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Kurzfassung

Diese Arbeit konzentriert sich auf die stromungsmechanische Charakterisierung von Re-
gurgitationsjets, die durch insuffiziente Mitralklappen entstehen. Die Untersuchungen
wurden mit Particle Image Velocimetry (PIV) Messtechnik und eigens entwickelten Post-
Processing-Skripten durchgefiihrt. Die Mitralinsuffizienz ist die haufigste Form der Herzk-
lappenerkrankung und bezeichnet den Riickfluss von Blut in den linken Vorhof aufgrund
einer insuffizienten Mitralklappe, was zu verschiedenen gesundheitlichen Komplikationen
fithrt. Eine genaue Diagnose der Mitralinsuffizienz ist fiir eine erfolgreiche Behandlung
von entscheidender Bedeutung. Bei komplexen Regurgitationsjets ist die Aussagekraft
herkémmlicher Methoden jedoch limitiert. Diese Studie zielt darauf ab, das Verstidnd-
nis fiir die komplexe Stromungssituation von Regurgitationsjets zu verbessern und so zur
Verbesserung der Diagnose und damit der Therapie beizutragen.

Dazu wurden phasengemittelte und phasenaufgeloste 2D2C-PIV-Experimente fiir ver-
schiedene Mitralklappengeometrien im Herzsimulator durchgefiihrt. Der Laserlichtschnitt
wurde traversiert, um quasi 3D Geschwindigkeitsdaten zu erhalten. Drei generische Mi-
tralklappengeometrien unterschiedlicher Gréfle wurden untersucht: eine runde Lochblende,
ein spitzes Oval und eine Tropfenform. Zusétzlich wurden eine exzentrische Klappen-
geometrie und eine patienten-spezifische Klappe untersucht. Die Geschwindigkeitsdaten
wurden beziiglich zeitlichem Stromungsverlauf und Form des Jets untersucht. Die Wirbel-
dynamische Untersuchung basierte auf der Wirbelstérke, sowie dem Q- und I'1-Kriterium.
Die Ergebnisse der generischen Mitralklappen zeigten typische Merkmale von pulsieren-
den Jets. Unterschiede in der radialen Geschwindigkeitsverteilung konnten mit den unter-
schiedlichen Offnungsformen in Verbindung gebracht werden. Die Sattel-behafteten radi-
alen Profile der Axialgeschwindigkeit am Auslass konnen durch die geringe Einlasslinge
und die scharfen Offnungsriinder erkliirt werden. Zusétzlich zu periodisch wiederkehren-
den Anfangswirbeln wurden Kelvin-Helmholtz-Instabilitdten in der Grenzschicht stro-
maufwérts detektiert. Die exzentrische Klappengeometrie zeigte dhnliche Beobachtun-
gen, jedoch um den Winkel der Exzentrizitéit gedreht. Die patientenspezifische Mitralk-
lappe ergab, im Vergleich zu den generischen Féllen,eine deutlich instabilere und turbu-
lentere Stromungssituation, was auf die komplexere Offnungsform, die hohere Reynold-
szahl und die groflere Flexibilitdt der Klappenblitter zuriickzufiihren ist. Form und Rich-
tung des Jets unterlagen starken zeitlichen und rdumlichen Schwankungen. Gemittelte
PIV-Auswertungen ergaben ein dominantes Anfangswirbelpaar, wihrend Einzelbildpaa-
rauswertungen keine eindeutige Wirbelerkennung zeigten. Fiir zukiinftige Untersuchungen
wird empfohlen, das Innere des Atriums mit einer realistischeren Geometrie zu modellieren
und Hochgeschwindigkeits-PIV zu verwenden.
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Abstract

This thesis concentrates on characterizing the fluid mechanics of Mitral regurgitation jets
within a heart simulator via Particle Image Velocimetry (PIV) and custom developed post-
processing scripts. Mitral regurgitation is the most common type of valvular heart disease
and is caused by blood flowing back into the left atrium due to an insufficient Mitral valve,
resulting in several complications. It is essential to diagnose Mitral regurgitation accurately
for successful treatment, but conventional diagnosis techniques have major limitations in
complex flow situations. This study aims to enhance the comprehension of the complex flow
situation of regurgitant jets and thus contribute to the diagnosis of Mitral regurgitation.
Phase-averaged and phase-resolved 2D2C PIV experiments were conducted for varying
Mitral valve geometries incorporated into a heart simulator. The laser light sheet was
traversed to retrieve quasi 3D velocity data. Three generic Mitral valves geometries of
different sizes were investigated: a pinhole, a pointed oval and a drop shape. In addition, an
eccentric valve geometry and a patient-specific Mitral valve were investigated. The velocity
data collected was analysed for the jet’s temporal and spatial development. Evaluation of
the vorticity and the application of the Q- and I'j-criterion formed the vortex dynamical
analysis of the jet.

The findings from the generic Mitral valves showed typical characteristics of pulsating
free jets in terms of potential core length and axial velocity evolution. Differences in the
spreading and radial distribution of velocity could be related to the different orifice shapes.
Saddle-backed radial profiles of axial velocity observed near the outlet can be explained
by the Mitral valve’s geometrical properties. Specifically, the small inlet length and sharp
orifice edges may account for this observation. Periodic starting vortex pairs were detected
in addition to Kelvin-Helmholtz instabilities in the upstream boundary layer. The valve
producing the eccentric jet showed similar observations but rotated with the angle of
eccentricity. The patient-specific Mitral valve showed a significantly more unsteady and
turbulent flow situation compared to the generic cases, which can be attributed to the
more complex orifice shape, higher Reynolds number and increased flexibility of the valve
leaflets. The jet’s shape and direction experienced strong temporal and spatial fluctuations.
Averaged PIV evaluations revealed a dominant starting vortex pair, while single image pair
evaluations showed a disturbed and unsteady flow situation with no clear vortex detection.
To pursue future investigations, it is recommended to model the atrium’s interior with more
realistic geometry and utilize high-speed PIV.
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1. Introduction

In this chapter, the motivation for the subject of this thesis (Section [1.1) and the artic-
ulation of the objectives of the thesis (Section [1.2) will be pursued. Furthermore, the
structure of the composition will be outlined together with the objectives.

1.1 Motivation

In 2022, cardiovascular diseases accounted for the highest number of deaths worldwide
[86]. Additionally, Mitral valve insufficiency, also known as Mitral Regurgitation (MR), is
the most prevalent valvular heart disease worldwide, affecting over 1.7% of the population
25| [77]. MR denotes the backward flow of blood from the left ventricle (LV) into the
left atrium (LA) due to an insufficient Mitral valve (MV). The retrograde flow is referred
to as the regurgitation jet.

Common complications that arise in MR patients consist of the accumulation of fluid in the
lungs due to increased pressure, a heightened risk of stroke due to distorted heart rhythm,
and an unhealthy thickening of the atrial walls caused by the increased strain from the
regurgitant jet [14]. The latter two complications can be better understood by
analysing the fluid dynamics of the regurgitant jet.

If left untreated, MR can worsen and potentially lead to death [77]. The appropriate
treatment is heavily dependent on the diagnosis and the severity classification [100} [15].
Therefore, the precision and dependability of the diagnostic technique are of great interest.
Presently, the most commonly used diagnostic technique is transesophageal echocardiog-
raphy (TEE), an ultra sound technique, which has certain limitations and is significantly
reliant upon the skill of the physician. The severity of Mitral regurgitation (MR) is gen-
erally underestimated by TEE-based assessments 31]. In addition, complex
regurgitant jets cannot be evaluated with confidence [96] 73].

Particle Image Velocimetry (PIV) is an objective, reliable and accurate fluid mechanical
measurement technique. While it cannot be conducted in-vivo (inside a living body), it
provides crucial information on flow characteristics of regurgitant jets when tested in-vitro
on a heart simulator. Thus, PIV is able to overcome the limitations of TEE-based methods
and provides the opportunity to gain further fluid dynamic knowledge regarding regurgi-
tant jets. With PIV, it is feasible to scrutinize both the temporal and spatial evolution of
the regurgitant jet and recognise vortical structures in the flow [84]. Therefore, it was
selected as the measuring method for this examination.
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1.2 Objective

The purpose of this research is to enhance comprehension of flow dynamics in the context
of MR by means of PIV measurements on a heart simulator. To achieve this, an incre-
mental approach is employed.

First, a generic case will be examined to verify the feasibility of PIV measurements on the
heart simulator and to comprehend the flow dynamics for basic scenarios. Additionally,
the impact of various orifice shapes on the regurgitant jet will be assessed. Furthermore,
the generic cases enable a comparison with relevant fluid mechanical literature on pulsat-
ing free jets.

Second, an eccentric jet producing MV jet shall be designed and investigated, as this is a
common case in MR patients and allows only a very limited diagnosis by common medical
evaluation methods 96].

Third, a patient-specific MV shall be investigated providing information on the most re-
alistic case possible in the heart simulator. The patient-specific MV experiment focuses
on proofing the experimental setup for realistic cases and aims to characterise the flow
dynamics of the regurgitant jet.

To achieve the goals, the following steps were taken.

e Research and classification of current scientific literature on PIV and MR. A sum-
mary of the medical an technical findings in this context can be found in Chapter
Chapter focuses on the medical background of MR, Chapter provides the
relevant fluid mechanical fundamentals and Chapter describes the theory of PIV.

e Design and manufacturing of different Mitral regurgitation orifice phantoms (MROPs)
to be investigated in the heart simulator. In Chapter the already existing setup
of the heart simulator is described. The MROPs as well as the patient-specific MV
are introduced.

e Preparation of the experimental setup for PIV measurements on the heart simulator.
Chapter describes the measurement technique deployed in this study.

e Conducting of phase-averaged and phase-resolved PIV measurements for all MROPs
and the patient-specific valve. The experimental procedure is described in Chapter

e Development of post-processing methods to quantify and compare results including
vortex detection methods. The evaluation and interpretation of the generic MROPs
measurements are found in Chapter Chapter and Chapter provided
the results of the eccentric jet producing and patient-specific MV respectively. A
conclusion and outlook is provided in Chapter 5]



2. Fundamentals

In this chapter the basic knowledge essential for this study will be presented. Section
provides the medical and biological fundamentals necessary for the engineer reader to
understand the basics of Mitral regurgitation (MR). In Section the fluid mechanical
theory is provided. This comprises the fundamental equations (Section , the theory of
free jets including some special case relevant for this thesis (Section , and a section
on vortex dynamics (Section . The theory regarding the measurement technique
used in this study - Particle Image Velocimetry (PIV) - is summarized in Section In
Section a brief literature review of relevant previous experimental studies on MR will
be provided over-viewing the scientific state of the art in that regard.

2.1 Mitral Regurgitation

The heart is pumping blood through the circulatory system of the human body. Thereby
all organs and tissues are supplied with vital oxygen and nutrients. The Mitral valve
(MV) plays an essential role in the working principle of the human heart [52]. This will
be explained in Section [2.1.1]

In case of an insufficient MV the function of the heart is hampered [25]. Section ex-
plains the causes and effects of an insufficient valve (pathophysiology), and a classification
of the disease is provided.

Various approaches to treating MR exist within the medical field. Depending on the
mechanism behind and the severity of the MR, physicians have to decide which approach
is followed. In evaluating the mechanism and severity of the disease at hand, the diagno-
sis technique plays an essential role. Section provides an overview of the common
methods in quantifying MR and outlines the limitations.

2.1.1 Anatomy and Function

To comprehend the results of this study a few biological fundamentals of the human heart
and its working principle, i.e. the cardiac cycle, need to be understood. In the following
the parts of the human heart relevant for the study are described. After that, the Mitral
valve and its role during the cardiac cycle is outlined.

The heart, which is a hollow organ, is approximately fist sized and positioned near the
center of the thorax. It is divided into a right and left side, each consisting of two cham-
bers, an atrium and a ventricle (Fig. . The right heart is responsible for pumping
the blood through the lungs (pulmonary circulation) into the left heart. The left heart
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then pumps the blood further through the body circulation, back into the right heart. The
four muscular chambers driving the circulation via contracting and relaxing are powered
by electrical impulses generated within special cells in the heart, the so called sinuatrial

node.

Aorta From Body
Pulmonary
Artery
Pulmonary
Aortic
Biaht L Valve
'9 Left
Atrium Atrium
Mitral
Valve
Tricuspid
_ Left
Right Ventricle
Ventricle From Body
(a) Anatomy (b) Normal blood flow

Figure 2.1: Anatomy and normal blood flow in the human heart

Figure shows the normal blood flow in a human heart during the cardiac cycle, which
is an alternation between systole and diastole. The focus of this study is on the left heart,
where the MV is located (Fig. . Thus, the cardiac cycle will be described for the left
heart only.

From the lungs, blood with high oxygen content, streams into the left atrium (LA) via the
left pulmonary veins. During diastole, as shown on the right of Figure the left ventricle
(LV) dilates. This causes the MV to open and the filling of the LV begins. The diastolic
filling is divided into three phases, as shown on the left of Figure First, the leaflets
of the MV open completely (Fig. 2.2(a)). After this full opening, the leaflets return to an
intermediate position due to the decreased pressure. This reduces blood flow temporarily,
as shown in Figure[2.2(b). Then, the contraction of the LA at the end of the diastole (Fig.
2.2(c)) increases blood flow again.

Subsequently, the ventricular contraction phase of the systole begins. When the pressure
in the LV exceeds the pressure in the LA, the Mitral valve passively closes. Figure 2.2(d)
shows, that there is a slight back-flow through the Mitral valve into the LA in a healthy
human heart. This is due to a delay in the contraction of the papillary muscles and a
billowing of the leaflets towards the LA [15].

To build up pressure further, the LV contracts. The MV is closed and the aortic valve
opens due to the pressure gradient. Blood is ejected towards the body circulation (see
bottom right of Fig. . For a healthy human at rest the aortic valve opens at a pressure
of 80 mmHg and 70-80 ml of stroke volume are ejected into the aorta. During ejection, the
pressure in the LV and thus in the aorta increases to 110-130 mmHg due to the contrac-
tion, for a healthy human heart. Those approximate values are dependent on age, size,
gender, genetics and fitness of the patient. For patients with severe MR the peak pressure

decrease by 10 to 15%.
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Figure 2.2: Blood flow into the left ventricle during diastole and ejection during systole.
The subfigures a, b and ¢ show the three different opening phases of the MV
during diastole. The position d in the blood flow graph shows a slight back-flow
of a healthy human heart due to a delay in the contraction of the papillary
muscles and a billowing of the leaflets towards the left atrium. Figures are
adopted from [15].

After the systole, diastole begins again. The pressure in the the LV decreases due to relax-
ation. As soon as it falls under the aortic pressure, the aortic valve closes. Subsequently,
the pressure drops below the atrial pressure causing the MV to open. This marks the
beginning of the filling phase again.

Figure shows the so-called Wiggers diagram [4], which summarizes the phenomena
previously described by means of the pressure graphs of the a aorta (red line), LA (yellow
line) and LV (blue line) for two cardiac cycles. In addition, the points where the different
valves open and close are marked. It can be observed, that at the beginning of the systole,
the Mitral valve between LA and LV closes, and subsequently the aortic valve opens, en-
abling the ejection towards the body circulation. At the end of the systole the aortic valve
closes and shortly after the MV opens passively, enabling the blood flow from the LA to
the LV.
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Figure 2.3: Extract of a Wiggers diagram as in [4]. It shows the pressure graphs in the
aorta, the left atrium and the left ventricle for two cardiac cycles. Additionally,
the points where the aortic valve and the Mitral valve open and close are
marked.

Figure illustrates the three-dimensional appearance of the MV between the LA and
LV. The MV consists of two leaflets, the anterior and posterior leaflets, as shown from

above in Figure

/---- Anterior leaflet ~--—\

~ Posterior leaflet “~

(a) Location and 3D shape the Mitral valve, (b) Anterior and posterior leaflet of the
adapted from Mitral valve, adapted from

Figure 2.4: Location and shape of the Mitral valve

The annulus surrounding the leaflets marks their connection to the wall. The chordae
tendineae are tissue cords that connect the leaflets to the papillary muscles and are not
only supporting the opening of the leaflets, but are also responsible for preventing the
leaflets from retracting back into the atrium during the systole. Figure provides an
overview of Mitral valve anatomy.
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Figure 2.5: Anatomy of the Mitral valve
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2.1.2 Pathophysiology and Classification

As previously described, the leaflets of the Mitral valve close due to the pressure gradient
between the LA and the LV. In the case of an insufficiency of the MV, leaflets poorly close
during the ejection phase. Thus, the contracting LV empties in two directions - partly in
direction of the system circulation, where it should go, and partly as a regurgitant jet into
the LA, where it should not go.

To maintain cardiac output, the stroke volume and/ or the heart rate must be increased.
This volume strain yields hypertrophy and dilatation of the LV, which means the ventric-
ular walls become thick and stiff and tend to grow. This unphysiological growth of the
ventricular walls leads to a worsening of their inner blood flow, resulting in a reduced oxy-
gen supply. The heart is weakened and can fail if untreated. In case of severe inefficiencies
the cardiac output cannot be maintained. This results in a significant loss of physical
performance. The regurgitant jet in the atrium also distorts the heart rhythm increasing
the risk of blood cloths and strokes. Furthermore, due to the increased pressure in the
lungs, fluid can build up there, potentially causing the lungs to fail.

Based on the cause, MR can be subdivided into primary and secondary MR, according to

38, 187, 28, [100].

e Primary Mitral regurgitation is caused by degenerative mechanisms. The insufficient
closing is caused by deformed or damaged leaflets.

e Secondary Mitral regurgitation is a functional error of the Mitral valve. No structural
problems with the valve itself exist, but insufficient closing of the leaflets is caused
by dilation of the Mitral valve annulus or displacement of papillary muscles. The
opening and closing forces are imbalanced.

Furthermore, Carpentier classifies MR based on the leaflet motion, as follows

e Type 1: Normal leaflet motion: A central regurgitation jet occurs due to annular
dilation or leaflet perforation although the leaflets are moving normally.

e Type 2: Excessive leaflet motion: An eccentric jet develops in the LA generated by
ruptured papillary muscles or chords, or an elongation of the latter.
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e Type 3: Restricted leaflet motion

— 3a: Restricted motion in both systole and diastole: A central of eccentrical jet
may arise usually caused by a rheumatic heart disease.

— 3b: Restricted motion in systole: A central of eccentrical jet is caused by a
dysfunction of the papillary muscles or a dilatation of the LV.

A summary of the above given Carpentier type classification as composed by El Sabbagh

et al. is given in Figure

Carpentier Type | Carpentier Type Il Carpentier Type llla Carpentier Type lllb

(restricted leaflet motion (restricted leaflet
in systole and diastole) motion in systole)

(normal leaflet motion and position) (excess leaflet motion)

PRIMARY MR

Rheumatic Valve Disease
Mitral Valve Prolapse Mitral Annular Calcification
Drug Induced MR

Leaflet Perforation

P

A

\\\‘

Nonischemic Ischemic
Cardiomyopathy Cardiomyopathy

Atrial MR

Figure 2.6: Carpentier type classification of Mitral regurgitation adapted from [28].

A more detailed description of the underlying mechanisms of MR can be found in [15]. A
definition of the eccentricity of regurgitant jets can be found in [56].

Turbulence, amongst other things, increase the shear forces and mixing of fluid flows
[R1]. Even though in a healthy heart low turbulence levels are expected in the blood
flow, Mitral regurgitation rises the transition to turbulence. On a positive note, turbulence
in the heart increases the mixing and washout of the blood. The downside is, that increased
shear forces lead to an amplified risk of platelet activation and formation of hemolysis. This
means that red blood cells, which are responsible for the oxygen transport in the body,
are dissolved and destroyed. [9]

2.1.3 Diagnosis Techniques

The need for an intervention to reconstruct the valve strongly depends on the severity of
the disease and therefore, the diagnosis. Contemporary diagnosis techniques for the
MR evaluation will be described in the following.

Different medical diagnosis techniques come into consideration. Physical examination de-
tects systolic murmurs connected with MR, but does not allow for accurate assessment of
the regurgitation severity [70]. X-ray or magnetic resonance imaging are either too expen-
sive for routine examination or only provide information late in the course of the disease

[70]. If MR is suspected, Transesophageal echocardiography (TEE) is the method of
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choice, as it is relatively cheap and allows for a evaluation of the severity [70].

TEE is a non-invasive imaging technology, where a ultra sound (US) transducer is inserted
into the esophagus. By changing the position and orientation of the transducer the struc-
ture and functioning of the heart in different planes can be assessed.

The ultrasound waves, emitted by the transducer, get reflected at the solid structures of
the heart and the erythrocytes (red blood cells). The returning echos are translated into
images of the heart’s structure including the valves and flow patterns of the blood. Be-
sides using US to create images and identify structures of the heart, color-Doppler and
continuous wave Doppler (CW-Doppler) are the most relevant tools for MR evaluation.
In the color-Doppler mode the Doppler effect is utilized to measure flow velocities. Flow
away from the transducer appears blue, while flow towards the transducers is colored red.
Figure shows an exemplary color Doppler image from the measurements conducted in
[48]. If the flow velocity exceeds the US sampling rate an effect called alias effect occurs.
This velocity is called the Nyquist limit and can be adjusted by the physician. In Figure
for instance, blue areas appear in the middle of red colored areas. Clearly, a small
patch of flow in the direction of the probe cannot move in the reverse direction. In this
way, it is easy to see the occurrence of the alias effect, which can be used to identify the
location of maximum velocity. In addition, for MR diagnosis, it is used to visualise the
regurgitation jet.

The CW-Doppler mode is used to accurately measure high velocities [53]. Figure m
shows an exemplary course of flow velocity of the regurgitant jet for one heart beat,
recorded within the scope of [48].

Niquist-Limit

Alias effect

Color-Doppler
sample volume

(b) Velocity measurement in jet axis,for one
heart beat via continuous wave Doppler.

(a) Color-Doppler mode showing a central regurig- The volume time integral (VTI), dis-
tant jet into the left atrium and the PISA radius played by the dotted line, was marked by
used for the severity evaluation of the disease. a physician.

Figure 2.7: Two exemplary images of the ultrasound modes used for Mitral regurgitation
diagnosis; images from the measurements conducted by physicians in [48].

Different qualitative, semi-quantitative and quantitative parameters derived from TEE
allow for a MR severity grading.
They will be described in the following and are summarized in Table

Qualitative Evaluation Methods

Color-Doppler imaging can be used but is not best practice in quantitatively assessing
severity of the disease [70]. However, it is the gold standard in qualitative MR

assessment.
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Besides the morphology of the Mitral valve the five components depicted in Figure
are used to evaluate MR via color Doppler imaging 138]. These five evaluation
methods, based on the guidelindes from 28] [38], and are explained in detail in
the following.

Figure 2.8: Left Ventricle (LV), left Atrium (LA), color jet area (Area), vena contracta
(VC) and flow convergence (FC) recovered from a selected color-Doppler image,
adapted by adding labels from

The size of the LA and LV provide information regarding severity of the MR. In case of
normal sized LA and LV severe MR can be excluded.

Visual examination of the color jet area is an easy applicable method to detect existence
and qualitatively assess severity of MR depending on shape and spatial orientation of the
jet area. Obviously, it is not suitable for quantitative evaluation. Further limitations are a
dependency of the jet size on fluid mechanical properties of the blood flow (hemodynamics)
making it hard to compare between different studies.

The vena contracta (VC) marks the narrowest section of the jet as it emerges from the
orifice. The VC is a semi-quantitative measure allowing distinction between mild and se-
vere MR. Limitations of this method are a strong dependency on the geometric shape of
the orifice (three-dimensional echocardiography solves this problem) and that there is a
underestimation in case of multiple regurgitant jets.

The Flow convergence (FC) from the center of the body to the regurgitant orifice (prox-
imal) is another qualitative measure based on visual examination. The shape, location
and duration of the flow convergence provide information on the severity of the disease
and the position of the lesion responsible for the regurgitant jet. Disadvantages of the
FC measurement are an underestimation of MR in case of crescent shaped orifices and
an overestimation of MR if the jet not only appears during systole (holosystolic) as it is
calculated from a single frame.

10
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An overview of the qualitative grading parameters can be found in Table In addi-
tion, color-Doppler echocardiography may provide information regarding the regurgita-
tion’s origination according to the mechanisms listed in Section [2.1.2]

Quantitative Evaluation Methods

A commonly used quantitative evaluation method for MR is the proximal isovelocity sur-
face area (PISA) method, or flow convergence method 28]. This method is based
on the conservation of mass, presuming that the flow through the regurgitant orifice must
equal the flow through a isovelocity surface. PISA is conducted in the following steps,
according to [100].

1.

Color-Doppler imaging is performed. The Nyquist limit is adjusted to typically
30 — 40 m/s to determine the aliasing velocity Va.

. The distance from the point where Va occurs to the VC is measured. This is defined

as the PISA radius r (Fig. [2.7a). It is assumed, that if regurgitation exists, the
blood flow in the LV converges in shape of concentric shells, where velocity increases
and surface area decreases towards the orifice. Color flow mapping, via adjusting
the Nyquist limit, provides the possibility to determine Va and its respective surface
area.

. The regurgitant flow rate RFlow [ml] is calculated via

RFlow = 2772 - Va. (2.1)

. CW-Doppler is conducted to determine the velocity time integral (VTI) and the

maximum speed (Vipax), as in Figure Here, it is assumed, that the PISA radius

occurs at the time when regurgitation velocity peaks.

. The effective regurgitation orifice area (EROA) is calculated via

Fl
EROA = oW (2:2)
Vmax
. The regurgitant volume (RVol) is calculated via
RVol = EROA - VTL (2.3)

Figure from Zoghbi et al. provides a schematic representation of the assumptions
in connection with the flow convergence method.

PISA radius (r)

Va

Figure 2.9: Schematic presentation of the flow convergence method and relevant parame-

ters, adapted from [100]. Va = aliasing velocity, PISA = proximal isovelocity
surface area, LV = left ventricle, LA = left atrium.

11
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Based on the qualitative and quantitative parameters obtained from the before mentioned
methods, the MR severity is graded, according to Zoghbi et. al. and El Sabbagh et al.

(Table [2.1)).

Table 2.1: Selection of MR severity grading parameters as presented by

Mild

Moderate

Severe

Qualitative

Mitral valve
morphology

LA and LV size

Color jet area

Flow convergence

None or mild leaflet
abnormalities (mild
thickening,
calcifications,
prolapse, tenting)

Usually normal

Small, central,
narrow, short
duration

Not visible,
transient or small

Moderate leaflet
abnormality

Normal or slightly
dilated
Variable

Intermediate in size
and duration

Severe valve lesions
(flail leaflets,
ruptured papillary
muscles, large
perforations, severe
tenting, poor leaflet
coaptation)

Dilated

Large central jet or
wall-impinging
eccentric jet of

variable size
Large throughout
the systole

Semi-quantitative

VC [cm] < 0.3 0.31 — 0.69 >0.7
Quantitative

EROA [cm?] < 0.20 0.21 —0.39 >0.4
RVol [ml] <30 31 —-59 > 60

Due to the various assumptions made for the flow convergence method, the significance is
limited. Especially for non-circular orifices the assumption of flow convergence in shape of
concentric shells does not hold true 28]. Furthermore, the method is only reliable
for non-eccentric regurgitant jets. This is mainly due to the more complex flow situation in
case of eccentric MR. For a reliable quantification the ultrasound beam has to be perfectly
aligned with the main flow direction. This is difficult for eccentric regurgitation jets,
which are often curved and may change direction during regurgitation 37]. In
addition eccentric jets tend to lay alongside the atrial wall and thus cannot entrain fluid
on all sides of the jet, violating the assumptions for the flow convergence method 91].
This phenomena is referred to as the "Coanda effect” [33]. The jet looses energy due to
the wall impingement and appears to be smaller in TEE, as explained by Duncan et al.
27].

Another potential cause for the tendency of misdiagnosing eccentric MR is, that various
causes can lead to it, e.g. ruptured chordae tendineae on one leaflet [15], which are not
necessarily discovered by means of the flow convergence method. However, both, non-
circular orifices and eccentric jets are common phenomena for MR patients 65| (91].
Furthermore, methods based on TEE are known to systematically underestimated the
severity, due to the one-dimensional velocity measurement and are highly dependent on
user proficiency. The two primary reasons are that physicians manually set measurement

12
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points, creating a high level of dependence on their experience and subjective assessment,
and that the transducer control is challenging.

Incorrect diagnoses, due to errors in connection with the above mentioned methods, can
potentially lead to misguided treatment decisions with severe consequence for the patient
[99]. This motivates this study to contribute to the diagnosis of MR. By helping to
understand the flow characteristics connected with MR, it is aimed to improve current
diagnosis techniques. The scope of this thesis is to contribute to the quantification and flow
characterisation of MR. Thus, the topics regarding the therapy of MR will be skipped here.
Interested readers are encouraged to look in to Carpentier’s Reconstructive Valve Surgery
and the guidelines for MR management from El Sabbagh et al. or Vahanian et
al. [87].

2.2 Fluid Mechanics

In addition to the biological and medical aspects, and for a better understanding of of
Mitral Regurgitation, it is necessary to have a closer look into a few basics of fluid me-
chanics. This section will briefly explain the relevant fundamentals of fluid mechanics
(Section , as well as provide an overview of free jet streams (Section , which
are the main phenomena under investigation. In Section the concept of vortices will
be introduced, as well as different methods for detecting them, which were utilized in this
study.

2.2.1 Fundamentals of Fluid Mechanics

In this section the governing equations of fluid dynamics are presented and different rele-
vant simplifications are discussed. Further elaboration can be found, for instance, in
and [81]. As blood is a special fluid a few simplification in terms of material properties
are deduced before the governing equations will be derived.

Material Properties

For blood, the continuum hypothesis holds true, for as long as the solid blood cells are not
separated from the liquid. Please, see or for a summary of the theory underlying
the continuum hypothesis. Separation can occur in small arteries or vessels [22], which is
beyond the scope of this work. Thus, blood is here treated as a homogeneous suspension
of blood plasma and red blood cells.

A fluids internal resistance against a shear force is the dynamic viscosity u [kg/(m-s)]. For
Newtonian fluids the flow behavior follows Newtons law of viscosity (Eq. , where the
viscous shear stress 7 is proportional to the shear rate 7.

T=—pA (2.4)

In general, human blood is considered a non-Newtonian fluid, as its viscosity decreases
under shear strain [5] [11]. Such behavior is called shear-thinning or pseudo-plastic. Figure
shows the behaviour of blood in comparison to other kind of fluids including Newto-
nian. Blood consists of ca. 55% plasma, ca. 45% red blood cells and <1% white blood
cells [11]. For the blood plasma the assumption of constant viscosity holds true. The red
blood cells are responsible for the non-Newtonian behaviour of blood. This is due to a
reduction of cellular agglomeration from low to high shear rates, decreasing the viscosity
1.

For quasi-steady flows, e.g. in large arteries, the Newtonian assumption of the bloods
shear behavior is valid [30]. This is not the case for the flow in the heart chambers. The
pulsation causes the blood flow in the LV to vary between near-zero velocity and peak

13
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Figure 2.10: Shear stress 7 as a function of shear rate + for different kind of fluids. Pseudo-
plastic shows the behavior of human blood. Adapted from [20].

values, of 6-7 m/s [100]. In addition, sudden changes in direction occur, particularly with
MR, leading to an increase in velocity gradients, and hence shear rate.

However, Nordsletten et al. argue that the shear response of blood can be viewed as
approximately Newtonian. This is due to the summation of factors such as ventricular size,
heart rate, and the invariance of red blood cells, which combine to make the assumption
valid. Taking this into consideration, Long et al. suggest that the Newtonian assump-
tion remains applicable when blood is in motion. Nonetheless, non-Newtonian effects may
arise during systole or diastole [57]. Out of the above mentioned reasons, blood will be
considered as Newtonian in the following.

For a more comprehensive derivation of these assumptions, please refer to [22].

Governing Equations of Fluid Dynamics

The conservation equations required consist of conservation of mass, conservation of mo-
mentum and conservation of energy. In the part of the human heart studied, the temper-
ature is assumed to be constant, so the energy equation can be neglected.

The continuity equation expresses the fact that mass is conserved, i.e. per unit volume,
the change in mass due to density must equal the difference between mass flowing in an
out per unit time. In Cartesian coordinates this yields,

9p | O(pus)
— = 2.
The conservation of momentum in index notation is given by
8ui 8ul 8]7 o, ij
’0<8t +“Jaxj> e " oz, TP (2:6)

According to Wang et al. [89], blood has a compressibility of 3.75 - 107'm?/N. For the
typical pressure changes during the cardiac cycle (Section , this results in density
fluctuations of approximately 5 - 107*%, making compressibility effects negligible [22].
For incompressible fluids, Equation reduces to

I(ui)
8331'

Assuming constant temperature and small height differences in the considered region,
in addition to the incompressibility, buoyancy effects can be neglected. Furthermore,

= 0. (2.7)
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assuming no gravitational acceleration on the fluid, the volume forces f; in Equation
reduce to zero.

By applying the aforementioned simplifications to the equation of momentum conservation,
the Navier-Stokes equations (NSE) can be derived:

Ou; ou; op 0%y,
z . = _ 2.8
p ( 8t +U] 8x]> 8332 +'u 8xj8xj ( )
The Equations [2.7] and [2.8] fully describe the blood flow in the considered part of the left
human heart.

2.2.2 Free Jets

One solution of the NSE (in cylindrical coordinates) is an axisymmetric free jet.

Free jets are flows exiting a nozzle into a free area without the presence of any bounding
wall. At the present the outflow is considered to be stationary and the surrounding fluid
to be at rest. A free shear layer (or free boundary layer) forms between the fluid at rest
and the out-flowing fluid. Due to viscosity and tangential shear forces the surrounding
fluid gets accelerated and carried along at the edges of the jet. Thus, the jets volume
flux increases linearly in axial direction with the distance from its origin. This effect is
called entrainment. In addition, the jet itself gets decelerated, i.e. the mean velocity Uy,
decreases with x, due to the viscous forces in the mixing layer. 6]

A scheme of the jet diffusion is given in Figure
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Figure 2.11: Schematic representation of broadening of the jets radial velocity profiles and
the decrease of the mean velocity Uy, along the axial direction, adopted from

.

A free jet can be divided into two zones separated by transition zone according to and

[6]

At the outlet the fluid leaves the nozzle with an approximately flattened velocity profile
with the magnitude Uy. Behind the outlet, in the region of flow establishment (region I
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2.2. Fluid Mechanics

in Fig. , also called the near field, a wedge formed core zone is formed. In the core
the fluid properties and velocity are approximately constant. On the edges of the core the
mixing layer forms. Here, the velocity of the jet decays due to entrainment of surrounding
fluid. The width of the mixing layer increases downstream of the jet.

According to and [6] the core length is between two and six orifice diameters D and
the transition to the established flow (region II) happens in between z = 6 — 10 D.

The region of established flow, also known as far field, begins, where the core is fully
dissipated. The radial velocity profiles in region two become self-similar [72]. The velocity
decays rapidly in the far field [97].

Typical far field velocity profiles with respect to core velocity Uy are shown in Figure
The decrease of the peak velocity and the spreading due to fluid entrainment can be
observed.

021

x/d =30

Figure 2.12: Radial profiles of axial velocity of a circular turbulent jet, adapted from [72].
u(r) denotes the the axial velocity component and ug the outlet velocity of
the jet.

Experimental investigations, given in [43], show that, in the self-similar region, two em-
pirical constants can be observed: S for the spreading rate and B for the velocity decay.
The half-width radius ry/5(x) of a jet is defined as the radial distance from the jet center
where the velocity magnitude equals half the center line velocity Ucenter(z) for a given
distance /D from the outlet.
According to and [72], the half-width radius r; /2 of the jet is proportional to the
distance = with respect to the virtual origin of the jet x(, along the center line of the jet.
This yields

T2 = S(z — o), (2.9)

i.e. the jet spreads linearly. For the velocity decay along the center line, the following
relationship is observed:
Ucenter(x) B
= 2.10
U (z —x0)/D ( )
The self-similar profile shape, the spreading rate S and the velocity decay constant B are
all independent of the Reynolds number for turbulent free jets [72].
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2.2. Fluid Mechanics

To understand the different jet cases observed in this study a few special cases for free jets
and underlying fluid mechanical concepts are introduced in the following.

Turbulent Free Jets

A fundamental distinction feature for free jets is the flow regime [32]. For free jet flows
the Reynolds number is defined based on the outflow velocity ug, the orifice diameter D
and the dynamic viscosity v [72]:

__up - D
v

Re

(2.11)

According to the critical Reynolds number for free jets is 1000. The following four
main types are observed.

1. Dissipated-laminar jets (Re < 300)

2. Fully laminar jets (300 < Re < 1000)

3. Semi-turbulent jets (1000 < Re < 3000)
4. Fully turbulent jets (Re > 3000)

The above classification is observed for free jets issuing from circular openings into quies-
cent surrounding. However, according to a similar zoning appears to be valid for slots
with a critical Reynolds number of 2000, based on slot width.

Pulsating Free Jets

Pulsating flows exhibit characteristic distinctions to stationary flows. Those characteristics

with focus on cardiovascular systems and pulsating free jets will be summarized in the

following based on previous studies.

In fluid mechanics the dimensionless Strouhal number St is commonly used to describe

oscillating flows. The St definition is based on the vortex shedding frequency f, and yields
gt = I L (2.12)

u

where L denotes the characteristic length scale and U the flow velocity [49]. For
pulsating free jets the orifice diameter D can be used as characteristic length, the pulsation
frequency f as fy and the outlet velocity wuy as w [39] [41].

Small Strouhal numbers of St < 0.05 can be an indication for heart diseases, as stated by
Domenichini et al. [24].

For cardiovascular systems especially, the dimensionless quantity Wo, the so called Womer-
sley number [92], is commonly used to model pulsatile blood flow [88]. It describes
the pulsatile flow by relating transient inertial forces to the shear forces, and is defined as

o2rf - L?
—

Wo? = (2.13)
Figure shows five exemplary radial velocity profiles with the characteristic saddle-
backed shape for a Womersley flow in comparison to a parabolic and plug-like profile,
calculated by San et. al [78]. In the human heart Wo values ranging from 20 to 30 are
observed [68].
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2.2. Fluid Mechanics
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Figure 2.13: Five representative snapshots of the peak velocity profiles of the transient
Womersley flow in comparison to a plug-like (7 = 9) and parabolic profile
(v = 2); adopted from [78].

Hirata et al. studied the influence of amplitude and frequency for turbulent pulsating
free jets by hot-wire anemometry, with similar characteristics like in the present study.
An increased mixing was found based on the half-width radius and the total flow rate due
to the pulsation. Yadav et al. [94] found a stronger spreading of the jet and shortening
of the potential core length, alongside with the increased mixing, due to the pulsation.
The increased entrainment of surrounding fluid compared to steady jets was identified
as the causation of the observation. Choutapalli et al. found increased entrainment
and momentum flux for pulsating free jets alongside a characteristic starting vortex for-
mation. The characteristic vortex formation in pulsed jets was also studied by Ma et
al. for similar material properties and flow conditions as in the present study. An
increased entrainment and a modulation of the potential core and shear layer were found
as consequences of the pulsation. The vortex dynamics in conjunction with free jets will
be presented in Section [2.2.3]

Influence of the Orifice Characteristic

Factors like the shape of the orifice and its inlet/ outlet characteristic influence a free jet in
terms of spreading, radial velocity distribution, axial velocity decay and vortex formation.
This will be explained in the following.

In different shapes like triangle, ellipses, stars and rectangles of different aspect ratios
were analysed. Hussain et al. studied excited and unexcited elliptical jets in compari-
son to circular and rectangular jets. Both found an increased entrainment and turbulence
level for the non-axisymmetric jets, which increases spreading and velocity decay in the
near field.

For high aspect ratios of the orifice Tsuchiya et al. [85], Marsters et al. found saddle-
backed lateral velocity profiles near the outlet similar to the ones presented in Figure
Saddle-backed lateral velocity profiles are as well found for turbulent plane jets depending
on the inlet geometry and aspect ratio of the orifice by Deo et al. [23]. In summary, it is
stated, that for longer inlet lengths compared to the orifice size, the velocity profiles tend
towards a top-hat shaped profile, while for shorter inlet lengths the saddle-backed shape
is more distinct.

Another influence factor on the outlet velocity profiles is provided by Quinn et al.
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2.2. Fluid Mechanics

and Vorous et al. [1]. For sharp edges of the outlet orifice saddle-backed velocity profiles
are observed. This phenomena is known as the vena contracta effect. Streamlines are un-
able to change direction abruptly, resulting in a ”contraction” of the flow slightly further
downstream of the orifice 50].

Jeffers et al. experimentally found saddle-backed lateral outlet velocity profiles as well
for circular openings for wall-impinging jets. Their results were additionally backed up by
numerical investigation.

Figure shows exemplary saddle-backed outlet velocity profiles for the different cases
introduced above. Experimental results observed for large aspect ratio orifices are shown

in Figure and Figure [2.14b, Figure shows the outlet velocity profiles found
by for different Reynolds numbers of wall-impinging jets and Figure [2.14d| the results

found by for sharp-edged orifices.

(b) Outlet velocity profile found by
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Figure 2.14: Saddle-backed outlet velocity profiles for different free jet cases observed by
[85], [1], [45] and
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2.2. Fluid Mechanics

In terms of axial velocity development, found that for short inlet lengths compared
to the orifice height, the maximum center line velocity is reached at axial distance of
approximately two times the orifice height, and not directly at the outlet. The black dots
in Figure mark a thin orifice plate with nearly zero inlet length. Quinn et al.
found similar results for thin plates with rectangular orifices.
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Figure 2.15: Axial development of the center line velocity for different inlet lengths com-
pared to the orifice size, adopted from [23]. The black dots mark a thin orifice
plate with with nearly zero inlet length.

2.2.3 Vortex Dynamics

In the human heart the vortex formation process is the dominant flow characteristic [22].
In terms of MR, the usual flow is highly disturbed by the back flowing jet and the vortices
coming along with it. Detection and quantification of vortices in conjunction with the
regurgitation jet therefore are of major interest. In the following, the basic equations of
vortex dynamics will be introduced and the two vortex detection criteria utilized in this
study presented.

The following derivations of fundamental equations are based on Wu et al. [93].

Considering the rate of change of a material line element dx for a fixed particle, yields

b

Di (dx) = dxVu = du. (2.14)

The rate of change thus equals the velocity difference du at the two ends of the line element.
The velocity gradient Vu = Ou;/0x; can be divided into a symmetric and asymmetric part
as follows:

Ou,;
D;; describes the strain-rate tensor,
1 /0u; Ou;
D — = J 2.16
" 2 ((9.1‘] + 8x1> ( )
and 2;; the vorticity (or spin) tensor,
1 /0u; Ou;
O — = _ 27 2.17
K 2 <8x] 8$Z> ( )
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2.2. Fluid Mechanics

with D;; = 9 and €482, = w;. The strain-rate tensor D;; accounts for the amount of local
folding and stretching, while €2;;, measures the rotation of a fluid element. Furthermore,
the vorticity w can then be definded as

Ouy,
Wy = 6ijk77 (218)

L
which is a basic concept of the vortex dynamics. If the curl is taken from the NSE for an
incompressible, Newtonian fluid with conservative volume forces (Eq. [2.8) the vorticity
transport equation (Eq. 2.19) can be derived. Thereto, a few vector identities are useful,

as for instance described in Wu et al. [93].
Dwi - 8wi 8uz 8u2 82wi

_ Oui _  Oui 2.19
Dt ot @ Yor; Yoz, T ox,01 (2.19)

Free Jet Vortex Dynamics

In terms of vortex dynamics two main phenomena occur with free jets. First, when the jet
is ejected from the orifice, a leading vortex (or starting vortex) is generated [8], [6] 58].
Second, in the shear layer between the moving fluid of the jet and the nearly at-rest sur-
rounding fluid Kelvin-Helmholtz instabilities can be found [6] [16]. This occurs as follows:
Small disturbances in the shear layer generate waves. The fluid has to move faster on the
wave peaks and valleys causing a pressure gradient (Bernoulli). Thus, the wave amplitudes
tend to grow and eventually roll up to vortices due to the different velocities in the shear
layer.

Figure schematically displays the process of Kelvin-Helmholtz instabilities.

fime
i
7

Figure 2.16: Schematic representation of the chronological vortex roll-up in a Kelvin-
Helmholtz instability, adapted from [35].

If a vortex exceeds a critical vortex diameter it decays into turbulences 6} 211, (36].
Figure shows the vortex roll-up and decay for an axisymmetric jet boundary layer.

Figure 2.17: Vortex roll-up and decay in an axisymetric jet boundary layer visualized by
smoke, adopted from [64].
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2.2. Fluid Mechanics

Vortex Detection Methods

Although no universal definition of a vortex exists up to now, there are meaningful ap-
proaches in indicating vortices in fluid flows [54]. To do so, two detection criteria will
be used in this study. In the following the theoretical background of the criteria will be
provided.

The @Q-criterion is based on the velocity gradient tensor and detects vortices based on the
motion of a fluid element, i.e. if a the rotation of a fluid element (Eq. exceeds the
dilatation (Eq. a vortex is indicated. Mathematically, Hunt et al. define @
based on the second invariant of the velocity gradient.
8ui 8uj
81’j 83:1

Using the separation of the velocity gradient tensor (Eq. [2.15), vortices are indicated for

Q=

(2.20)

Q= QUQ’U — DijDij > 0. (221)

Further adjustments to the @)-criterion have been introduced by Chong et al. and
Zhou et al. increasing its robustness and applicability. A downside of the Q-criterion
and related approaches, is that it is gradient-based, which can be problematic for experi-
mental data [54].

The I'y-criterion, as introduced by Graftieaux et al. [34], identifies vortices by using the
streamline topography. Thus, it eliminates the need for velocity gradients. A vortex core
is identified based on the average angle of the local velocity field relative to a reference
point. A point in a velocity vector field belongs to a vortex core, if the magnitude of
sin(©,/) on average approximately equals 1. The sign of I'; denotes the sense of rotation
of the vortex.

I'y is calculated as follows:

1

7S s

sin(© ) dS (2.22)

Figure schematically shows the geometrical relations used for the calculation.

Figure 2.18: Schematic representation of the angle © ), of the local velocity field S relative
to a reference point P, as used for the calculation of the I'i-criterion [54].
Uys denotes an exemplary velocity vector in the flow field and PM the vector
connecting vector with the reference point P.
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2.3. Particle Image Velocimetry

Usually I'y performs better than ) on experimental data as no gradients are used, but the
computational costs are higher [54].

Both, the Q- and I'j-criterion belong to the Eulerian approaches, as they evaluate the
flow based on instantaneous velocity information. The downside of Eulerian approaches
is, that it is impossible to draw conclusions regarding the development of the flow over
time or identify cause-effect relations between the vortical structures detected 22].
An approach eliminating those disadvantages would be the evaluation of the so called
Finite Time Lyapunov Exponent (FLTE), which belongs to the Lagrangian approaches.
Unfortunately, performing FTLE exceeds the time limitations of this thesis. FTLE evalu-
ations for pulsatile free jets can for example be found in the publication of Ma et al. [58].
Regarding the hemodynamics, FTLE can be found in the PhD thesis of Daub [22], applied
for numerical studies of the hemodynamics near the MV.

2.3 Particle Image Velocimetry

Particle image velocimetry (PIV) is a non-intrusive measurement technique that offers
immediate velocity information for the entire flow field within the measurement zone. The
succeeding PIV theory is derived from and [75].

The working principle of PIV is based on measuring the correlated displacement of a
particle ensembles in a certain observation plane. The added tracer particles are made
visible via a thin light sheet generated by a pulsating laser. The light scattered by the
particles is recorded onto subsequent images by means of a digital camera. Via cross-
correlation of the recorded particle-images the displacement of the particles between two
subsequent images can be recovered. Hence, the velocity of the flow is calculated by
dividing through the optical magnification factor and the time delay between two successive
light pulses.

In contrary to single point methods like hot wire anemometry (HWA) or laser Doppler
anemometry (LDA), PIV is able to recover a two dimensional velocity vector field. The
recovery of instantaneous flow fields enables the derivation of related properties like the
instantaneous velocity gradient tensor and identification of coherent flow structures or
topological bifurcations.

2.3.1 Experimental Setup for PIV

The experimental setup for PIV experiment consists of three main components: the particle
supply, the particle illumination and the the particle imaging. A schematic PIV setup is

given in Figure

Particle supply: The upstream added tracer particles must be adequately small ensuring
they do not influence the flows fluid mechanical properties and perfectly follow the flow.
Furthermore, to facilitate high quality PIV recordings and thus, a reliable quantitative
evaluation, a medium particle density and homogeneous distribution of particles in the
flow is essential.

Particle illumination: The duration of illumination needs to be short ensuring that the
distance travelled by particle-images during illumination is significantly smaller than the
size of the particle-image itself. Otherwise motion blur occurs and streaks are visible on
the recording rather than dots.

In addition, the intensity of the light source must be high enough so that light scattered
by particles is detectable with a digital camera. Double-head Nd:YAG lasers with a wave
length of 532 nm, pulse energies between 10 mJ and 1 J and a pulse duration of 5 — 15 ns
meet those requirements and are therefore commonly used in PIV experiments.
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Figure 2.19: Experimental setup for planar 2C-2D PIV measurements: Tracer particles are
illuminated by a laser light sheet and recorded by a high-speed camera. Via
the displacement of particle images and the time delay between two subse-
quent images the velocity field of the flow is determined. Adopted from [75].

The laser beam with circular cross-section is transformed into a thin light sheet by a com-
bination of cylindrical and spherical lenses.

Particle imaging: When recording small particles the effect of diffraction limited imaging,
referring to the theoretical limit of resolution of an optical system, needs to be taken in
to account. When light passes through a circular aperture, like in a camera, it gets re-
fracted and interferes in such way, that a circular pattern of alternating bright and dark
rings forms, describing the point spread function of an ideal optical system. The central
maximum of this intensity function is called Airy disc and the rings around the peak Airy
rings. For a given imaging configuration, the diameter of the Airy disk dgig represents the
smallest possible particle image that can be obtained. However, this minimal diameter
is only relevant for PIV if very small particles are recorded at small magnifications. For
larger particles/ larger magnifications the effects of geometric imaging become more dom-
inant.

The image of a particle is the convolution of the point spread function with the geometric
image of the particle. Considering a perfect lens and the point spread function approxi-
mated by the Airy function, the particle image diameter can be calculated via the following
formula

dr =/ (Mdy)? + %4 (2.23)

where M is the magnification factor, defined as the ration between the distance from the
image plane to lens zp and the distance from the lens to the object plane Zy (see Fig.
2.20).
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Figure 2.20: Geometric image reconstruction adopted from [75].

Regarding image recording, it is noteworthy that the accuracy of the recorded intensity
distribution depends on the image depth of the camera sensor, typically between 8- and
16-bit since each pixel has a digital signal.

Different recording techniques exist in PIV. For this study, the Double-frame/ single ex-
posure technique has been chosen since it is the method of choice as per Raffel and
is commonly used nowadays. In this technique, a separate image is captured for each of
the two successive laser pulses. Therefore, it inherently preserves the temporal order of
images and hence, information on the direction of displacement.

To recover velocity information in physical coordinates (rather than pixel coordinates),
calibration must be performed before evaluation.

2.3.2 Evaluation of PIV Recordings

At the beginning of evaluation, which is schematically depicted in Figure PIV record-
ings are divided into so-called interrogation areas.

Interrogation area

oo . §*
. - e
.
.
- U Displacement (pixels)
Image pair Cross-correlation Displacement vector Velocity vector field

Figure 2.21: Schematic representation of PIV evaluation procedure

For the double-frame/ single exposure method, a cross-correlation algorithm is used to
extract the velocity information. For the mathematical application of the cross-correlation
algorithm, it is assumed, that the displacement D is constant for all particles in one
interrogation area. Hence, the particle location X} in the second image at ¢’ = ¢ + At for
a 2D recording is given by

(2.24)

'~ . X; +Dx
Xi—Xl—FD—(m_i_DY .

Assuming that particles are located close to the optical axes, the perspective projection

simplifies to
_ (MDx
d= <MDy> , (2.25)
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where d represents the particle image displacement in the image plane. Skipping a few
mathematical transformations, Raffel describes in detail, the cross-correlation function
yields

Ri(s,T,D) Z\/b Vo (X; +D)/ T(x — x)7(x — x5+ 5 — d)dr.  (2.26)

ar

s is the separation vector, I' the particle ensemble, a; the analysed field, Vj(X;) the transfer
function for the light intensity and 7 the point spread function.

The i # j terms represent the correlation of different particles in the two images obtained
from the successive exposures and thus randomly distributed noise. These terms can be
further distinguished into R (s,T', D), which accounts for the convolution of the mean
light intensities, and Rp(s,I', D), which is the fluctuating noise component.

The ¢ = j terms represent the correlation of particle-images from the first exposure with
particle-images from the second exposure (Rp(s,T',D)).

Following this distinction, the correlation can be decomposed into three parts:

R;i(s,T,D) = Ro(s,T,D) + Rp(s,T',D) + Rp(s,T, D). (2.27)

The displacement correlation peak reaches its maximum for s = d, which represents the
average in-plane displacement for a given particle distribution in a flow. Thereby, the
velocity components U and V' can be calculated using the known time interval between
exposures (pulse delay).

Rp

Figure 2.22: Composition of peaks in the cross-correlation function, adopted from

As the input data is discretized, the correlation values only exist for integral values, re-
sulting in an uncertainty of plus/ minus half a pixel. However, the correlation values
are statistical measures, making sub-pixel accuracy possible with PIV data. This is done
following three steps outlined by Raffel [75]:

1. Scan correlation plane to find the correlation peak Rp.
2. Extract adjoining correlation values.

3. Apply a three-point estimator, generally a Gaussian curve, using three points in each
direction to find the peak.

The optimal particle image size was found to be between 2-3 px [84]. If the particle
image is too small, an effect called peak locking arises, where a particle is only represented
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2.3. Particle Image Velocimetry

by one pixel. This only allows for integral multiples of displacement, thus reducing accu-
racy.

Loss of pairs occurs when the algorithm used to process PIV images fails to accurately
correlate particle pairs between consecutive image frames. The primary cause behind this
is the large displacement of the particle between the two laser light pulses, which makes
accurate tracking impossible. Loss of correlation resulting from a particle moving outside
the field of view (FOV) is called in-plane loss, while loss resulting from movement perpen-
dicular to the light sheet is called out-of-plane loss. Other factors that can lead to loss of
pairs include noise, blurring or distortion, and particle aggregation or clustering.

To account for the loss of pairs, the evaluation is conducted using a multi-step window
shifting method, wherein the first evaluation determines the shift by which the window is
moved in the second evaluation. In each step the interrogated area is reduced, known as
multi-grid interrogation [75].

For the determination of the optimal time delay between two images or laser pulses, two
different uncertainties have to be taken into account. On the one hand, the absolute po-
sition uncertainty remains constant for a given setup. The relative position uncertainty
is small for large pulse delays due to the large particle displacement. On the other hand,
the estimated path between two particle positions deteriorates with increasing pulse delay
due to the finite difference approximation. Figure shows this relationship.
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Figure 2.23: Relative uncertainty for PIV measurements depending on pulse delay adopted

from .

In addition, as the interval between laser pulses increases, the probability of particle loss
increases. The best trade-off was found for particle displacements of 6-10 pixels between
the two exposures [75].

In terms of data validation, false displacement vectors need to be detected and replaced.
As visual inspection is not feasible for large PIV measurements, false vectors need to be
detected by inspection of the quality of the correlation signal or the local coherence of the
vector field, i.e. comparison of each vector with the measured displacement in neighbouring
analysis fields. Robust PIV evaluations should consist of less than 5% false vectors [75].
By means of current PIV evaluation software, detected vectors can be replaced by the
second highest correlation peak or interpolated from the neighbouring values.
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2.4 State of the Art Research

In this section an overview shall be given regarding hitherto existing experimental fluid
mechanical studies on MR, that are relevant for the present work.

Billy et al. reconstructed the three-dimensional flow in a two-chamber left heart model
by means of 2D PIV in two different sets of perpendicular planes. The main objective was
to characterize the three-dimensional flow upstream of a insufficient MV. Furthermore the
magnitude of the color Doppler distortion was estimated.

Sonntag et al. performed similar investigations as in this study. The authors con-
ducted PIV experiments on Mitral regurgitation phantoms (MROPs) and compared the
results with US and numerical simulations. The main difference to this work is, that only
generic orifice shapes were investigated and no pulsatile flow used. As described in Section
pulsation alters the fluid mechanical characteristics significantly.

Providing the three-dimensional velocity information for heart flows, Biisen et al.
conducted Stereo PIV measurements in multiple planes in an aorta model. Through this,
quasi 3D velocity data could be recovered, yet not in the region of MR.

Jeyhani et al. investigated the flow patterns after a MV repair by means of PIV
and color-Doppler US. However, the influence on the flow in the LV was studied, not the
regurgitant jet in the LA.

The flow characteristics behind mechanical valves (prostheses) have been studied by Man-
ning et al. and Kini et al. [51]. Both analysed the regurgitant flow in the LV using
PIV. However, the flow characteristics after mechanical heart valve replacement signif-
icantly differs from the cases in this study. The main difference is, that two jets are
emerging from mechanical valves due to the working principle of the prostheses. Hence,
the significance of a comparison with this work is limited.

Raghav et al. provide an experimental assessment of PIV measurements of flow fields
in connection with heart valve prostheses. The best practice recommendations were used
as a guideline for the experimental setup of this study.

Levi et al. systematically analysed the eccentricity of MR jets on patients with indica-
tion of wall myocardial infarction. The findings in terms of eccentricity of the jet were used
to design the eccentric jet producing MV for this study, which will be further described in
the next chapter.
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3. Experimental Setup and Procedure

The experimental setup employed for this study consists of two main parts: First, the
heart simulator generating the data and second, the measurement instrumentation
capturing the data . In the following those two parts will be described and the
measurement procedure will be explained in detail.

3.1 The Heart Simulator

The test rig consists of two main components. A 3D printed model of the heart’s left part
(Form 3B, Formlabs GmbH, Germany; layer thickness 50 pm), and a cardiac piston pump
(SuperPump Pulsatile Pump, ViVitro Labs, Inc., Canada).

Ultrasound - Probe

| =

Left Atrium

Light Sheet Optics

Left Ventricle

Mitral Regurgitation Orifice Phantom Cardiac Piston Pump
Figure 3.1: Model of the test setup including the heart simulator designed by Karl

(submitted), the PIV setup and an ultra sound probe used for the training and
studies of physicians.
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3.1. The Heart Simulator

The 3D model of the left heart was designed by Karl (submitted). The MROPs and
patient-specific MV models are inserted between the left atrium (yellow part in Fig.
and the left ventricle (blue part in Fig. instead of a MV.

The MROPs are simulating a closed but insufficient MV, i.e. there are no leaflets that can
open and close, but a fixed orifice shape. Thus, the phase of the cardiac cycle investigated is
mid-systole, where the ventricle contracts and pushes the blood through the aorta towards
the body circulation. For insufficient MVs or the here deployed MROPs, the blood partly
flows into the atrium (which is the actual focus of investigation). As the ventricle is
manufactured out of rigid material the contraction is simulated by a forward movement
of the pump piston. To refill the left ventricle during diastole (where the piston of the
pump is moving backwards), the aortic valve is removed enabling a bidirectional flow in the
aorta. So, the "cardiac cycle” simulated here is in fact no circulation, but an alternation
between regurgitation through the MROP and a refill of the ventricle from the reservoir
(grey part in Fig. via the aorta. As this study aims to investigate the formation of
the regurgitation jet, this is not problematic. Fig. shows the assembled artificial heart
on the test rig.

Figure 3.2: The artificial heart on the test rig at ISTM in Karlsruhe, photographed by
Robin Leister.

In terms of fluid, 70% water is mixed with 30% glycerol generating a so called blood mim-
icking fluid with similar fluid mechanical properties to human blood at body temperature.

The cardiac piston pump mimicking a realistic heart beat with a frequency f of 80 bpm
is connected to the left ventricle. The left ventricular pressure was set to 120 mmHg for
all measurements, by adjusting the stroke volume StrokeVol of the pump. The setting
of the StrokeVol determines the piston’s travel distance. The output signal of the pump
corresponding to the trajectory of the piston is shown for four heart beats with 80 bpm
in Figure The signal was recorded via a digital I/O device (NI USB-6501, National
Instruments Corp., United States of America). Depending on the StrokeVol and heart rate
f the course of the graph is scaled maintaining a realistic trajectory.
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3.1. The Heart Simulator
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Figure 3.3: Output signal of the ViVitro Labs Superpump for f = 80 bpm and StrokeVol =
115 ml; 4 period cycles.

The temporal accuracy of the pump was determined by recording the output signal for a
period of 10 min at 80 bpm equalling 800 heart beats, and calculating the temporal drift.
Figure shows the first 750 ms (periodic time T' of one heart beat at f =80 bpm) of the
recording as a black solid line and the last 750 ms as a dotted green line.

Output Signal Superpump [V]
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Figure 3.4: First and last period cycle of a 10 minute at f = 80 bpm and StrokeVol =
115 ml recording of the ViVitro Labs cardiac piston pump used in the experi-
ments. At indicates the the temporal deviation after 800 heart beats.

The temporal drift after 10 minutes of recording is At = 474 ms corresponding to a devi-
ation of 5.925 ms per beat, which equals a temporal inaccuracy of 0.7%. This implicates
that for accurate phase-resolved PIV measurements a additional trigger signal for the laser
and the camera is necessary.

31



3.1. The Heart Simulator

In the course of this study five different MROPs have been analysed. An approach of
increasing complexity was chosen starting with 3 generic orifice shapes, followed by an
eccentric jet-producing MROP and a patient-specific MV.

In terms of generic MROPs a pinhole, a pointed oval (hereafter referred to as slot) and
a drop shaped opening in different dimensions have been manufactured out of a 0.5 mm
polyvinyl chloride (PVC) film (Outside Living Industries Deutschland GmbH, Bocholt,
Germany) using a laser cutter (Neje Master 2S Plus 30W, LKXSWZQ, optical power
7.5 W, A = 450 nm). The pinhole was chosen as the simplest possible MROP, while the
slot and drop are more realistic MV defect shapes (according to Jun. Prof. Dr. Sandy
Engelhardt, Ruprecht-Karls-Universitit Heidelberg). In addition, the slot and drop enable
evaluation of asymmetric effects. Three sizes were selected for each geometry to accommo-
date different MR classifications. Table|3.1|presents the dimensions of the generic MROPs.

Table 3.1: Sizes of regurgitation phantom orifices.

MROP shape Width Height Area

[mm)] [mm]  [mm?]
Pinhole S 4.7 - 17.1
Pinhole M 8.7 - 58.8
Pinhole L 12.2 - 116.7
Slot S 3.3 11.1 27.0
Slot M 4.5 14.0 44.8
Slot L 7.3 22.9 115.1
Drop S 4.3 9.7 27.1
Drop M 6.5 13.7 52.1
Drop L 13.1 27.0 169.5

Fig. shows the the laser cut films for the three shapes and the sizes S, M and L
respectively. To install the MROPs in the heart simulator the film was glued and screwed
onto a mount, which was placed between the LV and LA, as depicted in Fig.

‘ ‘f

(b) Installed pinhole M in the heart simulator
without the left atrium.

(a) Photograph of the polyvinyl chloride film
cutted MROPs in the sizes S, M and L.

Figure 3.5: Overview of the laser-cutted MROP films and a photograph of the installed
pinhole M Mitral regurgitation orifice phantom in the heart simulator.
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3.2. PIV Setup and Procedure

The sizes of the orifices were determined using a technique called background illuminated
imaging. Therefore, the films were digitalized using a scanner. Binarization of the images
ensured the area of white pixels corresponded to the orifice area of the MROP. Subse-
quently, height and width were calculated accordingly.

The eccentric jet-producing MROP, also referred to as EccJet, was manufactured using
3D printing technology (Form 3B, Formlabs GmbH, Germany; 50 pm layer thickness).
Consequently, it differs from the other three geometries in terms of its rigidity. The hole
angle was established at 30° in relation to the center line of a straight jet.

Levi et al. define the jet angle as the angle between the annulus plane and the jet
center line. Thus, the 30° angle of the EccJet correspond to a jet angle of 60° as per their
definition. According to the studies of Levi et al. jets with angles of 46 to 64° towards
the annulus plane are considered as eccentric jets. Jet angles exceeding 64° are considered
as non-eccentric. Hence, the chosen 30° corresponds to an eccentric jet.

To ensure the correct deflection of flow and the subsequent generation of an eccentric jet,
the MROP’s thickness was increased to 12 mm, which allows the flow to evolve.

The patient-specific Mitral valve, hereafter referred to as PatSpec, was developed during a
Master’s thesis at the Institute for Applied Materials (IAM), KIT, by C. S. Bergt [10]. To
accurately reproduce the material, mechanical, and haptic properties, an insufficient MV of
a real patient was 3D scanned and fabricated from various materials with the overall goal of
reproducing the material, mechanical, and haptic properties of a human MV. Figures|3.6D|
illustrate the PatSpec mounted onto the heart simulator. Notably, the PatSpec exhibits
distinct differences from the generic MROPs, such as its opening and closing during the
pump cycle and a non-uniform orifice. Furthermore, the PatSpec includes artificial chordae
tendineae, similar to the ones found in natural MVs. By adjusting the tension on the
leaflets via the artificial chords (Fig. [3.6¢), it is possible to prevent them from swinging
beyond the annulus plane into the LA during systole.

(a) Atrial view (b) Ventricular view (c) Side view

Figure 3.6: Atrial and ventricular view of the patient-specific Mitral valve and a side view
into the left ventricle of the heart simulator showing the artificial chords.

3.2 PIV Setup and Procedure

The PIV setup utilized in this study is in general based on the theory described in Chap-
ter(2.3l The PIV method used is called 2D2C, meaning that two velocity components
(u and v) in a two-dimensional plane (z-y-plane) are recovered [75]. The laser light sheet
generated by the light sheet optics, as described in Chapter marks the plane in which
the velocity components are measured. Figure shows the test rig with installed PIV
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3.2. PIV Setup and Procedure

Figure 3.7: The heart simulator with the PIV setup in the ISTM lab, photographed by R.
Leister.

measurement setup including the switched-on laser. The optical accesses for the camera
and the laser light sheet are given by two atrial windows - one oppositely to the Mitral
valve serving as an access for the laser light sheet and one parallel to the light sheet for
the camera.

A double-pulsed Quantel Evergreen Nd:YAG laser with an energy of 210 mJ and a wave-
length of A = 532 nm serves as the illumination source. The pulse delay is adjusted between
80 and 100 ps depending on the flow velocity to achieve an optimal particle displacement
(as described in Chapter |2.3.2). In terms of seeding, Polyamid particles of d, = 20 1m were
added to the blood mimicking fluid corresponding to a particle response time of 7, = 33 ps.
Regarding particle imaging, an ILA.PIV.sCMOS camera (16 bit dynamic range, 6.5 pm
pixel size) equipped with a 50 mm Zeiss Makro Planar lens was used. A magnification of
M = 0.2 (reproduction scale s™¥ = 35.48 ym/px) results from the described setup with a
FOV size of 85 x 72 mm?.

Two methods were used to record the measurement data. First, phase-averaged recordings
of the flow were conducted. Here, a total of 1000 double-frame images were acquired at
a frequency of 15 Hz and then averaged (for each geometry). Those measurement were
mainly conducted to calculate the regurgitation volume RVol, which then can be com-
pared to the RVol measured by physicians via TEE. The results of those investigations
were incorporated in a to be submitted paper by R. Leister and R. Karl ("Comparison
of Transesophageal Echogardiography and Particle Image Velocimetry to quantify Mitral
regurgitation in an high-fidelity Environment” [47]) and are not the focus of this thesis.
Second, phase-resolved measurements were made by dividing the heartbeat into 42 to 55
different phases (depending on the MROP and length of the relevant phases). The signal
output from the cardiac piston pump was therefore used as the trigger signal for the laser
and the camera and was shifted as desired for each phase. The period during which the
regurgitant jet originates and develops (systole) was sampled at time intervals up to 2 ps.
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3.2. PIV Setup and Procedure

Conversely, during diastole, the irrelevant region was sampled at significantly coarser time
steps of around 100 ms. For every phase, 40 image pairs were acquired and then averaged.
The measurement protocol is provided in Figure in Appendix [A|of this thesis.

For the non-axis-symmetric MROPs, i.e. slot and drop, the laser sheet was traversed
in five to nine planes in the z direction. The corresponding offsets for each plane range
from 1-3 mm, depending on orifice width. PatSpec MV measurements were taken at seven
planes, ranging from z = —15 mm to z = +15 mm. Although the 2D2C-PIV method only
allows the recovery of two-dimensional velocity information, the traversing of the laser
sheet provides an understanding of the three-dimensional shape of the jet. This is espe-
cially interesting as the Ultra sound measurements carried out by the physicians n-vivo
only provide one-dimensional velocity information in one plane (2D1C), as shown in Fig.

The software PIVview (PIVTEC GmbH, Géttingen, Germany) was employed to post-
process the image pairs based on the theory outlined in Chapten2.3.2. The resultant
velocity vector field was subsequently analysed using custom scripts in MatLab® (Math-
Works, United States of America). Spatial analysises were conducted using phase-averaged
recordings, if not stated differently. The temporal analysis of the velocity fields was con-
ducted based on phase-resolved measurements. To identify vortices, single image pairs
from the phase-resolved measurements were evaluated additionally to detect small-scale
effects. The outcomes of this analysis will be presented and discussed in the next chapter.
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4. Results and Discussion

The findings outlined in this chapter are categorised into three sections: The section about
the generic MROP results (Section7 the section concerning the eccentric jet producing
MV (Section , and the section on the patient-specific Mitral valve (Section .

For each of the PIV experiments described in Chapter 3| The velocity vector fields generated
were analysed and the relevant findings are presented respectively. The analysis adheres
to the order of the fluid mechanical theory as outlined in Chapter

Each of the following three sections (Section Section Section provides a
general description of the flow and an analysis of the temporal parameters of the free jet,
as outlined in Chapter This permits a discussion of the developmental aspects of the
regurgitant jet. Additionally, the velocity distribution is spatially analysed, allowing for
a discussion of the jet’s spreading. Subsequently, for each Mitral regurgitation phantoms
and the PatSpec, the results of the vortex detection will be presented, based on the theory
outlined in Chapter [2.2.3|

4.1 Generic Mitral Regurgitation Orifice Phantoms

In this chapter, the discussion centres around the results of the PIV experiments conducted
on the generic MROPs including the pinhole, the slot, and the drop. Although measure-
ments and analyses have been performed on MROPs of various sizes (please refer to table
and the measurement protocol [A.1)), only the most relevant results are presented due
to space limitations.

A first overview of the general flow situation for the three MROPs measured via phase-
resolved PIV is given in Table For the dimensionless quantities, as defined in Chapter
the larger dimension was used as the characteristic length L (diameter D for the
pinhole and the height for the slot and drop). Re and St were calculated based on the
maximum velocity recovered at the outlet Umag0max and the kinematic viscosity of the
blood mimic, v = 3.3 - 107% m?/s.
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4.1. Generic Mitral Regurgitation Orifice Phantoms

Table 4.1: Comparison of relevant parameters calculated from the phase-resolved PIV mea-
surements for three orifice shapes.

‘ Pinhole L Slot L Drop L
L in [mm] 12.2 22.9 27
Umag,max i [m/s] 4.10 4.05 3.73
Re [-] 12382 23435 19818
Wo [-] 19.44 36.49 43.02
St [-] 0.0051 0.0091 0.0149
|wmax| in [1/s] 3.72 3.52 2.51
|Qmax| in [1/s%] 0.88 0.88 0.49

For the three shapes similar maximum velocity magnitudes ranging from umagmax =
3.73 m/s to 4.1 m/s are observed. The Reynolds numbers for all MROPs indicate a
fully turbulent flow, when the maximum velocity is present at the outlet [61]. However,
due to the pulsation, phases with near zero flow velocity are present. This implies phases
with laminar flow exist as well. Thus, a transition of laminar to turbulent happens during
regurgitation. A vortex dynamical interpretation of the depicted quantities will be given
in Section [4.1.3

4.1.1 Temporal Velocity Distribution

In this section, an overview of the jet development will be given. In addition, the velocity
distribution of the regurgitant jet will be displayed for each shape to provide a broad un-
derstanding of the flow situation at hand. Following this, the radial profiles of the axial
velocity component for different distances from the orifice will be presented. Furthermore,
the discussion will include the decrease of axial center line velocity. The velocity graphs
found, will be discussed regarding the expected outcomes based on the free jet theory. The
radius and half-width radius will be analysed for the pinhole shape, while for the non-axis
symmetric orifice shapes (i.e., the slot and drop), an overview of the three-dimensional
shape will be provided.

The findings will be compared to the theory on free jets (Chapter. The correspond-
ing hypotheses will be stated before new results are presented and then discussed using
the plots generated by means of the developed post-processing methods.

Based on the output signal of the cardiac piston pump, mimicking the human heart beat,
the regurgitant jet is expected to emerge and dissipate in each cycle period T' = 0.75 s=
750 ms.

Figure shows the velocity magnitude umag = Vu? + v? distribution of selected phases
of the regurgitant jet development for the pinhole L.

The trigger signal of the cardiac pump is emitted when the regurgitation jet already
emerges, i.e. there is already a detectable axial velocity at ¢ = 0's. To visualize the whole
sequence of the jet development from emergence to dissipation for the second heart beat
are shown below.

To enhance analysis of the experimental data, all velocity matrices were rotated by ap-
proximately 30° enabling the visualization of a horizontal jet. White areas, correspond to
zero and low, blue areas to medium, and red areas to high velocity magnitudes.

The maximum velocity magnitude %mag max for the pinhole L equals 4.1 m/s at ¢t = 0.770 s.
It is observed that the whole development and dissipation of the jet occurs within approx-
imately 170 ms.
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Figure 4.1: Velocity magnitude umag fields for selected phases during regurgitation; pinhole
L Mitral regurgitation orifice phantom.

Figure 4.2 shows the temporal course of the outlet velocity uo(y) = u(xz/D = 0,y) for the
pinhole L by means of radial profiles of the axial velocity at z/D = 0 for different phases.
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Figure 4.2: Temporal course of the outlet velocity ug(y) for the Pinhole L. Green lines =
phases with increasing velocity, red lines = phases with decreasing velocity.
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4.1. Generic Mitral Regurgitation Orifice Phantoms

The green lines are chosen for the phases of increasing velocity, while red marks the velocity
decrease phases. The shape of the particular velocity profiles will be discussed in further
detail later on (see Section [4.1.2)).

The graph in Figure shows the center line velocity of the regurgitant jet at the outlet
(uo,center) for two heart beats, next to the output signal of the cardiac piston pump (Figure
corresponding to the travel distance of the pumps piston.

As expected the flow velocity rises as the piston of the pump moves forward. However, the
velocity-time graph in Figure does not show the same curve as the output signal-time
graph of the pump in Figure The second (smaller) peak clearly noticeable in the
output signal-time graph (at ¢t = 0.45 s and ¢ = 1.2 s respectively) is not represented in
the velocity response of the regurgitant jet, but rather one bulky peak is visible.

Yet, in the rise of the velocity-time graph, two small peaks are observable before the
maximum velocity 4o center,max is reached. The first one at t = 0's and ug center = 1.7 m/s
is most likely due to the system inherent inaccuracy of the pump, i.e. due to the slight
temporal deviation from the assumed frequency of 1.33 Hz (equaling 80 bpm). The system
inherent inaccuracy of the pump is further investigated in Chapter|[3.1]
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(a) Output signal cardiac piston pump over  (b) Outlet velocity in the center of the jet
time ¢ UQ,center OVEr time ¢

Figure 4.3: Temporal flow velocity response of pinhole L to the piston travel distance of
the cardiac piston pump represented by the output signal.

The second peak at t = 0.05 s and ©g center = 2.9 m/s, just before the maximum ug center,max
is reached, seems to be characteristic. It is observed for all generic MROPs. An potential
explanation could be the "wobbling” of the PVC film. Figure shows two consecutive
PIV images of the experiments Pinhole L. In the second image a slight deformation of the
film around the orifice is noticeable that could cause the slight decrease in outflow velocity.
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Figure 4.4: Consecutive PIV images in pixel-coordinates of Pinhole L showing the "wob-
bling” of the PVC film out the orifice during regurgitation.

4.1.2 Spatial Velocity Distribution

For stationary free jets, the potential core is expected to be observed up to distances from
the orifice of /D = 2 to 4 [79, 97]. A triangular shape would be anticipated in the
z-plane for both the pinhole and slot, whereas an asymmetrical distribution would be an-
ticipated for the drop.

Figure illustrates the velocity distribution of the three MROP shapes at a fully devel-
oped state of the pulsating free jet. The time that the jet reached full development was
identified by finding the highest mean velocity in the flow field. For comparability with
existing literature, the axes have been normalised to the orifice diameter. For non-circular
orifices, the height was used as D (see Table [3.1).

Umag 10 [m/s]

(a) Pinhole L at ¢ = 0.03 s
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Figure 4.5: Velocity magnitude wy,g distribution of three different orifice shapes at a fully
developed state of the regurgitant jet.

Figure shows a triangular potential core for the pinhole. A more bulky shape for the
slot is shown in figure [4.5bl The potential core for the slot and the drop does not entirely
fill the atrium. One possible explanation for this is the larger opening area (refer to Table
and the constant peak pressure in the ventricle (pyentricte = 120 mmHg), which makes
the jet less concentrated. Thus, the high-velocity regurgitation jet does not extend to the
right side of the FOV, before the pump piston’s movement direction reverses at t = 0.2 s
and the force driving the regurgitation vanishes.

The results of the drop exhibits the anticipated asymmetrical, yet triangular shape of the
potential core, with elevated values towards negative y/D positions corresponding to the
location of the drop’s circular end.

In the following the spatial velocity distribution for the three generic MROPs will be in-
vestigated in detail. Therefore, radial profiles in different distances from the orifice will be
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4.1. Generic Mitral Regurgitation Orifice Phantoms

presented. For stationary free jets, according to the theory, top-hat shaped velocity profiles
near the outlet would be expected 58]. For pulsating free jets, as in the case at
hand, top-hat shaped and parabolic outlet velocity profiles are expected 139]. For
high-aspect ratio orifices (drop and slot), and sharp edges saddle-backed outlet profiles are
expected (74} 1] [60].

The maximum axial velocity umax is expected to be found close to the outlet for free jets,
i.e. near /D = 0 on the center line of the regurgitant jet. For thin plates, with nearly
zero inlet length, umay is expected to be found further away from the orifice, due to the
vena contracta effect [74]. In addition, the findings regarding the potential core from
Fig. can be verified by means of the radial profiles of axial velocity in the following.

In Figure the positions are marked on which the axial velocity component u of the
jet will be analysed. The corresponding outcomes are exhibited in Figure beside. A
saddle-backed outlet velocity profile at /D = 0 is observed. According to the theory, two
potential explanations exist. First, the thin film of the generic MROPs exhibit sharp edges
and nearly zero inlet length. The vena contracta effect observed for such geometries, leads
to saddle-backed outlet profiles 23]. In addition, the atrial wall opposite the MROP
could influence the velocity, as outlined by Jeffers et al. [45].

In agreement with the theory (see Chapter|2.2.2), the velocity at the outlet is only around
80% of umax and the maximum is reached around z/D = 2.

From the outlet, the saddle-backed radial profiles progresses downstream to a top-hat shape
at 0.5 times the orifice diameter D before it changes shape again around x/D = 2. The self-
similar profiles found for /D > 2 are characteristic of free jets 132]. The
alteration in shape is accompanied by a reduction in center line velocity and broadening
of the radial profile, i.e. a radial spreading of the axial velocity. These effects are due to
the entrainment of quiescent surrounding fluid, as explained in the fundamentals of this
work (Chapter[2.2.2).

Furthermore, it is evident from Figure that the velocity close to the center of the jet
is within 95% of umax for /D = 0.5 to 3, supporting the theory of the potential core of
free jets, which indicates that its end is located between 2 to 4 times D [32].
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(a) Axial /D positions at which the radial pro- (b) Radial profiles of axial velocity for different
files of the axial velocity will be investigated. x/D positions.

Figure 4.6: Exemplary visualization of x/D position where radial distribution of the axial
velocity is analysed and results for the pinhole shape, fully developed state,
t =0.03 s.

42



4.1. Generic Mitral Regurgitation Orifice Phantoms

Figure demonstrates the radial velocity profiles of the slot and drop, with dimension-
less axial positions adjusted to account for larger orifice sizes. Similar to the pinhole, a
saddle-backed profile can be observed for both, the slot and drop, at the outlet. Addition-
ally, both shapes exhibit an initial rise in maximum velocity as the top-hat shaped profile
develops. Subsequently, velocity decreases and the jet begins to spread in lateral direction.
Compared to the pinhole, the spread is less pronounced, notably for the slot.

For the drop, as expected, a asymmetric velocity distribution appears in Fig. partic-
ularly beyond axial distances of 0.5 times D.
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Figure 4.7: Radial distribution of the axial velocity for different /D positions for slot and
drop shaped orifices, fully developed state.

In the following, the center line velocity ucenter(z) for the fully developed phase of the cir-
cular jet, originating from the pinhole, will be investigated. The slot shows similar results
to the pinhole, while the center line velocity of the drop is not representative due to its
asymmetric radial velocity distributions and no clear definition of the center. Hence, only
the results of pinhole shaped orifices provide relevant information and will be discussed
here. Based on the theory in Chapter the hypothesis is, that umax(z) is reached at
x/D = 2, as already stated by and [23]. Furthermore, a linear decrease of upax(x) for
xz/D > 2 is expected, in accordance with and [32].

Figure shows the normalized center line velocity ucenter(x) for ¢ = 0.03 s. As already
observed in the analysis of the radial velocity profiles, umax is not reached directly at the
outlet, but further downstream at x/D = 2.1 showing conformity with and [23]. A
potential explanation for this phenomena is the vena contracta effect described by and
50].

The second peak observable further downstream at x/D = 3 suits the temporal develop-
ment of the velocity measured at the outlet (see Fig. , where two consecutive peaks
are observable as well.

To examine the decay of ucenter (), a straight line was fitted to the graph (least square
approach) from the point, where upyax is reached, using the method of least squares. It
remains uncertain whether the assumption of a linear velocity decay is valid due to the
relatively short axial distances observable in the LA.
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Figure 4.8: Center line velocity ucenter() for the fully developed state of the regurgitant jet
originating from pinhole L; normalised for the maximum velocity in x-direction

Umax-

Smaller orifice diameters, as for for the pinhole S and M facilitate the investigation of
larger x/D values. Figure is shown to verify the hypothesis of linear decreasing center
line velocity in the far field, as stated, for example, in [72], and [32].

In the time frame of this thesis phase-resolved measurements could be conducted for only
one size of each shape. Thus, phase-averaged data is used for this comparison. As before,
the linear fits start at the respective umax for each MROP. The linear fits show greater
significance for larger spans of /D values.

Different slopes of the linear fits are observed in the plot. To investigate whether this is
due to the relative length scale on the x-axis or is a consequence of some other cause, the
same curves are plotted on the absolute axial scale in Figure [4.10l For pinholes S and
M, similar velocity decreases are observed on the absolute axial scale. For pinhole L the
relative velocity decrease is smaller, i.e. a higher velocity is carried further downstream
until x = 73 mm. The proximity to the potential core, which is defined based on the orifice
size, could explain the rather small velocity decrease in this region. At xz > 74 mm the
velocity decreases rapidly, which can be explained by the fluid being dammed up by the
atrial wall.
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Figure 4.9: Center line velocities ucenter () for the fully developed phase of the regurgitant
jet originating from pinholes S, M and L; all normalised for the respective
maximum velocity in z-direction Umax.
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Figure 4.10: Center line velocities ucenter () for the fully developed phase of the regurgitant
jet originating from pinholes S, M and L on an absolute axial coordinate scale;
all normalised for the respective maximum velocity in z-direction wmyax.

Subsequent the shape of the regurgitant jets originating from the generic MROPs will be
discussed, based on the fundamental formulas introduced in Chapter For stationary
circular turbulent jets it is expected that the half width radius ry /5, defined as the point,
where the axial velocity u(z) exceeds 50% of the center line velocity tcenter(2), i constant
within the potential core. Downstream of the potential core a linear increase of ry/y is
expected, as stated by Pope and Schlichting [79].

Figure shows the contour plot of the velocity distribution for pinhole L and S including
the graph of the radius r(z) and half-width radius r;/5(x). The radius was defined as the
point where u(x) falls under 20% of the center line velocity ucenter(x) for a given axial
distance z. This provides a general visualisation of the spreading of the jet. The half-
width radius was calculated in alignment with the definition in Chapter[2.2.2l The plots
have been generated based on averaged PIV recordings. Due to the limited size of the LA
large x/D values cannot be analysed for large orifices. For the medical purpose of this
thesis this is no restriction, as the flow characteristics of the regurgitant jet in the heart
simulator are of interest. Nevertheless, for the fluid mechanical purpose, the linearity
of the spreading was analysed for pinhole S (Fig. , where larger xz/D values are
possible.
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Figure 4.11: Radius r(z) and half-width radius 7 /5(x) for two pinholes. The velocity
magnitude upy,e calculation is based on phase-averaged PIV recordings.
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A linear increase of rq /2(32) can be observed for pinhole S. However, the spatial resolution
of the recordings is too low to make reliable statements. Furthermore, 7 /() is defined
for stationary free jets, leaving this interpretation questionable. As this particular char-
acterisation of the flow is not specifically relevant for the medical problem at hand, no
further investigation was conducted in that regard.

For the drop and slot the three-dimensional shape was analysed using the traversed
PIV recordings. Figure shows exemplary slices through the three-dimensional two-
component (3D2D) velocity vector field of the two MROPs.
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Figure 4.12: Exemplary slices through the 3 dimensional 2 component velocity vector field
of the slot and drop; calculated with phase-averaged PIV recordings.

For non-circular orifice shapes the development of a circular jet is expected downstream.
Figures and show the spreading of the jets in the z-planes at different axial
positions z/D. It is obvious that the resolution in the z-plane was too coarse to adequately
display the pointed oval shape of the slot and the shape of the drop. Nevertheless, the
development towards a circular jet can be observed for both MROPs, with a slightly clearer
results for the drop.

It is assumed, that similar to the outflow, the inflow into the orifice also represents the
shape of the orifice. Thus, the flow convergence is not hemispheric, as assumed in the
calculations of the PISA method [100]. Supposedly, with increasing distance from the
orifice the convergence tends to get hemispheric, if a similar behaviour as for the outflow
is assumed. Therefore, decreasing the Nyquist limit and thus, V, would decrease the
error of the assumption made in that regard, due to the increased PISA radius. Further
validation of this assumption is recommended, e.g. by conducting PIV experiments of the
flow convergence in the LV.
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Figure 4.13: Three dimensional spreading of the free jet originating from the slot; visual-
ized via the velocity distribution in the x-planes at different axial positions
x/D. The velocity magnitude Umagavg is given in [m/s| and is calculated
based on time-averaged PIV recordings.
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Figure 4.14: Three dimensional spreading of the free jet originating from the drop; visu-
alized via the velocity distribution in the z-planes at different axial positions
x/D. The velocity magnitude Umagavg is given in [m/s| and is calculated
based on time-averaged PIV recordings.
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4.1.3 Vortex Detection

This section outlines the findings from the flow analysis of vortices for the generic MROPs.
The focus is on examining the feasibility of detecting vortices on the measured data, the
analysis of the vortex formation near the outlet and the decay of vortex structures near
the LA wall. The analysis of the starting vortex represents an important step towards
understanding the characteristics of regurgitant jets, while the vorticity decay towards the
end of the LA could allow an estimation of the flow’s effect on the muscular wall.

The starting vortex ring is expected to travel along the regurgitant jet front, with smaller
scale vortical structures (Kelvin-Helmholtz instabilities) at the jet barriers upstream (see
Chapter. Three-dimensional vortex rings are represented as vortex pairs in a 2D flow
field. This is achieved through an analysis of the vorticity w of the flow field and the appli-
cation of the vortex detection criteria Q and I'y, as introduced in Chapter Single PIV
image pairs were utilised to detect vortices without any prior in-phase or between-phase
averaging. This technique enables the immediate observation of vortical structures within
the flow field, including small-scale effects. As the instabilities within the boundary layer,
which are fundamental for vortex roll-up (refer to Fig. , are not located identically
in each frame, averaging would result in their loss.

Pinhole L, with its regurgitant jet filling out the entire atrium, provides the best initial
overview of vortex progression during regurgitation. The slot yields comparable outcomes,
whereas the drop reveals less distinct boundaries in the w distribution, owing to its lack of
rotational symmetry. Due to space restrictions, and limited relevant new findings for the
slot and drop, only the w distribution of pinhole L is presented in Figure

As the regurgitant jet starts to emerge close to the end of each period cycle (7" = 750 ms)
and progress into the subsequent one, two period cycles were recorded. This allows the
coherent visualization of the vortex development during regurgitation.

At 740 ms, the jet emerges from the orifice, with high w values on both sides of the jet.
Positive omega denotes counter clockwise rotation (red sections), while negative values
indicate clockwise rotation (blue sections). It is observable, that the starting vortex sep-
arates from the MROP film and moves with the jet in the z-direction. Upstream of the
starting vortex, elevated vorticity is visible in the shear layer of the free jet, as anticipated
(see Chapter [2.2.3). At the 780 millisecond mark, the jet collides with the LA wall and
a more evenly distributed vorticity in the FOV is observed. It is hypothesized, that the
initial vortex dissipates upon impact with the wall, resulting in a more disturbed flow
situation.

w in [1/s]
10 <SR )
g
A 0 0
S .......
> 10 Skl ptie -2

0 10 20 30 40 50 60
X in [mm)]

(a) t = 740 ms
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Figure 4.15: Vorticity w distribution for three different phases for pinhole L.

As vorticity does not necessarily indicate the presence of vortices [54], the following phases
will be analysed using the @)-criterion.

Figure displays the emergence of the jet, clearly illustrating the core of the starting
vortex ring, represented by the two red dots. As regurgitation progresses, the ()-criterion
detects axial movement of the vortex core in positive z-direction. As already estimated,
based on the vorticity distributions, Kelvin-Helmholtz instabilities can be observed via
increased () magnitude in the shear layer upstream of the starting vortex.

The usual alternating pattern of positive and negative ) values is noticeable. At ¢t = 780 ms
(Fig. [4.16¢), when the vortex collides with the atrium wall, solely a sharp core in the upper
section of the shear layer is identified by the Q-criterion. This implies that the lower portion
of the vortex has already decayed due to the collision with the wall. Comparable findings
can be noticed for the slot and drop, but are skipped here due to the lack of new relevant
information.
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Figure 4.16: Vortex detection by means of the Q-criterium for three different phases during
regurgitation for pinhole L.

The I'y-criterion, identifies vortices based on the streamline topography, in contrast to
gradient-based @Q-criterion. To implement the I'1-criterion, a script from Fernando Zigunov
(2019) was adapted in MatLab with minor code modifications. The analysis region size
was set to 8 px. Figure displays the results at ¢t = 770 ms and compares them to the
Q@Q-criterion results.

It is apparent that both detection criteria are effective for the experimental data. The
(Q-criterion possesses greater sensitivity for detecting vortex cores, while I'y identifies less
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intense vortical structures within the jet’s surrounding region. The starting vortex is
confirmed as the strongest vortical structure in the flow field according to both criteria,
with the detected position coinciding.
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Figure 4.17: Vortex detection by means of the @- and I'j-criterium for for pinhole L at
t =770 ms.

To further study the formation, growth and dissipation of the starting vortex, phase-
resolved measurements with At = 2 ms between the phases were performed for slot L.
The aim of this investigation is to quantify the vorticity of the vortex as a function of
the distance travelled. Especially relevant is the amount of remaining vorticity when the
vortex impinges on the atrial wall, as this could lead to pathological regional muscular hy-
pertrophy (abnormal and unhealthy growth of the muscular wall) according to Jun. Prof.
Dr. Sandy Engelhardt (Ruprecht-Karls-Universitit Heidelberg).

Figure offers an overview of the development of vortical structures using I'y for various
phases of the slot L experiments. Please note, that due to space constraints, not all phases
are displayed here.
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Figure 4.18: Vortex detection by means of I'; for 9 phases of the regurgitant jet of slot L,
separated by At = 4 ms each.

In the first row of figures, from ¢ = 748 ms until ¢ = 756 ms, a vortex pair forms and
separates from the PVC film. This is considered as the starting vortex ring. At t = 764 ms,
a second vortex pair can be identified via the I'; criterion. In both successive figures, the
second vortex pair is visible, although it is less perceptible at t = 772 ms. According to the
Q-criterion, no second vortex pair can be detected during the corresponding time phases,
stating the improved performance of I'y over () for the present case.

The graph of the motion of the cardiac piston pump could be an indication of the
double vortex ring formation, as it does not show a sinusoidal curve, but a more complex
curve. Furthermore, multiple starting vortex ring formation for pulsating free jets is also
found in Chang et al. [16]. The number of and distance between them, depends on the
Reynolds and Strouhal numbers, according to [16]. To evaluate the vortex formation in
detail and to draw medical conclusions about the potential damage caused by the two
vortex rings, high speed PIV is recommended.

Figure shows the outlet velocity at the centre of slot L during the phase when the
regurgitant jet is present. The regurgitation time (At)yeg, i.e. the phase in which g, center
is rising, is 100 ms long (gradient based calculation). A saddle in the velocity profile
is observed at t = 766 ms just before ug center reaches its maximum of 3.6 m/s. This
additional peak may be caused by vortex formation, as some of the jet’s kinetic energy is
used to roll up the boundary layer, reducing the axial exit velocity at this point. A similar
behaviour has already been discussed in the section on the temporal velocity distribution
for the pinhole (see Fig. [4.3b).

As explained for the pinhole (see explanation of Fig. [4.3)), the first smaller saddle at
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UQ,center = 1.4 m/s is most likely due to the previously mentioned inaccuracy of the pump,
as it is at the exact spot where two period cycles are merged, and the saddle is not visible
in the output signal of the pump (see Chapter|3.1).
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Figure 4.19: Outlet velocity in the center g center Of slot L during regurgitation.

Figure illustrates the maximum magnitude of vorticity |wmax| plotted over two period
cycles (red dotted line). Furthermore, the z-position of the strongest vortex was identified
and plotted as a blue solid line adjacent to it. Figure presents the same graphs as
Figure but depicts a zoomed-in view to enhance visibility of the phenomena during
regurgitation.
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Figure 4.20: z-position (x-pos) of the strongest vortex detected by means of I'; (blue solid
line) and maximum vorticity magnitude |wmax| (red dotted line) for two period
cycles (slot L).
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Figure 4.21: z-position (z-pos) of the strongest vortex detected by means of I'; (blue solid
line) and maximum vorticity magnitude |wmax| (red dotted line) over the time
t for 10 ms during regurgitation (slot L).

As anticipated,based on the initial vortex displays the highest intensity during re-
gurgitation and moves from the point of origin towards the atrial wall at x = 60 mm. The
vorticity grows with the distance travelled by the initial vortex, which might be explained
by the additional supply of fast-flowing fluid through the orifice increasing the circulation.
When the vortex collides with the wall at 795 ms (z-position = 60 mm), the vorticity
rapidly decreases, and consequently, the vortex dissipates, as evident in
Interestingly, |wmax| (and also the x-position) then increases again, at ¢ = 807 ms. A
plausible reasoning for this behavior could be that once the starting vortex dissipates, the
subsequent vortex becomes the strongest. The second vortex does not impact the wall,
as its x-position only reaches 48 mm. Therefore, it dissipates prematurely, likely due to
insufficient fluid supply to the regurgitant jet (pump piston reverses).

Surprisingly, then the second vortex exhibits a greater maximum vorticity magnitude
|wmax| than the initial vortex. The increased vorticity may be explained by the veloc-
ity time curve near the outlet (see fig. . As explained above, the velocity rises again
after the saddle at t = 766 ms. This behaviour may result in the formation of the two
vortex pairs, with the second having increased vorticity, as the fluid accelerates to its peak
value of ug center,max = 3.6 m/s at t = 796 ms.

To gain a thorough understanding of the phenomena described, more detailed measure-
ments exceeding the temporal and local resolution achievable within the time frame of this
thesis are required.
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4.2 Eccentric Jet Producing Mitral Regurgitation Phantom

In this section, the analyses conducted on the generic MROPs will be applied to a more
specific flow situation. The eccentric jet producing MV, known as EccJet, also falls under
the category of MROPs as it simulates a closed MV with an insufficiency. The primary
objective of this section is to provide a comprehensive and logical understanding of the
flow structures in the pulsating free jet originating from the EccJet, rather than drawing
comparisons with fundamental literature. As the significance of US measurements is very
limited for eccentric jets, the understanding of this flow situation is especially relevant for
the medical purpose of this thesis 29].

The section will proceed by first analysing the temporal and spatial velocity distributions,
followed by the presentation of the vortex detection results.

4.2.1 Temporal Velocity Distribution

It is expected that the temporal course of the velocity magnitude, tmag, Will exhibit compa-
rable curves to the pinhole MROP, but rotated by 30°. This hypothesis shall be examined
in the following.

Figure provides an overview of the upy,e distribution of the EccJet during regur-
gitation with the center line of the eccentric jet compared to the horizontal line. The
eccentricity of 30° corresponds to the angle between the two dotted black lines.
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(a) Velocity magnitude umag distribution at t = (b) Temporal development of the velocity mag-
785 ms for the eccentric jet producing Mi- nitude Umag,0(y) at the outlet during regur-
tral valve phantom. gitation.

Figure 4.22: Overview of the velocity distribution of the eccentric jet producing Mitral
valve phantom and temporal development of the velocity magnitude at the
outlet (Umag,0(Yy))-

The radial outlet velocity tmag,0(y) profiles are shown in Figure The green dashed
line in Figure indicates the position, where the profiles are determined.

The profiles exhibit similarities with the pinhole results in Section whereby the in-
crease (green curves) and decrease (red curves) of umag 0, along with the spreading of the
profiles, are evident. However, the profiles of the rigid EccJet lack the saddle-backed shape
identified in MROPs made from 0.5 mm thin PVC film (generic MROPs). This discovery
aligns with the literature where saddle-backed profiles are linked to the sharp edges and
little inlet lengths of orifices 23]. The absence of a wall perpendicular to the main flow
direction could as well influence the shape of the velocity profiles, as found by Jeffers et

al. and Yao et al. [95].
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Figure shows the outlet velocity magnitude tmag 0 center, determined at the point where
the green dashed line and the black dotted line in intersect.
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Figure 4.23: Outlet velocity magnitude umag,0,center fOr two period cycles for the eccentric
jet producing Mitral valve phantom.

As expected, the graph looks similar to the one for the pinhole or slot presented in [4.1.1]
showing a strong increase in the velocity magnitude during the time of regurgitation
(At)reg, followed by a decrease and small velocity magnitudes for the rest of the period
cycle. Nevertheless, the two clear saddles apparent for generic MROPs cannot be defini-
tively identified here (refer to[4.19). It can be deduced that the material of the MROP
rather than the pump characteristics is responsible for the saddle-shaped velocity versus
time curve. To confirm this hypothesis, experiments with higher temporal and spatial
resolution near the outlet are required.

4.2.2 Spatial Velocity Distribution

For the analysis of the spatial velocity distribution, the EcclJet is rotated by 30° to create
a horizontal regurgitation jet. This enables to determine whether the jet from the EccJet
differs from the one from the pinhole in more than just the flow direction.

Figure displays the rotated jet in its fully developed state (t = 785 ms) along with
the axial positions where radial velocity magnitude profiles are derived. The appropriate
colour-coded velocity profiles are displayed on the right.

The radial velocity profiles illustrated in figure demonstrate a decline in maximum
velocity and jet spread resulting from the entrainment of the quiescent fluid in the LA of
the heart simulator. The almost constant peak of the radial profiles between /D = 0.25
and x/D = 2 is consistent with the potential core of the free jets theory 97].
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Figure 4.24: Spatial distribution of the velocity magnitude for the eccentric jet producing
valve for the fully developed state of the regurgitant jet (¢ = 785 ms) rotated
by 30°.

A notable difference between the radial profiles obtained for the EccJet and the generic
MROPs lies in the shape of the profiles, which is evident when analysing the temporal
development of the velocity near the outlet (refer to Chapter. The results from the
EccJet demonstrate almost Gaussian curves instead of saddle-backed profiles, as previ-
ously observed by [39], and for pulsating free jets and by [72], and for
stationary free jets. Their findings can be validated by the results of this thesis.

Figure presents a three-dimensional overview of the regurgitant jet from the EccJet
experiments. As expected, the jet spreading looks similar to the the observations made
for the pinholes. Since no new findings have been made in comparison with the pinholes,
the three-dimensional spreading will not be discussed in further detail.
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Figure 4.25: Overview of the three-dimensional velocity magnitude wy,g distribution for
the eccentric jet producing Mitral valve at a fully developed state
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4.2.3 Vortex Detection

In terms of vortex detection, the analysis of the EccJet aims to objectively identify varia-
tions in vortex formation and behaviour due to the eccentricity. Especially, the effects of
the jet’s proximity to the atrial wall are medically relevant and therefore, presented and
discussed [91] [33]. Furthermore the performance of the vortex detection criteria @) and I';

are compared.

Figure shows the vorticity w, and the vortex detection via the Q- and I';-criterion at
the initial (¢t = 720 ms), and final (¢ = 810 ms) stages of the regurgitation.
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Figure 4.26: Vorticity and vortex detection by means of the - and I'j-criterion for the
eccentric jet producing Mitral valve phantom. The left side shows the time
of emergence of the jet (¢ = 720 ms), while the right side shows the end of

regurgitation (¢ = 810 ms).
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The vorticity plots presented in Figures|4.26b|and [4.26a illustrate elevated w levels at the
jet boundaries. The outcomes exhibit similar observations to the generic MROPs, but
rotated by the jet angle. The @-criterion also detects vortices in the respective regions.
However, in contrast to the generic MROPs, a clear distinction between the upper and
lower boundary layer is observable: While on the lower side almost no vortices are detected
by means of ), various vortex cores can be observed on the upper side (Fig. . It
seems, that the proximity of the atrial wall hinders the vortex formation in this region.
The patterns for w and ) are comparable as they identify vortices predominantly at the
jet boundaries. Conversely, I';y does not detect any distinct vortices in the respective re-
gions, but rather, a greatly unsteady flow is observed in the region without any regurgitant
jet. Significantly, I'; finds vortical structures in the lower boundary layer at the end of
regurgitation, where @) levels are low.

A clear starting vortex, as observed for the generic MROPs, is not visible for the FEccJet.
A potential explanation is, that the PVC film’s flexibility and missing inlet length of the
generic MROPs enhances vortex formation. In addition, the proximity of the wall on the
lower side could prevent the formation of a distinctive starting vortex ring.

To further investigate the effect of the eccentricity and the atrial wall on the vortex for-
mation, MROPs with different eccentricities could be observed. Through that the vortex
formation could be analysed dependent on the proximity to the wall.
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4.3. Patient-specific Mitral Valve

4.3 Patient-specific Mitral Valve

The results of the most complex and realistic Mitral valve - the patient-specific Mitral
valve PatSpec - are presented and discussed in this section. The PatSpec not only gen-
erates an eccentric jet, but also exhibits a more realistic opening shape attributed to the
crescent shape and flexibility of the leaflets.

The medical relevance of comparing with standard fluid mechanic literature is doubtful
due to the complex orifice geometry and flow situation. Therefore, examining typical free
jet parameters would have limited usefulness. Instead, the emphasis is on a general un-
derstanding of the flow dynamics, including the detection of vortex structures. Similar to
previous sections, this section analyses, presents, and discusses the temporal and spatial
velocity distributions, along with the three-dimensional spread of the regurgitant jet and
vortices.

This section provides evidence for the feasibility of the measurement and evaluation tech-
nique for patient-specific mitral valves with the heart simulator. It also offers an overview
of the characteristics of a realistic regurgitant flow exceeding the information obtainable
from US experiments [100], [3].

Hypotheses suggest that the most disrupted flow situation is expected when compared to
previous results, due to the following characteristics of the PatSpec:

e The artificial leaflets exhibit high flexibility.
e There is a crescent-shaped opening between the leaflets.

e The bidirectional flow is enhanced due to the functioning opening-and-closing mech-
anism.

e The exact height, width and area of the opening causing the regurgitation are un-
known.

Visual estimates indicate that the opening during regurgitation is approximately 30 mm
wide and 10 mm high, resembling a half-moon shape. This would result in the orifice
being the largest of all tested, leading to the lowest assumed velocity magnitudes (as a
result of setting the same peak pressure in the LV for all measurements). In addition, due
to the shape and opening mechanism of the leaflets, a non-circular and non-straight jet is
expected. These hypotheses will be investigated as part of the flow characterisation in the
following sections.

Table compares some relevant parameters for the EccJet and the PatSpec to provide
a first overview of the flow characteristic. The dimensionless quantities, as defined in
Chapter|2.2.2] were calculated similar to the MROPs. For the calculation of Wo, St and
Re the PatSpec’s estimated width serves as the characteristic length L.

Table 4.2: Comparison of relevant parameters calculated from the phase-resolved PIV mea-
surements in the z-plane z = 0 of the eccentric jet producing and patient-specific
Mitral valve.

‘ EccJet PatSpec
L in [mm] 8 30
Umag,max i1 [M/s] 3.45 1.57
Re [-] 8362 14260
Wo [] 12.75 47.80
St [+] 0.0031 0.0255
|wmax| in [1/8] 5.1 3.4
|Qmax| in [1/57] 0.38 0.25
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4.3. Patient-specific Mitral Valve

As anticipated, the maximum velocity magnitude tmag max = 1.56 m/s recorded is notably
lower (i.e., less than half) in the case of the PatSpec compared to that in generic MROPs
and EccJet (compare Table for the values of the generic MROPs).

Regarding Re, turbulent flow according to is implied. The presence of phases ex-
hibiting nearly zero velocity magnitude (see suggests the existence of laminar flow
situations as well. As a result, transition occurs during regurgitation.

Although the PatSpec exhibits the highest Strouhal number amongst all experiments,
the finding that St = 0.0255 < 0.05 strongly indicates a heart disease, as reported by
Domenichini et al. [24].

4.3.1 Temporal Velocity Distribution

First, a visual overview of the flow situation will be presented. Figure shows the
development of the PatSpec’s regurgitant jet in twelve phases (z = 0 plane).

Unag in [m/3]

Upag 10 [m/s]

Upag 10 [m/s]

tlme 0.020s time 00255 time 0.030s
3 TR, 1.5 1.5
A T2 T2
A B o £
k= 1 g 1 g 10 8
N
g 0.5 g : 0.5 £.10 )
A A T = 20
0 0

0 20 40 60
Distance in [mm]

Umag 10 [m1/s]

Distance in [mm]

Umag 10 [m/s]

0 20
Distance in [mm]

Unag 1D [m/s]

time 0.035s time 0.045s time 0.060 s
1.5 1.5 1.5
=2 5 20 5 20
=3 10 1 A 10 - 1 A 10 -
k= TN k= N k=
@ 0 ® 0 ¢ 0
% % 0.5 % 0.5 %
R b
Z -10 b -0 Z -10 -° -0 Z -10
Rl Q20 Q20
0 0
0 20 40 60 0 20 0 20
Distance in [mm] Distance in [mm] Distance in [mm]
fime 0.0705 Umoe 1 (10/3) fime 0.080s Umoe 1 (1973 fime 0.100s Umoe 2 (/5]
1.5 1.5 1.5
T TN S
8 RN RN »
o 1 a ,\'- Lo 1 o ™
< 5} by jo : o
g 0.5 210 % : 0.5 g =
. B0 E B
: 0 =38 0 )
0 20 40 60 0 20 0 20 40
Distance in [mm] Distance in [mm] Distance in [mm]
ime 0.2005 "o T (/5] Unag 101 [m /3] time 0.700s " 1 (/5]
' % 15 y 15 T 15
T 7 20 T
& £ 7 E -
P 1 P 10 2/, 1 P 10 1
g g 07 s 0
= g 7 =
= 0.5 E-107 0.5 2-10 0.5
4 4 4 4 £
A 3 SN A 20
0 0 0
0 20 40 60

Distance in [mm]

Distance in [mm]

0 20 40 60
Distance in [mm]

Figure 4.27: Velocity fields for selected phases of the cardiac cycle for the patient-specific
Mitral valve in the z = 0 plane.
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4.3. Patient-specific Mitral Valve

As anticipated, an eccentric jet can be observed. The duration of the outflow is comparable
to previous findings, which can also be seen in figure[4.28. The maximum Reynolds number
based on the orifice width, Rem.x = 14260, confirms the turbulent appearance of the flow.
At ¢t = 0.300 s the main flow direction is rotated by 90°. As the PatSpec features a opening
an closing mechanism, this normal diastolic flow towards the LV is visible here as well.
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Figure 4.28: Outlet velocity magnitude Uumag 0,center f0r two period cycles for the patient-
specific Mitral valve (z = 0 plane).

The flow velocity’s temporal course at the outlet for two period cycles is shown in Figure
4.28. The graph displays the magnitude of the velocity umag0,center Tather than the z
component g center t0 account for the non-horizontal main flow direction.

The graph demonstrates the anticipated increase and decrease of flow velocity during re-
gurgitation, with two distinct peaks observed, the first one being higher than the second.
A more bulky curve was observed for all other MROPs. Notably, the w490 centre-t-graph
of the PatSpec aligns much better with the output signal of the cardiac piston pump (refer
to Figure than with the generic geometries.

The flow situation for the PatSpec is more disturbed, as evident from the vertical velocity
magnitude graphs near its outlet, shown in Figure The graph displays eight phases
that depict the increase and decrease of umag 0. Since the dimensions of the orifice during
regurgitation cannot be determined accurately, the graph is given in absolute values. Fig-
ure presents Upmag in the z = 0 plane for ¢ = 80 ms. The green dashed line illustrates
the position where umag0(y) is determined.
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nation (green dashed line). gitation.

Figure 4.29: Overview of the velocity magnitude umag,0 of the patient-specific Mitral valve
and temporal development of the velocity magnitude at the outlet (umag 0(y)),
both for the z = 0 plane.

As expected, the jagged curves indicate a more disturbed flow compared to the results of
the MROPs. In addition, another feature that confirms the unsteadiness of the PatSpec
flow is the fluctuation of the y-position of the peak of each curve, which was not observed
to the same extent for the generic MROPs. This also indicates a change in jet direction,
i.e. the angle of eccentricity during regurgitation.

4.3.2 Spatial Velocity Distribution

In this section, the study aims to verify the hypothesis of a non-circular shape of the jet
and provide a summary of the three-dimensional flow situation.

For the PatSpec, the laser light sheet was traversed six times to obtain seven different
z-planes located at z = —15, —10, —5, 0, +5, +10 and z = +15 mm. The g of the
regurgitant jet’s fully developed state at ¢t = 70 ms are displayed individually for each of
the seven z-planes in Figure 4.30!

The plots reveal the following observations:

e The velocity magnitude upyae varies between the z-planes. There is an increase in
Umag for z < 0, while a decrease in umag is noticeable for z > 0.

e The jet is barely noticeable for z = 415 mm, whereas the greatest velocity magni-
tudes can be seen for z = —10 mm and z = —15 mm.

e For z = —5 mm, the jet appears to be straight and off-center, similar to the results for
EccJet. However, for z < —5 mm, it appears to lay alongside the LA wall resulting
in a more curved flow.

e The position of the outlet youtiet changes with z, i.e. Youtiet (2) 7# constant.
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Figure 4.30: Velocity magnitude umag,0 of the patient-specific Mitral valve in different z-
planes for t = 70 ms.

As there is no noticeable decrease in umag at 2 = —15 mm, it is assumed, that the opening
is wider than the initially estimated 30 mm. Further measurements, with the light sheet
traversed to z < —15 mm, would be necessary to determine the opening’s actual size during
regurgitation. The curved flow of eccentric jets along the wall is also found in scientific
publications for patient-specific regurgitant jets, e.g. and is referred to
as wall-hugging.

The varying y-position of the outflow supports the hypothesis of a complex orifice geometry
due to the crescent shape and flexibility of the leaflets.

When examining umag for the seven z-planes at a earlier point in time, e.g. at ¢t = 60 ms,
notably lower uy,,s values are observed for z = +15 mm. An exemplary result for ¢ = 60 ms
and z = +15 mm is depicted in Figure [4.31]
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4.3. Patient-specific Mitral Valve

Figure 4.31: Velocity magnitude uyag o of the patient-specific Mitral valve for z = +15 mm
and ¢ = 60 ms.

This behaviour can be explained in two possible ways:

1. The velocity development of the jet exhibits a wave-like pattern as supported by the
Umag-t-graph featuring two peaks (Fig. . The same wave-like course is apparent
for z = —5 mm and ¢t = 70 ms (Figure via a subtle shift in colour from red to
blue to red along the effective center line of the jet.

2. The flow has a significant z velocity component (w), and is turned around inside the
jet. The third velocity component w cannot be recovered with the 3D2C PIV setup
employed in this study. Stereo PIV experiments would be necessary to retrieve such
information, which is a potential next step for future experiments.

Both potential explanations suggest that the regurgitant flow of patient-specific MV is
complex and highly unsteady.

Figure 4.32|provides a closer analysis of the velocity distribution in the outlet plane (z =0
plane) for t = 70 ms. Here, the height of the surface plot visualizes the velocity magnitude
in addition to the color bar.
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Figure 4.32: Velocity magnitude umae in the outlet plane of the patient-specific Mitral
valve at ¢ = 70 ms. The height of the surface plot visualizes the magnitude
of the velocity in addition to the color bar.
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The values between the z positions, that were used in the traversed PIV measurements,
are linearly interpolated. The velocity magnitude distribution observable in Figure [4.32]
indicates the complex shape of the opening between the anterior and posterior leaflet.
Furthermore, the observations made from Figure can be confirmed: The highest
Umag values are observed for z = —15 mm and almost no flow velocities are detected for
z > 10 mm. Although, the leaflets show a half-moon like shape, the umae distribution
in the outlet plane does not show such a shape. This indicates that the closing of the
PatSpec during systole works better for z > 0 than for z < 0. From a medical point of
view, a potential conclusion is, that elongated chordae tendineae on one side of the MV
could lead to the irregular closing of the leaflets.

4.3.3 Vortex Detection

In the following section, the vortex detection criteria @) and I'; are applied to the PatSpec
in addition to the vorticity analysis. Again, single image pairs are analysed first to preserve
small scale effects that may be lost during in-phase averaging.

The display of the vorticity distribution shall provide a general overview of the flow situ-
ation, which can be compared to previous results in Sections and The @ and
I'y plots are provided to detect vortices in the flow. The discussion centers around the
differences in vortex formation for a patient-specific case, compared to the generic ones. In
addition, the quality and sensitivity of the vortex detection via @) and I'y can be compared.
As previously discovered by means of the velocity analysis, the PatSpec exhibits a highly
unsteady flow situation. The vortex analysis aims to verify this observations. Further-
more, it is expected to detect that small-scale vortical structures in the flow field, whilst a
precise detection of the starting vortex is uncertain due to the proximity of the jet to the
atrial wall and the unsteady flow.

An overview of the vortex dynamical analysis is presented in Figure 4.33] showing the
vorticity w, the Q- and I'1-criterion for the start and end of the regurgitation, respectively.
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Figure 4.33: Vorticity and vortex detection by means of the (- and I'j-criterion for the
patient-specific Mitral valve. The left side shows the time of emergence of the
jet (t = 30 ms), while the right side shows the end of regurgitation (¢ = 70 ms),
both for z = 0.

The distribution of the vorticity w shows comparable pattern to those obtained for the
EccJet, while vorticity magnitudes are slightly lower. Due to the larger opening area of
the PatSpec the velocity magnitude is lower (see [4.2), compared to the other MVs inves-
tigated. As the vorticity and velocity are linked via the cross product (please refer to the
definition of the vorticity Eq. , lower velocity magnitudes lead to lower w values for
similar flow situations. Contrary to the results of the generic MROPs and the EccJet, the
vorticity is more distributed over the whole jet region. This indicates a disturbed flow
situation not only in the boundary layer, but also inside the jet.

The @-criterion does not detect a clear starting vortex for the beginning of the regur-
gitation. At the end of regurgitation, vortex cores are detected along the jet, but not
necessarily in the regions of the expected shear layer, as for the generic MROPs. This
supports the thesis of an increased unsteadiness inside the jet flow.

The I'i-criterion identifies vortices at the beginning of the regurgitation. Nonetheless, a
definite starting vortex cannot be determined via the single image pair evaluation. Fur-
thermore, multiple vortical structures are identified in the surrounding region of the jet,
similar to the findings for the EccJet. From this, it can be concluded that the flow state
within the jet is more disturbed and unsteady than in previous measurements, and the flow
state outside is also significantly disturbed during regurgitation. In addition to the more
disturbed jet, the amplified bidirectional flow of the PatSpec could potentially account for
this finding.

At the end of regurgitation (Fig. less vortices are identified by means of I'; in the
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surrounding region of the jet. As I'; is a relative measure, it can be concluded, that at
the beginning of regurgitation, the intensity of the vortical structures inside the jet do
not exceed the ones in the surrounding regions. Thus, vortical structures in the jet and
in the surrounding regions are equally visible. At the end of the regurgitation, however,
the I'; values in the boundary layer of the jet exceed those in the surrounding region and
are therefore clearly visible. Thus, the vortices in the boundary layer are the dominant
phenomena at the end of the regurgitation.

Particularly visible are the blue regions on the upper side of the jet, indicating counter-
clockwise rotating areas within the flow field. On the lower side of the jet, the red areas,
which indicate clockwise rotating parts, are visible only at the beginning of the jet. This
may be due to the proximity of the wall leading to the dissipation of vortical structures in
that region. In addition, the limited fluid entrainment potential due to the wall-hugging
could hamper the vortex roll-up (as there is less surrounding fluid on that side).

While for the previously analysed generic cases, () seemed to perform better in terms of
vortex detection, I'y provides clearer results for the PatSpec. A potential explanation for
the different performance of two criteria is the unsteadiness of the flow situation. The
@-criterion is based on velocity gradient calculation (see Chapter , which can be dif-
ficult for noisy or unsteady experimental data, like observed for the PatSpec. In contrast,
the calculation of I'y does not depend on gradients making it more robust.

Based on the velocity plots for the PatSpec, the flow situation for z < 0 suggests a large-
scale vortex on the upper side of the jet (see Fig. , which potentially is a consequence of
the eccentric jet flow. In the following this observation is further investigated by applying
the vortex detection criteria on the flow fields for the same time step ¢t = 70 ms and the
z = —5 mm plane. Figure compares the I'; results of a single image pair evaluation
with the ones for a in-phase averaged evaluation of 40 image pairs for the same time and
z-location.
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Figure 4.34: Comparison of the I'y application on the flow field for ¢t = 70 ms and z =
—5 mm for (a) a single image pair and (b) 40 in-phase averaged image pairs.

The single image pair evaluation shows similar results as for the z = 0 plane in The
flow situation is unsteady with various small-scale vortices detectable inside the jet and
on the boundaries. The large-scale vortex, which is assumed based on the velocity plots
(see Fig.s[4.30(a)-(c)) cannot be detected distinctively.

In contrast, the I'1-criterion applied to the evaluation of the in-phase averaged image pairs
clearly shows the expected counterclockwise vortex on the upper side of the jet. On the
lower boundary layer side of the jet, clockwise rotating structures are detected along the
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atrial wall. Due to averaging, the appearance is blurred and no distinct vortex core can
be identified. It is clear from figure that the unsteadiness and small scale structure
disappear due to the in-phase averaging and only the dominant fluid mechanical phenom-
ena are detectable.

In conclusion, for similar future investigations with disturbed and unsteady flow situations
it is recommended, to work with single image pairs in case the small-scale vortices are of
interest and use in-phase averaged evaluations to characterize the predominant large-scale
phenomena in the flow.

Thus, the investigation of the starting vortex formation and development for the PatSpec
is presented with in-phase averaged PIV evaluations. The results of the I'j-criterion for
six time steps in the z = 0 plane are presented in Figure [4.35 below.
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Figure 4.35: I';-criterion applied on in-phase averaged PIV evaluations of the patient-
specific Mitral valve at z = 0 for six time steps during regurgitation.

It can be observed that prior to the appearance of a distinct vortex, a less prominent pair
of vortices is visible at ¢ = 25 ms (Fig. [4.35a)), which disappears as the clear starting vortex
appears at ¢ = 30 ms. The starting vortex pair moves in parallel with the jet, similar to
the generic MROPs, but skewed due to the eccentricity of MR. It is worth noting that
while the vortex core on the upper side traces a fairly straight line, the one on the lower
side tends to hug the atrial wall. Furthermore, the velocity of the lower side vortex core
seems to be less than that of the upper side. The tendency of the jet to remain attached
to the wall, commonly known as the Coanda effect, is frequently observed in eccentric
MR and is associated with a significant risk of underestimation by standard quantification
methods 91].

Future research should consider utilizing FTLE-based vortex detection methods to better
comprehend the cause-and-effect relationship of vortex development in proximity to the
LA wall. Furthermore, the incorporation of a metric to measure the wall impingement in
the evaluation process has the potential to assess the underestimation of evaluations based
on TEE.
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5. Conclusion and Outlook

Mitral regurgitation is a prevalent valvuar disease in the global population [86]. The
treatment heavily relies on accurate diagnosis 28]. However, commonly used medical
diagnostic techniques can lead to inaccurate assessments due to a variety of limitations
29]. This study aims to enhance current diagnosis techniques by advancing
the understanding of the fluid dynamics of the regurgitant jet.

The experimental setup for Particle Image Velocimetry (PIV) measurements on a heart
simulator was prepared as part of this work. The 3D printed heart simulator was filled
with a seeded transparent blood mimic enabling the optical access for the camera and
necessary laser light scattering. The experiments involved using various generic Mitral re-
gurgitation orifice phantoms, a eccentric jet generating Mitral regurgitation phantom and
a patient-specific Mitral valve. Three different orifice shapes - a pinhole, a pointed oval
shape (slot), and a drop shape - were selected as the generic geometries. Thin PVC film
was used to create Mitral regurgitation orifice phantoms that mimic the flexibility of real
heart valves. To induce eccentric regurgitation, an Mitral regurgitation orifice phantom
was 3D printed with an eccentricity of 30° to the centre line and an inlet length of 12 cm,
forcing the flow to deviate from the centre. The patient-specific Mitral valve was designed
by to match the anatomy and mechanical properties of an authentic mitral valve.
Phase-averaged and phase-resolved measurements were conducted for every shape. For
non-axisymmetric shapes, the laser light sheet was traversed perpendicular to the main
flow direction to collect quasi three-dimensional velocity information. In order to quantify
the results of the PIV experiments and to compare them with the current scientific liter-
ature, post-processing methods were developed and established. Furthermore, particular
focus was directed towards identifying vortices in the flow, as they represent dominating
flow characteristics in cardiac flow. Therefore, the vortex detection methods @ and I'y
were implemented in the post-processing scripts.

The outcomes of the generic Mitral regurgitation orifice phantoms were largely in align-
ment with the scientific literature on pulsating free jets. The potential core length and
axial velocity behaved as anticipated. The center line velocity’s evolution over time at the
outlet exhibited a typical graph with two peaks per heartbeat. The movement of the car-
diac piston pump can be linked to this phenomenon, which imitates the human heartbeat
and produces two consecutive peaks during the contraction of the left ventricle.

The outlet velocity has characteristic saddle-backed radial profiles, which can be attributed
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to the sharp edges and missing inlet length of the PVC film orifices [74]. For the drop
and the slot the aspect ratios might intensify the effect [74]. The inner shape of the
heart simulator’s left atrium, has an influence on the regurgitant jet that is different from
the standard cases in the literature, as the velocity decay and spreading for the far field can-
not be compared. Additionally, the left atrium size and consequential wall-impingement
of the jet might explain the characteristic saddle-backed outlet profiles as well. To
link the effect to one of the potential explanation further parameter studies are necessary,
varying only one orifice property at a time.

Comparing the shape of the outlet velocity profiles for the three generic shapes a clear
distinction was observable. Compared to the pinhole, more bulky profiles for slot shaped
orifices and asymmetric profiles for the drop shaped profiles, were identified. Those find-
ings could potentially support the ultrasound diagnosis in determining the geometry of
the valve defect.

For the non-axisymmetric Mitral regurgitation orifices, the drop and slot a clear influence
of the orifice shape on the spreading and velocity profiles was observed. In the jet’s near
field, the regurgitant flow’s propagation perpendicular to the main flow direction corre-
sponds to the orifice shape. However, as the distance from the jet increases, the flow tends
to adopt a circular shape. In terms of ultrasound measurements, it is therefore advisable
to set the Nyquist limit to lower values for non-circular orifices, as this would lead to
a determination of the aliasing velocity and PISA radius at a greater distance from the
opening, where rather hemispheric convergence of the flow is assumed.

The larger velocity profiles along the longer dimension of the slot exhibit similarities to
examples of plane or rectangular jets found in literature [85]. This supports the
literature on the limitations of ultrasound-based assessment methods for non-circular mi-
tral valve defects. In case the ultrasound image plane does not coincide with the orifice’s
long dimension, the severity is prone to be underestimated.

Asymmetric velocity profiles are observed in the outlet plane perpendicular to the flow and
in the planes in the flow direction, in the case of the drop. The increased complexity in
the regurgitant flow leads to a higher likelihood of errors in the 1D velocity measurement
within the commonly used ultrasound imaging technology’s 2D planes. This limitation
significantly reduces the significance of ultrasound-based evaluation for complex orifice
shapes.

The results of the vortex detection show a powerful leading vortex pair, followed by Kelvin-
Helmholtz instabilities in the boundary layer upstream. In line with the development of
temporal velocity, a few orifices display an additional "leading” vortex pair, which is prob-
ably due to the double peaks characteristic of the cardiac piston pump.

Furthermore, a strong decrease in vorticity is observed when the both leading vortex pairs
hit the opposite left atrium wall respectively. To gain a thorough understanding of this
phenomena, more detailed measurements exceeding the temporal and local resolution of
this study are required.

As anticipated, the study of the eccentric jet exhibited significant similarity to the non-
eccentric jet, when rotated by 30°. Nonetheless, the saddle-backed radial profiles at the
outlet were not observed in the eccentric jet. This suggests that the sharp edges of the thin
film, and the lack of inlet length, are responsible for the saddle-backed shape of the radial
profiles of axial velocity. Although noted as a common occurrence in scientific literature
on MR 91], no "hugging” of the atrial wall was observed for the eccentric jet.
Future studies should conduct similar measurements for greater eccentricities of the Mitral
regurgitation orifice phantom to investigate further.

In addition, the regurgitation phantom producing the eccentric jet showed less intense vor-
tices. One possible explanation is that the varying inlet lengths and material properties
of the rigid 3D printed phantom compared to the thin and flexible ones may affect the

71



formation of the vortex. Conducting further measurements that incorporate different inlet
lengths and material properties could be the subsequent course of action to investigate
these dissimilarities.

The primary difference in the regurgitant flow of the patient-specific Mitral valve is the
more distorted and turbulent velocity field. This can be attributed to the valve’s more
complex opening shape and the higher Reynolds number observed. The temporal velocity
graph near the outlet showed a strong alignment with the piston’s travel over time func-
tion of the cardiac pump. The crescent-shaped opening between the Mitral valve leaflets is
reflected in the three-dimensional shape of the regurgitant jet. The varying flow conditions
of the jet in different planes make the ultrasound-based severity assessment questionable
due to its two-dimensional limitation. This is not only due to differences in velocity magni-
tude, but also in the jet’s shape and duration of occurrence. Some planes exhibit straight
eccentric jets, while others show eccentric jets that hug the atrial wall.

When it comes to vortex detection based on single image pairs, the criteria used, did iden-
tify vortices in the flow field, but not as clearly as they did for generic Mitral regurgitation
orifice phantoms. Different intensities and positions of vortical structures have been iden-
tified in various traversing planes indicating a unsteady flow situation. Vortex detection
based on in-phase averaged PIV evaluations provided clear results regarding large-scale
phenomena. Specifically the formation and development of the starting vortex on the free
shear layer side of the jet was observed. On the side of the atrial wall, wall-hugging of
the jet could be noted. For similar future investigations it is recommended, to analyse
single image pairs in case the small-scale vortices are of interest and use in-phase averaged
evaluations to identify large-scale phenomena in the flow.

To address the highly distorted and complex flow situation of the patient-specific mitral
valve regurgitant jet, further PIV measurements are proposed. On one hand, a higher
spatial resolution of the light sheet traversal would allow a more comprehensive under-
standing of the three-dimensional shape of the jet. On the other hand, stereo PIV mea-
surements in the left atrium of the heart simulator could provide further improvements,
including the three-dimensional velocity field. Furthermore, a Lagrangian approach could
be implemented in the post-processing to investigate cause-effect relationships, e.g. a Fi-
nite Time Lyapunov Exponent (FTLE) evaluation. Therefore, it is advisable to perform
time-resolved PIV experiments to enhance the temporal density of the acquired velocity
information.

A potential next step for the heart simulator is to incorporate a more realistic design of the
left atrium’s inner shape, to observe the influence of natural geometry on jet formation.
In addition, the significance of inflow conditions of the regurgitant jet could be increased
by including a realistic shape for the left ventricle. The key challenges lie in the alteration
of the heart chamber’s contour throughout the cardiac cycle, i.e. contraction, dilatation
and relaxation, and in the optical accessibility for particle image velocimetry.

One valuable next step in establishing a connection between fluid dynamics phenomena
and Mitral regurgitation types is to investigate Mitral valves with diverse damages and
compare their respective flow dynamics. To initiate the development of insufficient Mitral
valves, which have different causation, the functional classification of Mitral regurgitation
suggested by Carpentier (Fig. could serve as a starting point. A comparison
of the fluid dynamic observations using particle image velocimetry could yield valuable
insights that may be integrated in the analysis of ultrasound images.

In conclusion, this study examines the feasibility of using particle image velocimetry to
measure flows within a heart simulator. The results confirm the complex flow situation for
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regurgitant jets. By employing the developed post-processing methods, the understand-
ing of the flow dynamics of the regurgitant jet, especially for complex orifices, has been
improved. Furthermore, this thesis assesses the performance of different vortex detection
criteria for complex hemodynamic flows and indicates potential next steps.
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