
valves fall into two main categories, mechanical valves and bioprosthetic valves. Within each
category there are many different types. Ball and cage valves, tilting disk valves, and bileaflet
valves fall into the mechanical heart valve category, while allografts, xenografts, and pericardial
xenografts fall into the bioprosthetic valve category, all of which can be seen in Figure 1.2.1 (16,

17).

Figure 1.2.1 Different types of artificial heart valves. A, Bileaflet mechanical valve; B, tilting
disk mechanical valve; C, caged ball valve; D, stented porcine bioprosthesis; E, stented
pericardial bioprosthesis; F, stentless porcine bioprosthesis; G, percutaneous bioprosthesis
expanded over a bolloon; H, self-expandable percutaneous bioprosthesis (Figure taken from
Ref. 13)

Current day ball and cage valves consist of a silastic ball and a cage formed from metal
arches (17). the Starr-Edwards, Magovern-Cromie, DeBakey-Surgitool, and Smeloff-Cutter

valves were all developed having this basic design, with only minor variations (18). The first



successful human heart valve replacement surgery used the Starr-Edwards ball and cage valve.
This specific valve consisted of a Lucite cage with thick struts and a compression molded
silicone-rubber ball (19). Although successful, the valve still had many problems and was
changed many times over the next 5 years. The developers of the Starr-Edwards valve realized
that the valve must be durable and corrosion resistant so they changed the cage material from
Lucite to stainless steel. They also changed the sewing ring from a doughnut shape to a flange
shape, making the valve easier to attach and increasing the security of the attachment (19).
The turbulent flow caused by the valve was reduced by increasing the valve's orifice-to-ball
ratio (20). Finally, after much development, the Starr-Edwards ball and cage valve 6120 series
was created and was subsequently used in HVD patients for more than 20 years (21). Tarzia
was able to undertake a 31 year valve follow-up on a Starr-Edwards replacement valve patient
in 2007. They reported that the explanted valve was free of structural degradation, attesting to
the durability of ball and cage valves (23). Although durable, the Starr-Edwards ball and cage
valve was prone to thrombus formation, due to their lateral flow field, high transvalvular
pressure gradients, and non-physiological surfaces. This often led to device failure and patient
death (23).

The tilting disk valve consists of a single disk opening at an angle between 60° and 80°.
The disk is secured to central metal supports to keep it from breaking off of the valve housing.
The most prevalent type of tilting disk valve is the Medtronic-Hall valve, consisting of an
opening angle of 70°-75°, support struts made from titanium, and a polytetrafluoroethylene
sewing ring (23, 24, 25). The Medtronic-Hall valve was an improvement to the Starr-Edwards

valve, having improved hemodynamics, while retaining the durability that was seen in the Starr-



Edwards valve (24). Other types of tilting disk valves include the Bjork-Shiley and the
Monostrut valves (26). A 25 year patient follow-up was conducted in 2007 by Svennevig et al.
finding that of the 816 patients implanted with a Medtronic-Hall valve, there were only 4
occurrences of thrombus formation, a vast improvement to the thrombus prone ball and cage
valves (27).

The bileaflet valve consists of two semilunar disks attached by metal struts, opening at
angles between 75° and 90°. Valves of this type include the ATS Open Pivot, CarboMedics, On-
X, and, the most common, the St. Jude bileaflet valve (23, 26). The St. Jude valve opens at an
angle of 85°, has pivot guards, struts, and orifice projections. These features help to reduce
turbulent flows through the valve (28). Emery et al. analyzed patient data between October
1977 and October 2002 to determine long-term feasibility of the St. Jude valve. Of the 4,480
patients in the study, the incidence of thromboembolic events was 1.9%/patient year for aortic
valve replacement patients and 2.8%/patient year for mitral valve replacement patients. One
patient had structural failure occur (29). This data is comparable to that found for the
Medtronic-Hall valve.

Allografts are taken from human cadavers or brain dead organ donors and sterilized
using antibiotic solutions prior to implantation (16). These valves are not commercially
available or mass produced because they are taken from other humans.

Porcine and bovine tissue are used for xenograft bioprostheses and consists of 3 aortic
valve leaflets. Valves of this type include the Freestyle, Epic, Medtronic Hancock I, Mosaic, and
the St. Jude Medical Biocor porcine prosthesis (26). The last of which is widely used when

choosing a bioprosthetic valve for implantation. Patient data between 1983 and 2003 was



analyzed to determine long-term feasibility of the Biocor valve. Of the 1,712 patients in the
study, the incidence of thromboembolic events was 1.6%/patient year for aortic valve
replacement patients and 2.2%/patient year for mitral valve replacement patients (30). This is
better than any of the mechanical valves discussed earlier and is accomplished without the use
of lifelong anticoagulation therapy. Valve structural failure, however, occurred in 4 patients,
which is a larger occurrence than is seen in all of the mechanical valve studies combined (30).
This is due to valve calcification and deterioration which is characteristic of bioprosthetic heart
valves.

Porcine and bovine tissue are also used for pericardial xenografts. Using pericardial
tissue for valve leaflets improves the hemodynamic performance of the valve compared to
normal valve xenografts (31). The ATS 3f, Carpentier-Edwards Perimount, Mitroflow, and
Trifecta are all common types of pericardial xenografts (26). Long term outcomes from the
Carpentier-Edwards valve found 13 valve structural failures after 17 years (31). This is an
improvement compared to first generation pericardial valves; however, is still large compared
to the Biocor porcine valve. The Carpentier-Edwards valve exceeds the Biocor porcine valve
when it comes to thromboembolic events, having an occurrence of only a 0.003%/patient year

(31).

1.3 Bioprosthetic Implantation

Not only are there different types of bioprosthetic valves, there are also different
implantation methods that can be used. The most common implantation method is to use a
stent attached to a sewing ring. More recently however, valves have been implanted without

the use of stents and sewing rings. Surgeons implant the valves by sewing the valve in free



hand. Finally, in a generally new procedure, valves have been implanted percutaneously using
a catheter that travels through the femoral artery (17). Each implantation method has its
benefits and detriments. Implanting the valve without a stent increases the valve's effective
orifice area, improving valve function, however, the procedure is harder to perform compared
to using a stent, leading to surgical errors. Implanting the valve percutaneously decreases the
risks of aortic valve replacement surgery, but is the most difficult procedure to perform (16,
17).

Each valve type has its own advantages and disadvantages as well. Mechanical valves
are very durable and long lasting, however, they have a higher thrombogenicity and patients
must take anticoagulation medication for the remainder of their lives. Bioprosthetic valves are
more prone to failure due to structural deterioration, however, they have a higher
biocompatibility and require little to no medication after the operation (32). These advantages
and disadvantages along with a patient's general health prior to valve replacement surgery

determine which type valve is implanted.

1.4 Bioprosthetic Valve Function

Two ways bioprosthetic heart valve performance is measured is by using the valve's
effective orifice area (EOA) and the valve's regurgitation volume. The effective orifice area
measures how effectively the valve opens when blood is being pushed through the valve due to
heart contraction. Regurgitant volume is the amount of blood that flows backwards through

the valve when it is closed (33). The effective orifice area is calculated using Equation: 1.4.1:

EOA (cm?) = sfl—mm (1.4.1) (33)



Where Q;ms is the root mean square of the systolic/diastolic flow rate (cm3/s) and Ap is equal to
the mean systolic/diastolic pressure drop (mmHg) (33). A low EOA causes a higher workload for
the heart, decreasing valve efficiency. A high regurgitant volume decreases the total amount of
blood that flows through the valve in one cardiac cycle increasing the hearts workload and
decreasing valve efficiency. Therefore, a valve functioning at peak efficiency will have a large
EOA and a small regurgitant volume.

Another way to determine valvular function is through the Doppler Velocity Index (DVI).
This is a ratio between the proximal velocity in the left ventricular outflow tract compared to

the velocity through the valve and can be determined using equation 1.4.2:

pvI = Yor (1.4.2) (33)

Vpy

Where V,yor is the velocity in the left ventricular outflow tract and Vpy is the velocity through
the valve (33). Ideally, a valve should have a DVI of 1. If this quantity is lower, however, it
could mean that the valve is no longer functioning properly. This could be due to some sort of

obstruction (possibly a thrombus).

1.5 Artificial Heart Valve Complications

As with any new medical technology, artificial heart valves are not without their
problems, one of which is biocompatibility. Biocompatibility is a vital aspect of any medical
device that contacts the human body affecting device performance, reliability, and safety.
Although medical devices are designed to help treat certain diseases, the body often considers

the device a foreign material and the patient’s immune system will attack it causing the device
7



to degrade and malfunction over time. Ideally, devices will perform its specific function while
simultaneously inducing no negative biological responses from the patient’s immune system.

Due to the safety issues seen in artificial heart valves and the drastic consequences that
these issues cause, biocompatibility is one of the top priorities when they are designed. If
overlooked, the biocompatibility of artificial heart valves can cause thrombus formation which
could lead to device failure and patient death. After implantation, patients with prosthetic
heart valves are prone to thromboembolic events with an occurrence of 2.3%/patient year (13,
34, 35). Thrombus formation can be caused by the artificial heart valve's abnormal flow fields.
These flow fields are normally seen in the valve's hinge region during regurgitant flow.

A small amount of regurgitant flow is often seen as beneficial for its ability to wash away
thrombi forming on the valve (33). Most valves are designed to have a small regurgitant
volume because of this. Although regurgitant flow is seen as beneficial, non-physiological flow
fields often occur during it. In studies characterizing the velocity measurements and flow
patterns within the hinge region of mechanical heart valves, it was found that the hinge
geometry played a major role in abnormal flow field generation (36, 37, 38, 39). The highest
shear stresses occurred during diastole, during which regurgitant flow occurs (39). The
turbulent shear stresses found near the hinge region of the valve led to unsteady flow, vortex
formation, and zones of stagnation (36, 38, 40). High turbulent shear stresses can cause
hemolysis and platelet activation and when combined with the vortex formation and the zones
of stagnation, have high probabilities of inducing thrombus formation.

Once activated, platelets accelerate thrombosis (41, 42). Thrombi can impede valve

function by occluding the valve orifice. If they embolize, they can also cause the patient to have



a heart attack or a stroke. An electron micrograph image compares conformational changes in

inactive and active platelets as seen in Figure 1.5.1.

Figure 1.5.1 Electron micrograph of a resting platelet (left) and two activated platelets
exhibiting pseudopodia formation (right) (Figure taken from Ref. 43).

Another complication associated with artificial heart valves is unwanted patient
hemorrhaging. This is normally due to anticoagulation medications that patients receive in an
effort to minimize the chance of thromboembolic events. These events are only seen with
mechanical heart valves because patients who have bioprosthetic valves do not need to
undergo any kind of anticoagulant therapy (44).

Valve deterioration is another major concern for artificial heart valves. Mechanical
heart valves rarely deteriorate due to their high material durability, however, the rate of
bioprosthetic heart valve deterioration increases over time. This rate rises dramatically 7 to 8
years after valve implantation. Risk factors leading to valve deterioration include younger
patient age, mitral valve positioning, renal insufficiency, and hyperparathyroidism (13). The
most common cause of valve failure in bioprosthetic heart valves is calcification (45).

Calcification can be seen histologically on bioprosthetic valves within 3 years; however,

calcification has been reported as early as 19 days after implantation (46, 47). Calcification can



cause paravalvular leakage, cusp tears, incompetence, stenosis, and valve stiffening (46, 48,
49). All of these problems lead to impaired valve performance, thrombogenesis, and valve
deterioration. Bioprosthetic valves are normally treated with glutaraldehyde to preserve the
tissue and decrease valve immunogenicity, however, this treatment also devitalizes the valve's
connective tissue (46, 49). Calcification is normally initiated in these devitalized cells because
they are unable to pump out calcium from the cytoplasm and inter-cellular structures. This
leads to a calcium concentrations 1,000 to 10,000 times higher than those found in normal cells
(50). This increased calcium concentration then reacts with the high phosphorous
concentrations found in cellular membranes, forming calcium phosphate and crystal growth
(46, 48). A hypothetical model for calcification along with a calcified bioprosthetic valve can be
seen in Figure 1.5.2. These processes are accelerated when combined with other factors,
including mechanical stress, young patient age, kidney disease, diabetes, smoking, and

immunological response (50, 51, 52, 53).
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Figure 1.5.2 Extended hypothetical model for the calcification of bioprosthetic tissue (Left)
(Figure taken from Ref. 54). Calcified bioprosthetic valve (Right) (Figure taken from Ref. 55)
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Calcification has led to valve failure in every type of commercially available bioprosthetic valve
including the lonescu-Shiley Standard, the lonescu-Shiley Low Profile, the Hancock
Pericardial, the Carpentier Edwards Perimount, and the Mitroflow Pericardial Valve to
name a few (46). Because of its major role in valve failure, calcification prevention and
regulation are active areas of research.

Immunological response has been found to be a major factor in valve
calcification (52, 53, 55). Bovine and porcine tissue both express a-Gal epitopes,
surface molecules that cause an immune response when implanted in humans. Mice
studies with anti-a-Gal antibodies expressed an increased acute and chronic humoral
immune response compared to those without anti-a-Gal antibodies. This
corresponded with higher calcium levels and increased valve calcification (55). Due to
its role in calcification, concentrations of immune system regulatory proteins were
measured in HVD patients to determine if any could be used as indicators for valve
calcification. Low serum levels of IL-8, a protein responsible for chemotaxis and
neutrophil adhesion, were found to correlate with valve calcification (52). These
studies suggest that valves causing decreased immune inflammation will increase the
durability and patient safety.

Recent studies have also found that calcification can be caused by dysfunctional
phosphocalcific metabolism, leading to a disruption in calcium-phosphate homeostasis
(52, 53). Due to these findings, many studies have been carried out to determine
phosphocalcific metabolism biochemical concentrations that indicate a propensity for

bioprosthetic valve calcification. Osteoprotegrin and osteopontin deficiencies and
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higher calcium-phosphorus product were associated with valve calcification (52, 53).
Vitamin D supplementation, calcium supplementation, and bisphosphonate use, are
indirectly associated with valve calcification by causing an increase calcium-
phosphorus product (50, 53, 56).

Using these concentrations as potential signs of valve calcification, patients at
elevated risk should be monitored more closely and preventative steps should be
taken to reduce the risk of device failure. Although previously stated criteria have
been shown to correlate with valve calcification, none have been shown to directly
cause it (52). Using a new imaging technique developed by Meuris et al., physicians
can detect progression of valve calcification, non-invasively, using a multislice CT
scanning technique. The results of which can be used for quantification and evaluation
of valve calcification (57).

Devitalization of cells caused by glutaraldehyde is another main source of valve
calcification. Many different fixatives have been investigated as a replacement
for/additive to glutaraldehyde, including cyanimide, 1-ethyl-3(-3 dimethylaminopropyl)
carbodiimide hydrochloride (EDC), adipyl dichloride, hexamethylene diisocyanate (HMDC),
glycerol and alginate azide. However, each novel fixative has its own advantages and
disadvantages that have prevented their use as cross-linking reagents (58). Quercetin, a newer
fixative, however, was shown to outperform glutaraldehyde as a cross-linking reagent.
Quercetin cross-linked valves produced a soft valve matrix, increased ultimate tensile strength,
increased thermal denaturation temperature, resisted enzymatic degradation, was 100 times

less toxic than glutaraldehyde, and had an anticalcification effect on valve tissue (58). GLX
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tissue treatment, another new approach used for reducing calcification, uses a combination of
glutaraldehyde, formaldehyde-ethanol-Tween 80 solution, functional group capping, reducing
Schiff base sites, sterilization, and glycerolisation. Capping the valves functional groups and
reducing its remaining Schiff bases reduces the number of binding sites available for calcium,
phosphates, and immunogenic factors. Treating the valve tissue with glycerolisation inhibits
valve oxidation, preserving the valves collagen matrix (59). Patients treated with GLX processed
valves showed a 93% reduction in calcium content compared to normally processed valves after
35 days (59). Long-term characteristics of this valve treatment method need to be studied

more thoroughly, however, before it can replace the use of glutaraldehyde.

1.6 FDA Valve Requirements

The U.S. Food and Drug Administration (FDA) require that artificial heart valves undergo
in vitro testing prior to approval for medical use. During in vitro testing, mechanical heart
valves must undergo 600 million opening and closing cycles and prosthetic heart valves must
undergo 200 million opening and closing cycles. For a physiological heart rate, this equates to
15 years and 5 years, respectively. The heart valve must fully open and fully close during each
one of the cycles, and the average transvalvular pressure must be a minimum of 100 mmHg

during valve closure (60, 61).

1.7 Accelerated Wear Testers
Heart valve durability is a major issue when designing both mechanical and
bioprosthetic heart valves. Accelerated wear testers (AWTs) are used to test the mechanical

properties of artificial heart valves, specifically, their durability, over a relatively short period of
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time (62). Because of an AWT's ability to operate between 600 and 1000 beats per minute
(BPM), it is able to test the valve's mechanical properties over the valve's entire lifespan in just
1-2 years’ time (60). Results from testing valves in AWTs have been comparable to results in
vivo. Valves that fail mechanically in AWTs have been shown to fail in vivo as well, when they
fail in AWTs, they have been shown to fail in the same way as they do in vivo, and the valves
that last longer in AWTSs, also last longer in vivo (60). The use of AWTs has allowed researchers
to discover long-term issues in valves, with no risk to the patient lives, leading to improved
designs and better patient outcomes. Many commercial AWTSs use an electromagnetic motor
to drive fluid through the valve in a closed loop system and often come with 6 independent
chambers as seen in Figure 1.7.1 (63, 64). The chambers can be used to test the same valve at
different physiologic conditions (stroke volume, heart rate, blood pressure, etc.) investigating
how even slight physiologic differences can affect valve performance. The chambers can also
be used to test many different valves using the same parameters, comparing novel valves to

clinically proven valves.

Figure 1.7.1 Commercially available AWT (Figure taken from Ref. 63)
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1.8 Previous Studies

The fluid mechanics that determine valvular function are closely tied to the mechanical
properties of the valve. Therefore, there have been many studies pertaining to the mechanical
properties of implanted heart valves. Yoganathan et al. conducted a comprehensive study of
ball and cage valves, tilting disk valves, bileaflet valves, and bioprosthetic valves that have been
developed over the past 40 years comparing their fluid dynamic performances. Due to the
variability in valve mechanical features, each valve had advantages and disadvantages when
comparing flow velocities, EOA, regurgitant flow, and turbulent shear stresses. He concluded
that there are still improvements needed in the development of artificial heart valves,
specifically in terms of hemodynamic characteristics, thromboresistance, and bioprosthetic
valve durability (65).

To improve upon these characteristics, Mol et al. tried to mimic the mechanical
properties of native heart valves by creating a tissue engineered valve. They tried to create
acellular allograft valve leaflets, thus removing detrimental immunological responses from the
host and allowing recellularization and revascularization. Although promising, they found that
there is a large infectious risk when using materials derived from animal valves. They also
found that newly developed cells on the graft were unable to cope with the high mechanical
loading that is characteristic of the host's heartbeat (66).

Rather than experimentally test artificial heart valves, another study conducted in 2007
decided to model them computationally. Using advanced computational fluid dynamic solvers,
they were able to validate a three dimensional large scale flow field within a bileaflet heart

valve. Although this is a large stride forward, a large scale flow field is only a small piece of the
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overall valve mechanics. Studies must also be done on the small scale flow field and on both
small and large scale flow fields simultaneously to fully understand how valve mechanics and
fluid mechanics impact one another (67).

A study conducted in 2001 by lyengar et al. experimentally tracked leaflet motion under
pulsatile flow conditions using a novel imaging technique. To obtain the data, the investigators
used a diode laser to project a 19x19 dot matrix onto the leaflet. They then used two
boroscopes mounted with high speed cameras to capture unobstructed views of the leaflet
motion from two different angles. Then using a flow loop and an imaging program, they were
able to capture images at exact time points in which the velocity and pressure fields of the loop
were also known (15). This data was then processed and used to create leaflet images at those
time points along the cardiac cycle. This system is able to tie the mechanical movement of the
valve with the fluid mechanics of the flow loop and can be used to study basic heart valve
mechanics, valvular related diseases, and artificial heart valve issues in vitro that have been

seen clinically.

1.9 Current Study

The aim of this study is to design an AWT using SolidWorks that will be compatible with
the use of particle image velocimetry (PIV) and a high speed camera. The basic design consists
of a driving motor, two flow chambers, a liquid reservoir, and an overall housing to hold all of
the components. Simulations were carried out using COMSOL and SolidWorks to determine the
fluid dynamic impact on the stresses experienced by the AWT's flow chambers. The mechanical
stresses were then used to determine if the AWT would be able to withstand testing of the

bioprosthetic valve for the FDA required number of cycles. The stresses on the valve were also
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compared to results seen clinically. By creating an AWT that is compatible with PIV
measurements, the flow field and structural integrity of a bioprosthetic heart valve can be
studied over its entire lifespan in vitro, giving insights into valve degradation mechanisms and

their impact on valve performance.
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Chapter 2
Methods
2.1 Particle Image Velocimetry
The design of the AWT must be compatible with a PIV system. Therefore, a brief theory
of PIV will be discussed herein.
PIV provides a non-invasive way to determine the velocity measurements within a flow
field along different planar locations. By taking measurements along many planes in both the
normal and parallel planes, PIV can reconstruct a three dimensional flow field. A typical

diagram of a PIV setup can be seen in Figure 2.1.1.

Light sheet optics
