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ABSTRACT

NUMERICAL INVESTIGATION OF HEMODYNAMICS IN THE
ARTIFICIAL ARTERY-AORTA ANASTOMOSIS AND THE INFLOW
CANNULA IN VENTRICULAR ASSIST SYSTEMS TO PREVENT
COMPLICATIONS

Cardiovascular diseases are the most frequent cause of fatality among older
populations. Congestive heart failure makes up a considerably large portion of
cardiovascular diseases. Ventricular assist devices, which have an increasing success rate
in clinical applications, are used to solve these problems. But even with optimized heart
pumps fatal complications can occur because of the deformations around the inflow
cannula or through the artificial artery — aorta anastomosis. Due to high rotational speeds
of heart pumps, blood cells pass through the pump rapidly and usually without undergoing
any deformation. As blood cells flow from the left ventricle into the inflow cannula, flow
velocity decreases and reverse flow zones occur, both of which may lead to hemolysis and
thrombosis. Similarly, the change in the hemodynamics through the artificial artery — aorta
anastomosis causes deformation of blood cells and endothelium. To investigate the inflow
cannula of heart pumps and the artificial artery — aorta anastomosis and possible clinical
consequences, in order to decrease complications and increase the success rate of
ventricular assist devices, which is a very difficult and expensive therapy option,
computational fluid dynamics analysis were performed using patient-specific geometrical
models and boundary conditions. The simulations indicate that the positions of the
anastomosis and the cannula have important effects on flow. CFD results provide insight
on the altered hemodynamics in the aforementioned regions.



OZET

VENTRIKULER DESTEK SISTEMLERINDE
KOMPLIKASYONLARIN AZALTILMASI AMACIYLA YAPAY
DAMAR — AORTA ANASTOMOZUNUN VE GIiRiS KANULUNUN
HEMODINAMIK ACIDAN SAYISAL INCELENMESI

Kalp damar hastaliklar1 6zellikle orta-ileri yas gruplarinda en sik rastlanan 6lim
sebebidir. Kalp yetmezligi ise bu Oliimlerin biiyiik bir kismini olusturur. Klinik
uygulamada basar1 orani giderek artan ventriiiler destek sistemleri kalp yetmezligi
tedavisinde kullanilmaktadir. Kalp pompasi optimize edilmis sistemlerde bile hastalar,
giris kaniilii etrafinda ya da pompa c¢ikisinin aortaya baglandigi bdolgede olusan
komplikasyonlar sebebiyle kaybedilebilmektedir. Kalp pompasi yiiksek devirlerde
calistigindan, kan hiicreleri hizla ve parcalanmadan pompadan geg¢mekte, ancak sol
ventrikiilden pompa giris kaniiline dogru akis hizi yavaslayip, ters akis bolgeleri
olustugundan hemoliz ve pihti olusumu gozlenebilmektedir. Benzer bir sekilde pompa
cikisindaki yapay damar ile aorta anastomozu bdlgesinde hemodinamik yapinin degismesi
kan hiicrelerinin yikimma ve damar i¢ ylizeyinin yipranmasina yol agmaktadir. Bu
calismada, pahali ve zor bir tedavi yontemi olan ventrikiler destek sistemlerinin
uygulamalarinda karsilasilan komplikasyonlar1 azaltmak ve basari oranini artirmak icin
kalp pompasi1 giris kaniili ve yapay damar — aorta anastomoz bolgeleri sayisal olarak
incelendi. Hesaplamali akigkanlar dinamigi metodu kullanilarak yapilan simulasyonlarda
gergege uygun sol karincik ve aort geometrileri ve gercege uygun ve smir kosullari
kullanildi. HAD metodu simulasyon sonuglari, anastomoz baplantisinin ve kaniil
geometrisinin kan akigina etkilerini gostermekte ve incelenen bolgelerde hemodinamik

degisim bilgisi vermektedir.
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1. INTRODUCTION

1.1. MOTIVATION

Heart is the life sustaining organ, which is only fist size. It consists of muscular
tissue, and its urgent task is to pump the blood throughout the vessels to the tissues of the
body by repeated, rhythmic contractions, without a rest during lifetime. The heart is also
related with conveying the hormones to the body and helps maintaining body temperature.

According to the importance of the heart functions, one of the most significant
criteria is a healthy heart for a quality life. Nevertheless, the cardiovascular diseases are the
primarily killer among other diseases, such that cardiovascular diseases caused 16.7
million, or %29.2 of total global deaths all over the world in 2003. In 2005, this value
jumped up to about 17 million, which represents 30% of all global deaths and by 2015 it is
assumed that cardiovascular diseases will be leading the cause of death [1]. Besides being
a major contributor to morbidity and mortality worldwide, cardiovascular heart diseases

also affect the daily life activities [2, 3].

Cardiovascular diseases (CVD) are the combination of the diseases that affect heart
or blood vessels [4]. CVD’s can be classified according to the situations of affecting the
structures or function of the heart. They are; (i) coronary artery disease, which is a disease
of coronary arteries that supply heart muscles, (ii) abnormal heart rhythm or arrhythmia
that is an abnormal electrical activity in the heart, (iii) heart valve disease that occurs when
the heart’s valves do not work properly, (iv) congenital heart disease that refers to a
problem with the structure and function of the heart due to abnormal development before
birth, (v) heart attack, which occurs when blood flow to the heart muscle is completely
blocked, and (vi) heart failure means the heart is losing its ability to pump blood
effectively. These illnesses afflict one individual, however affect entire humanity. The
major treatment method for all these diseases is prevention by adjusting diet habits,
physical activity levels and tobacco consumption. But when a patient is diagnosed as

having cardiovascular diseases, the treatment options must be at the top of the agenda.



In recent years, due to the development in all areas of science, multidisciplinary
studies have become more important. There exists significant improvements in biomedical
along with pharmaceutical industry, molecular and cell biology. Biomedical researches
recognize that the cardiovascular diseases are affected directly by the structure of the heart
and blood force and pressure on vessels. Moreover to discover those effects deeply,
scientists study in collaboration and try to find new clarifications. Concordantly, new
mathematical models, numerical fluid mechanics models especially computational fluid
dynamics (CFD), experimental fluid mechanics models, and medical imaging methods are
discovered. Most important techniques are those which would combine all these models
and methods. Various cardiovascular diseases are recognized with the help of these
methods, such that, mathematical models are used to express blood vessels as an electric
circuit and control the cardiovascular system [5, 6, 7], patient specific heart and vessel
pathologies are detected and blood flow within the cardiovascular system is evaluated from
medical images [8, 9, 10], and numerical and/or experimental blood flow analysis are
performed on these geometries for bypass graft anastomosis, internal carotid aneurysm
[11]. Abdominal aortic aneurysm diseases, atherosclerosis in the carotid artery are studied
[12, 13, 14], flow simulations during systolic and diastolic phases of the left ventricle are
modeled [15, 16] .etc. Despite being assister to medicine, nowadays these methods are
used as prognosis tools and treatment techniques on its own; thereby the medicine is not

the only treatment method alone.

Congestive heart failure is one of the most important types of cardiovascular diseases
that affect more than 14 million people worldwide. From 1979 to 2004, the number of
hospitalized patients increased from 400,000 to 1.1 million, according to the US Centers
for Disease Control and Prevention. Thus, this patient group represents an increasing cost,
which in the USA is estimated to be between $20 000 and 40 000 million annually [17].
Also a Swedish study estimated the total annual treatment cost to be SEK 2000-2600

million, corresponding to nearly 2% of the Swedish healthcare budget [18].

Therefore, to support patients who are at end-stage heart failure, the ventricular assist
devices are used. Although the clinical success of these devices increase day by day,
approving long-term patient outcome after surgery is adversely affected by hemodynamic

changes affecting the heart. Even with optimized devices, some other lethal complications



can occur due to the deformations through the aorta-artificial artery anastomosis and
cannula. In order to increase the performance of VADs as well as to anticipate
complications that could occur, a myriad of studies have been done [19, 20, 21, 22].
Besides including advantages and disadvantages, with the help of this treatment option,
both the life time and life quality are increased for whom having cardiovascular diseases

especially heart failure.

In general, to achieve the clinical success in terms of reducing the flow abnormalities
and obtaining uniform flow fields at the inlet and at the outlet of the pump as well as the
flow through the pump, numerical researches were applied. Different aorta-artificial artery
anastomosis configurations and cannula geometry were modeled with the patient specific
aorta and left ventricle geometry and computational fluid dynamics (CFD) simulations
were performed. The LVAD outflow conduit was added on the ascending aorta and both
the location and the insertion angle of the artificial artery within 18 different designs
having the same boundary conditions and mesh blocks and the flow inside left ventricle

with cannula geometry were investigated.

1.2. HEMODYNAMICS

The circulatory system is a connected series of tubes, which includes the heart, the
arteries, the microcirculation, and the veins. The heart is the driver of this huge system by
enabling the blood to move around the body inside the vessels at every heart beat. The
study of the blood forces that the heart has to provide is hemodynamics, which is an
important subject of cardiovascular physiology that hemodynamic forces are demonstrated
as blood pressure and blood flow paired values at different nodes of the cardiovascular
systems. For cardiovascular health, longevity and quality of life, adequate supply of
oxygen to all tissues is important, therefore this condition can be satisfied only by a

uniform and adequate blood flow through the uniform vessels.

Since 1900’s, the researchers have been recognized that there is a significant effect
of vessel pathology and therefore blood flow on the cardiovascular diseases.
Hemodynamic factors that have been suggested to be important in cardiovascular diseases

are derived from the velocity field and involve different forms, such as flow separation,



vortex formation and wall shear stress. Vorticity within the flow is computed from velocity
field. Wall shear stress (WSS) which includes a micro environment of frictional force
between blood and vessel wall is a vector field, and its magnitude is defined as the blood
viscosity and flow velocity gradient normal to surface. Wall shear stress is mostly
calculated from the local velocity distribution near the wall as it is difficult to compute
directly.

Blood has a uniform flow inside a uniform vessel, but secondary flows and reverse
flows can be seen through arches and bifurcations however any change on the blood flow,
non-uniform flow cause an death of blood cells, in return, which cause thrombosis and

hemolysis of the cells.
1.3. COMPUTATIONAL FLUID DYNAMICS

The most important struggle for human beings has been being alive. For this reason
most of the scientists deal with all areas of medicine, and for others, any of the health
problems always attract them and try to find solutions. So far many mathematical, physical
and chemical equations are defined, mechanical and electrical devices are designed and
computational technologies are used.

CFD simulations result from numerical solutions of differential equations derived
from physical conservation laws for flows. The fundamental bases of almost all CFD
problems are the Navier—Stokes equations, which define any single-phase fluid flow
satisfying three basic conservation principles. The first principle is the conservation of
mass, defined as continuity equation. The second principle is the conservation of
momentum, defined as momentum equation, and the third equation is energy equation,

which arises from conservation of energy.

dp

3 TV-lew) =0 (1.1)
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Continuity equations are obtained for conservation of mass (1.1), conservation of

momentum (1.2) and conservation of energy (1.3).

Succeeding new developments in computer technology, new procedures have been
used in medicine since 1900’s [22, 23, 24, 25, 26, 27]. Especially for cardiovascular
systems, as the “blood” is one of the most important parts of this system, computational
fluid dynamics (CFD) analysis have been used very widely and effectively [22, 28, 29].
The clinical and experimental techniques have disadvantages in researching blood
hemodynamics according to their practical difficulties and financial burdens; however
CFD has been proven to be a reliable technique for investigating time-varying, 3D flow
patterns in a complex geometrical model. Therefore, computational fluid dynamics

simulation of hemodynamics is on the forefront of research of biological flows.

CFD simulations provide additional information of the hemodynamics, present some
answers to the questions concerning blood flow and have potential in aiding the therapeutic
decision making process. Providing real situations for CFD analysis with accurate
boundary conditions and geometry, the simulation results are desirable to obtain with high

resolution, which also increase the popularity of CFD for hemodynamic research.



As mentioned, for observing realistic results of blood flow, the CFD analysis should
be performed as real cases. These conditions increase the importance of both the
geometrical model and boundary conditions, and in that point the medical image data step
in. Commercial availability of CFD software, ability to present velocity distributions for
blood flow and extract WSS and other hemodynamic factors realistically, results in CFD to
be preferred in treatment planning and therapeutic decision making in addition to clinically

imaging.

1.4. OBJECTIVES

The aim of this project is to decrease the fatal complications in the ventricular assist
devices applications. These complications can occur because of the deformations around
the inflow cannula or through the artificial artery — aorta anastomosis. For this purpose,
starting from clinical researches, with the help of computational fluid dynamics, the flow

through the aorta-artificial artery anastomosis and the inflow cannula will be investigated.

The flow through the ventricular assist device inflow cannula and the artificial
artery-aorta anastomosis is simulated to explore deformations of the blood cells and the
effects of the anastomosis structure on the flow to find the best anastomosis position that
can provide maximum performance in clinical practice. Therefore, to achieve these aims a

working strategy was defined including;

e Using patient-specific geometries rather than simple models to provide accurate
results.

e Performing numerical solutions considering different anastomosis geometries using
both steady and pulsatile flow cases.

e Considering the influence of hemodynamic factors.

e Validating the computational results with literature searches and clinical information.



2. BACKGROUND

2.1. CONGESTIVE HEART FAILURE

The heart is a muscular organ and serves as the pump: to move blood to the body
with arteries, carrying nutrients and oxygen to the tissues, and from the body with veins,
removing waste products. To continue on a healthy life, body needs this system to work
properly, and the amount of required blood flow changes with respect to person’s daily
activities. More blood flow is required during exercise or times when during greater

demands are placed on the body [30].

When the heart loses its ability to pump blood properly means it is not working as
sufficient as it should, either during exercise or at rest. This has a negative effect on many
bodily functions. Because a weakened heart moves less blood with each pump, fluids
backs up in the lungs. As a result, the body does not receive enough oxygen. This
condition is named as “heart failure”. As mentioned before, heart failure does not mean
that the heart fails, and never works, it only does not work as well as it should and the term
congestive, comes from congestion, arises in which reduced heart function is accompanied

by a buildup of body fluid in the lungs and elsewhere.

The primary signs and symptoms of all types of heart failure include tachycardia,
decreased exercise tolerance, shortness of breath, peripheral and pulmonary edema, and
cardiomegaly. Congestive heart failure is a progressive, chronic disease, it is a long-term

condition and it will worsen over time unless it is treated.

2.1.1. Causes

Heart failure is a syndrome with multiple causes that may involve the right ventricle,
left ventricle, or both. Two major types of failure may be distinguished, as systolic failure
and diastolic failure. In systolic failure, the mechanical pumping action and the ejection
fraction of the heart are reduced; the heart does not efficiently pump blood from the



ventricles to the body. Diastolic heart failure happens when the heart cannot properly fill
with blood. In diastolic failure stiffening and loss of adequate relaxation plays a major role

in reducing cardiac output and ejection fraction may be normal.

Many things can lead to heart failure. Systolic heart failure is generally affected by a
heart attack and persistent high blood pressure. Diastolic heart failure may be a result of
systolic heart failure, dysfunctional heart valves, or a diseased heart lining. Although there
are other major risk factors, such that diabetes mellitus high cholesterol, obesity, and

smoking, the most frequent risk factor is hypertension, also called high blood pressure.

2.1.2. Treatment

When a person is diagnosed as having a CHF, it is important to immediately start
treatment. Historically, the number one treatment option is drugs; however for later stages
of the illness, drugs may not be sufficient. According to the severity of the condition other
treatment options should be revived including heart transplantation, artificial organs or

ventricle assist devices.

Currently the cardiac transplantation, in which the damaged or diseased heart is
replaced with a healthy one, is the only established treatment method that supplies a
substantial survival benefit. It is a surgical transplant process performed on end-stage heart
failure patients and the working heart is taken from a donor who has died. From the first
heart transplantation operation in 1960s, to today, there have been great improvements in
the medical field and in this regard. However, all around the world patients are facing a big
problem that is the growing disparity between the number of donor hearts needed for
transplantation and the number of available for donation. As the demand for donor hearts is
greater than the supply, the waiting lists increase and, in result, important number of
patients die [31, 32].

According to disadvantages of heart transplantation, new alternatives to cardiac
transplantation is developing, such that total artificial hearts and ventricular assist devices.

Ventricular assist devices are mechanical pump-type devices that are used for improving



the function of the failing left heart. They can support the left ventricle (LVAD) or right
ventricle (RVAD) alone or both (bi-VAD). They may be used in different categories as;

¢ Bridge to transplant for the patients, who need support during waiting period.

e Bridge to recovery to supply a recovery option for the heart.

o Destination therapy for the patients for whom cardiac transplant is not an option.
Ventricle assist devices are used to give a chance to the patient by improving quality

of life and extending life.

There have been important developments in many aspects of VADSs, such as reducing
the weight, increasing the battery life and enabling the device control, which in turn
increase the implantation rates [22, 33]. With these improvements of the assist devices,

they are planned to become alternatives to allogenic transplantation in the near future.

2.2. BLOOD AND BLOOD PRESSURE

Blood is a unique bodily fluid, delivers oxygen and nutrients to the body’ cells and
transports waste products away from those cells flowing through the vessels. Blood is
composed of blood plasma and blood cells. Plasma, takes part a more amount about 55%
of blood, and it consists of dissolved proteins, glucose, mineral ions, hormones, carbon
dioxide and platelets, and 90% by volume of plasma is water. Blood cells present in the
blood fluid in the form of red blood cells which are more abundant cells, contain
hemoglobin and an iron-containing protein and white blood cells including leukocytes and

platelets.

Figure 2.1 shows the blood circulation around the body through blood vessels by the
pumping action of the heart. In humans, blood is pumped from the strong left ventricle of
the heart through arteries to peripheral tissues and carries oxygen and returns to the right
atrium of the heart through veins with carbon dioxide and waste product. It then enters the
right ventricle and is pumped through the pulmonary artery to the lungs and returns to the
left atrium through the pulmonary veins. Blood then enters the left ventricle to be

circulated again.
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Figure 2.1. The circulation of blood through the human heart

The force that the blood is pushing against the walls of the vessel is blood pressure.
Each time the heart beats (about 60-70 times a minute at rest), it pumps out blood into the
arteries and the blood pressure is at its highest when the heart beats, pumping the blood.
This is called systolic pressure. When the heart is at rest, between beats, the blood pressure
falls and this is the diastolic pressure. Therefore, blood pressure is always given as these
two numbers, the systolic and diastolic pressures. Usually they are written one above or
before the other, such as 120/80 milimeter mercury, where the top number is the systolic
and the bottom the diastolic. When the two measurements are written down, the systolic
pressure is the first or top number, and the diastolic pressure is the second or bottom

number (for example, 120/80).
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Table 2.1. Blood pressure levels in adults (in mmHg)

Category Systolic Diastolic
Normal Less than 120 Less than 80
Prehypertension 120-139 80-89
High Blood Pressure Systolic Diastolic
Stage 1 140-159 90-99
Stage 2 160 or higher 100 or higher

Blood pressure changes during the day. It is lowest at sleeping and resting and rises

when get up and it also can rise when you are excited, nervous, or active.

2.3. ANASTOMOSIS

Anastomosis is a surgical procedure, applied to connect two ducts or blood vessels
using a natural vessel or synthetic graft (artificial artery) to allow a continuous channel that
blood can flow from one to the other. Clinically two kinds of anastomosis operations are

available, as end-to-end anastomosis and end-to-side anastomosis.

End-to-side anastomosis method can be used for both smaller and larger vessels. It is

a connection of the end of a one vessel to the side of a larger one.




12

Figure 2.2. Sketch of end-to-side anastomosis construction from Grevious et al. (2003)

End-to-end anastomaosis surgery is generally used for large vessels. In this method, in

Figure 2.3, the end of the one vessel is connected to the end of other vessel.

Figure 2.3. Sketch of end-to-end anastomosis
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3. MEDICAL IMAGES AND GEOMETRIE CONSTRUCTION

Today medical images are used not only as diagnosing tools but also as treatment
options [34, 35]. They allow seeing the patient’s pathology, measure physical fields such
as blood flow rate, pressure, heart beating rate, and so on. The use of cardiac imaging
enables a good assessment of blood dynamics. Also according to the developments in this
area, there have been important improvements in clinical studies, so that with using
patient-specific systems the treatment options can be more specific and sufficient. The
main components of medical images for the cardiovascular systems are computed
tomography (CT) to define the anatomy and magnetic resonance imaging (MRI) to define

the flow information.

Computed tomography is generally used in the evaluation of the aorta because of its
high diagnostic accuracy for detection of aortic pathology. Despite including some
hazardous effects on the patient such that ionizing radiation and nephrotoxicity of contrast
agents, computed tomography technique is widely available according to its cost-

effectiveness and efficiency [36].

Magnetic resonance imagers have used quantitative flow measurements since 1980s,
and since 1960 it is potential have been known [37, 38]. Magnetic resonance is an
important alternative technology for pre-procedural imaging, where phase contrast imaging
is a uniqgue MR technique. It can measure blood flow so it is used in many clinical
applications to estimate hemodynamic properties of blood [36]. Magnetic resonance
mapping is based on the determination of the acquired phase shift of proton spins moving
along a magnetic field gradient. The average velocity in each image was calculated as the

average of the pixel values of all pixels within the defined cross-section.



14

3.1. COMPUTED TOMOGRAPHY IMAGES

To view anatomy of the patient and to construct aorta geometry, 2D CT scans were
taken from a 65 years old male patient who was conducted a bypass surgery before; there

were about 500 slices with a distance of 0.625 mm.

Figure 3.1. 2D CT scan slices, right view, left view, top view and perspective

A commercial code called MIMICS (Materialise Software) was used to reconstruct

3D patient specific anatomy from CT by combining these sequential slices.
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Figure 3.2. 3D view of patient specific anatomy and 3D smooth view of patient specific

aorta

Figure 3.2 shows this patient’s tomography, which gave only information for aortic
valves, aorta, back bone and ribcage, smaller vessels leaving from aorta and the bypass
surgery places that the patient had before. This bypass places were taken as reference

points for anastomosis positions.

To construct left ventricle geometry, 2D CT scans were taken from a patient who
was diagnosed as having heart failure disease before. This patient’s tomography data
includes both aorta and left and right ventricle geometries (Figure 3.3). Also it had
information about patient’s end diastolic and end systolic volume values.

e End Diastolic Volume : 290.9 ml

e End Systolic Volume : 247.8 ml

e Stroke Volume : 43.1 ml
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Figure 3.3. Aorta, left and right ventricle anatomy for second patient

3.2. MAGNETIC RESONANCE IMAGES

2D and 3D MRI data was taken from 5 different healthy volunteers. 2 of them are 2D
MRI data, which contains only one 2D slice on the ascending aorta above the aortic valves
including time dependent flow information normal to that surface and anatomy. The first
image resembles a normal bright blood image, represents anatomic orientation. The second
image represents the velocity information in that voxel with the gray value of each pixel
Figure 3.4.
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Figure 3.4. 2D MRI data, magnitude & phase

The red circle defines the aorta boundary, called region of interest (ROI). The first
picture gives information about the geometry, and the second gray-scale picture gives
information about the volumetric flow rate. The points on the 2D flow graph, mark times

where the measurements were taken.
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Figure 3.5. Time dependent volumetric flow rate on defined ROI

Other 3 of the data set are 3D phase-contrast MRI data, including characterization of

time-resolved 3D blood flow velocities within a 3D volume data covering the entire aorta.
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Figure 3.6. 3D time-resolved flow information through aorta

Phase contrast MR imaging has velocity encoding information possibility within the
output images and this data was deciphered to produce velocity field maps for aorta flow,

which is shown in Figure 3.6.

3.3. CAD GEOMETRIES

Aorta and left ventricle CAD geometries were reconstructed from patient-specific
medical images. From 2-dimensional CT cross-section showing the geometry of the aorta
combined and it was knit with the triangles. In Figure 3.7, a small triangle of cell surface
was obtained as .stl file, which is a geometry file obtained from CT data by merging

consecutive slices with the network structure.
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Figure 3.7. Aorta stl geometry

3.3.1. Aorta

CAD software called Rhinoceros was used to provide a link between surface
networks that includes geometry information and 3D CAD model. The curves drawn from
the point on the surface network so the geometry of the main lines has been identified.
Combining the longitudinal and transverse networks created the limitations of the surface
and then aorta geometry was obtained, which can be used in numerical analysis.
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Figure 3.8. Aorta CAD geometry cross-section

3.3.2. Aorta-Artificial Artery Anastomosis

The conduit geometry was modeled as a tube with a diameter of 12 mm. In
accordance with the purpose of study, examining the influence of the conduit position,
some criteria were determined. Those are the location and the angle of artificial vessel.
Thus, many combinations of different insertion locations and insertion angles were

prepared.

Aorta-conduit connection locations of ascending aorta, descending aorta, and aortic
arch were examined and the results of the numerical comparison studies are available [39,
21]. Clinical experience and literature based on the numerical results, artificial artery is
connected to the ascending aorta is seen to be more appropriate. Connection will be made
resulting in the ascending aorta, at the same location as the bypass link. 2 separate sections
on ascending and descending aorta, perpendicular to the flow direction, the transversal
plane were received. Mid-points of these sections together, determined the line progress of
the blood from ascending aorta to the descending aorta on that transversal plane. This line
was accepted as 90 ° line, and then conduit was placed to 90°, 100°, and 120° locations in
Figure 3.9.
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Figure 3.9. Conduit angle on the transversal plane

Another important criterion in aorta-conduit connection is the terms of the insertion
angle of conduit. In the literature for artificial vascular connection such as 45°, 60° and 90°
angles are used [40]. In clinical practice, however, the lower angle is preferred. In this
study, 15°, 30°, 45°, 60°, 75° and 90° to 6 different angles for the geometry of the aorta-
conduit anastomosis was drawn on the coronal plane. The coronal plane was defined from
the line progress of the blood from ascending aorta to the descending aorta and axis of the
ascending aorta, which is perpendicular to aortic valve. Therefore, 18 different aorta-
conduit anastomosis geometries were prepared.
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Figure 3.10. Conduit insertion angle on the coronal plane

The first designs were modeled by joining a rigid conduit geometry and aorta
geometry. However, as the connection angle decreased from 90° to 45° degree, the
anastomosis diameter increased rapidly, which is not acceptable in clinical applications,
and moreover for the 30° and 15° designs the conduit geometry did not intersect the
ascending aorta (see Figure 3.11, Figure 3.12 and Figure 3.13).
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Figure 3.11. Artificial artery-aorta anastomosis design with 120° location angle and 60°

connection angle

Figure 3.12. Artificial artery-aorta anastomosis design with 90° location angle and 30°

connection angle
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Figure 3.13. Artificial artery-aorta anastomosis design with 100° location angle and 15°

connection angle

Therefore, new methodology was used to connect the artificial artery to the aorta and
this time, the conduit geometry was modeled as having 90 mm length rigid part along the
connection angle line, and near the connection it was curved to become perpendicular to

aorta surface at connection point having 20 mm curved part showed in Figure 3.14.



Figure 3.14. Design modification

Figure 3.15. Artificial artery length
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Figure 3.16. New artificial artery-aorta anastomosis design

For all 3 connection locations and 6 connection angles, the same procedure was
applied, so both the rigid and curved parts of the conduit length and the joined angle of
conduit surface and aorta surface were same for each 18 designs and showed in Figure
3.16.

3.3.3. Left Ventricle and Cannula

The reconstructed left ventricle geometry which was obtained from CT data had
reduces eligibility for the CFD analysis according to the papillary muscles inside it. For
this reason, to determine the geometry boundaries, from apex to aortic valves 5 mm

distanced sections were taken perpendicular to apex of the left ventricle.
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Figure 3.17. Leftt ventricle and aorta .stl file and left ventricle cross-section

Then appropriate left ventricle geometry was obtained by lofting a surface through

these sections (Figure 3.18).

Figure 3.18. CAD design for left ventricle
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Based on studies in the literature, the mitral and aortic valves were modeled as
having fixed scale diameter and to prevent the flow field from non-physical boundary
condition effects, the valves were extended up to 30 mm. Figure 3.19 shows the cannula
geometry that was intersected with left ventricle geometry at apex, directing the middle of
the left ventricle and its length was designed as about 53 mm.

Figure 3.19. Left ventricle and cannula design

Heart failure patients with diseases of the heart's pumping ability of the blood from
the left ventricle decreased slightly so the heart contractions were observed as decreased
too. Therefore, for CFD analysis, the left ventricle geometry was modeled at constant

volume.
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4. FLOW INSIDE THE NATIVE AORTA

This study is largely focused on two major blood flow areas, namely, artificial artery-
aorta anastomosis and left ventricle-cannula, to investigate the flow structure around the
anastomosis location and cannula. However, as the biggest and strongest vein in human
body is aorta to withstand against the blood leaving heart with high pressure and high
velocity, the study was started by evaluating the aortic flow. Therefore, before the artificial
artery-aorta connection, the steady and unsteady CFD simulations were performed with
patient-specific aorta geometry alone, and the results were compared with the studies in the

literature.

4.1. LITERATURE SURVEY

The uniform blood flow through the body is highly important for cardiovascular
health. Any change in vein pathology and function will cause a non-uniform flow of blood,
which can potentially lead to cardiovascular diseases. The examination of both vein
anatomy and hemodynamics in vessel pathologies is of high interest for understanding,

prediction and control of these diseases [41].

Even though one of the most difficult and challenging studies have been the
researches of the hemodynamics with the complex anatomy of the vessels until today, the
computational hemodynamics, which is the application of CFD to biological flow
researches, provides a new level detailed information and successfully used to investigate
the blood flow. Several CFD studies have been conducted on both idealized and patient
specific geometries, to evaluate the blood flow characteristics, and present the relation
between the cardiovascular diseases and cardiac vein anatomy and hemodynamics [42, 43].

4.2. GEOMETRY AND MESH

The inlet and outlet boundary of the aorta geometry, which was constructed from CT

data, was extended to prevent non-uniform flow effects.
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Figure 4.1. Aorta geometry that was used in CFD analysis

The calculated Re number only for aorta geometry was about 750, smaller than 2300,
so the flow inside aorta was modeled as laminar. Also clinical researches give information
about uniform flow inside aorta. However, the blood leaves the left atrium, and enters the
aorta through aortic valves, has a pulsatile form according to the heart beats. So both
steady and unsteady analyses were performed.

The mesh structure was defined according to the important part of the flow. For the
flow only aorta geometry, the wall region, vessel arches are the important sections. So the

mesh structure is very fine on the vessel wall, and it groves with a constant growth factor
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from wall to the center. The distance from of the first cell from the wall was calculated
with in two different ways, wall functions to get finer mesh resolution for laminar flow

[44, 45] and Kolmogorov’s scale.

An implication of Kolmogorov's (1941) theory of self similarity is that the large
eddies of the flow are dependent on the geometry while the smaller scales more universal.
This feature allows one to explicitly solve for the large eddies in a calculation and
implicitly account for the small eddies by using a sub grid-scale model (SGS model). Thus,
to solve most of eddies; the control volume needs very fine meshes. Consequently, very
fine grids would eliminate the effect of the subgrid scale model and all the turbulent

structures are completely resolved.

The meshes were done by using ANSY ICEMCFD program that enables to use block

structure and the geometry was divided in O-grid block type.



Figure 4.2. Block structure for O-grid type mesh
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4.2.1. Law of Wall Functions

Table 4.1. Law of wall functions

THE TURBULANT BOUNDARY LAYER
THE OUTER
THE INNER REGION
REGION
THE
THE BUFFER THE LOG-LAW
LINEAR SUB-
LAYER LAYER
LAYER
Viscous Turbulent stresses Free from direct
stresses dominate. Viscous and dominate. viscous effects.
u+ =y+ Turbulent stresses are of |U+ = 1/K* (Iny+) +B
y+ <5 similar magnitude. y+ >30
Linear velocity 5 <y+ <30 Logarithmic velocity
profile profile
U= [+ 4.1)
,0
z.W
Co= T 4.2)
E 0
P
L AL
c,=2 = \ (4.3)
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N L (4.4)
N '

. u'xy

Y= (4.5)

Here the Cs value is taken from the literature calculation value as;
C=0,027 * Re‘¥" =0.0104
Tw=Cr*(0,5%p * u?) = 0.242

From equation 4.4 and equation 4.5 u* = 0.152 and, for y* =1 = y=0.22 mm here
y+ was chosen as 1, because for realistic analysis this value should be 1 or less than 1.

4.2.2. Kolmogorov’s Scale

Kolmogorov microscales are the smallest scales in turbulent flow. They are defined

3 1/4
n= (?) (4.6)

Ty = G)m 4.7)

by

Where ¢ is the average rate of energy dissipation per unit mass, and v is the

kinematic viscosity of the fluid.

In his 1941 theory, A. N. Kolmogorov introduced the idea that the smallest scales of
turbulence are universal (similar for every turbulent flow) and that they depend only on €

and v (46), then, n = 0.32 mm.
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This value is the smallest scale in this flow. So in general, this value was fixed inside
the boundary. But for the meshes near the wall, the previous value was used as 0.22.
Because, the eddies are really became very small near the wall, because of the no-slip

boundary conditions.

4.3. MESH INDEPENDENCY

To find the appropriate number of control volumes for aorta CFD simulations, mesh
independency test was performed. Therefore, for the same aorta geometry 4 different cases
were prepared, where the distance of the first cell from the wall, growth rate were same,

only the total number of control volumes increased uniformly (Figure 4.3).
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Figure 4.3. Different number of control volumes for 4 test cases; A) 72000, B) 550000, C)
2000000, and D) 5000000
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Figure 4.4. Velocity sections

For each three cases, with the same boundary conditions, solution methodology and
converging criteria values, laminar and steady CFD analysis were performed. The results
were evaluated considering, pressure change, pressure distribution on the middle section
and velocity vectors on the sections.



39

3.60e-01
e
3.24e-01

3.06e-01
2.88e-01
2.70e-01
2.52e-01
2.34e-01
2.16e-01
1.98e-01

= 1.80e-01 72000
1.62e-01
1.44e-01
1.26e-01
1.08e-01
9.00e-02
7.20e-02
5.40e-02
3.60e-02
1.80e-02
0.00e+00

2000000

550000

5000000

Figure 4.5. Velocity vectors on the section-1

The higher resolutions for secondary flows were succeeded with the increased

number of control volumes are shown in Figure 4.5.
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Figure 4.6. Velocity vectors on the section-2

The second section is taken on the ascending aorta, the secondary flows are seemed

near the vein wall and similar to the previous representation, the more number of control

volumes, the higher resolution is gained that are shown in Figure 4.6.
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Figure 4.7. Velocity vectors on section-3

For third and fourth cases, the results are seemed to each other so this can be

concluded as after 2 million control volume the simulations become independent from the

number of control volumes.

4.4. CFD ANALYSIS

The CFD simulations were performed by using a commercial code named Fluent,

based on a control-volume based technique. The fluid equations were solved with

segregated pressure based implicit method, and all pressure and momentum equations were

discretized with 1% order upwind model. The convergence criteria were set to 10° for

residuals. The fluid was modeled as blood, and regarded as homogeneous Newtonian fluid

having density of p=1050 kg/m® and viscosity of p=0.0035 kg/m-s. According to the Re

number, the flow inside aorta was modeled as laminar flow [47]. The wall boundary
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condition and the aorta outlet boundary conditions were set as no-slip boundary condition

and pressure outlet respectively.

44.1. Steady, Constant Mass Flow rate

The first CFD simulations were performed steady and constant mass flow rate of
6lt/min.

1.50e+02
1.42e+02
1.34e+02
1.26e+02
1
1

.18e+02

d0e+02
1.02e+02
9.40e+01
8.60e+01
7.80e+01
7.00e+01
6.20e+01
5.40e+01
4.60e+01
3.80e+01
3.00e+01
2.20e+01
1.40e+01
65.00e+00
-2.00e+00
-1.00e+01

Figure 4.8. Pressure distribution on aorta wall
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The pressure distribution on the aorta wall is seemed to decrease from ascending
aorta to descending aorta uniformly. However at the descending aorta arch, the reverse

flows cause rapid changes on the pressure distribution.
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Figure 4.9. WSS distribution on aorta wall

The wall shear stress (WSS) distribution on the aorta wall is high at ascending aorta,
where just above the aortic valves and aortic arch, where the pressure and velocity values
change according to the changing geometry. Any change on the velocity structure lead to a

change on pressure and WSS distribution.
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Figure 4.10. Velocity vectors through aorta

From ascending aorta to descending aorta, some sections were taken perpendicular to
the flow direction and velocity vectors are examined. The velocity values are 0 on the wall

due to the no-slip boundary condition, and their values increase towards the vein center.

4.4.2. Unsteady, Pulsatile Mass Flow rate

The time dependent, pulsatile flow simulations were performed after the steady CFD
simulations. The inflow boundary condition was defined from MRI data (Figure 3.5). The
realistic waveform of blood flow was divided into three parts to reduce the degree of the
MATLAB function. The first part, the difference between 0 ms and 478 ms was formulated
with fourth degree of Lagrange interpolation equation, the second part of the change
between 478 ms and 744 ms was formulated with third degree of Lagrange interpolation

equation and the third part was modeled as constant [48, 49].
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Figure 4.11. Lagrange interpolation equations graph
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Figure 4.12. Pulsatile flow waveform derived from MATLAB code for Lagrange

interpolation equation
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MRI and MATLAB Pulsatile Flow
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Figure 4.13. MRI and MATLAB flow waveform

The calculated values using Lagrange interpolation equations are similar to the real
MRI values; thereby the error bar values are very small (Figure 4.13). To eliminate the
negative flow effects seem at 0.378 s, the whole values were shifted. The realistic flow
profile equated with MATLAB code was set into FLUENT using user definition function

(UDF) for inflow boundary condition at aorta inlet.

The patient’s heart beat was measured as 60 beats/min, and each heart beat was

divided into 20 phase within 53 ms, so the period became T=1.007. For unsteady CFD
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simulations, to investigate the time dependent flow accurately, the time step size was
calculated as 1/10 of beating phase and period was divided into 190 steps. Therefore, the
time step size was 0.0053 and to evaluate 5 heart beatings, 950 number of time steps were

used.
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Figure 4.14. Time dependent pulsatile mass flow rate graph from FLUENT simulation
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Figure 4.15. Velocity vectors (m/s) of time dependent unsteady CFD simulation
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4.5. CONCLUSION

Before the investigation of the hemodynamics within the aorta-artificial artery
anastomosis model flow, to earn a knowledge about flow structure inside aorta, both steady
and unsteady CFD analysis were performed using patient-specific aorta geometry. The
results reported here, focusing on i) velocity profile, ii) pressure distribution and iii) wss

distribution.

The steady analysis was performed with constant mass flow rate at aorta inlet, and
mapping of the velocity components allowed comparison of flows in different studies. The
flow profile through ascending and descending aorta is similar to other studies, however
due to the geometrical changes through the aortic arch some recirculation occurs at the
ascending and descending arch, which in result; link the relation between the vein anatomy

and flow patterns properties.

The realistic unsteady CFD simulation was performed with real inflow boundary
conditions and the obtained velocity patterns were quantitatively compared to velocity
patterns obtained from 3D MRI. In Figure 4.15 and Figure 4.16, even though the patient
specific model of the CFD simulation was different from the MRI model, the flow

structure shows similarities considering time-dependent flow information.



Figure 4.16. MRI flow patterns
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5. AORTA-ARTIFICIAL ARTERY ANASTOMOSIS

Left ventricular assist devices are mechanical pump-type devices that are used for
improving the function of the failing left heart. The inflow conduit of the LVAD, which is
connected to the apex of left ventricle, pulls blood from the left ventricle into a pump,
while the outflow conduit is connected to the aorta to enable the oxygen-rich blood
circulation throughout the body. Flow in the aorta is highly affected from the aorta-conduit
anastomosis structure, i.e. any change in the hemodynamic through the aorta-conduit
anastomosis causes deformation of blood cells and endothelium [50]. Therefore, to
decrease these important effects, CFD analysis were performed with 18 different
anastomosis designs, and the results were compared in terms of velocity profiles, pressure

and wall shear stress distribution.

5.1. LITERATURE SURVEY

There have been important developments in many aspects of LVADs, such as
reducing the weight, increasing the battery life and enabling the device control, which in
turn increase the implantation rates [33]. Nevertheless, after LVAD implementations, some
potentially fatal and ruinous complications remain, including infections and device failures
[51]. Even with optimized devices, some other lethal complications can occur due to the

deformations through the aorta-conduit anastomosis.

In order to increase the performance of LVADSs as well as to anticipate complications
that could occur, a myriad of studies have been done. Many studies, however, only pertains
to the blood flow in heart pumps [19, 20, 21]. Yet, due to the high rotational speeds of
pumps, blood cells pass through the pump rapidly and without undergoing any
deformation. Therefore, it is important to study the flow inside the aorta, which is seriously

affected in terms of aorta-conduit geometry.

The effects of the insertion angle and the location of the conduit have been

investigated by May-Newman et al in two separate studies that steady flow develops both
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in series and in parallel. In the first study, CFD simulations were done to investigagte the
effect of surgical anastomosis configuration of the aortic outflow conduit on the flow
fields in the aorta. 2 cylindrical tubes that intersect at angles ranging from 30° to 90° were
used [40]. In the second study, curved tube model was used for aorta geometry and the
conduit geometry was placed on 3 different location on the aorta model, to investigate the
effect of LVAD aortic outflow conduit location [39]. Tokuda et al did a similar study
during cardiopulmonary bypass. The steady blood flow in the aortic arch was simulated to
get information on the flow details [52]. Biswajit Kar et al studied the effects of outflow-
graft anastomosis location on flow in the thoracic aorta, performing 2- dimensional
numerical simulations of flow in an aortic model. The cylindrical channel that represents
outflow graft was atteched to either ascending or descending aortic location of the curved
model [53]. Litwak et al have a different approach to this issue in terms of studying the
effects of continuous flow (CFVAD) and pulsatile (P\VAD) ventricular assist devices on
the aortic blood flow as a measure of overall blood distribution in an acute calf model [21].
Bazilevs et al studied the unsteady-pulsatile flow in the patient-specific model of the aorta
with an added LVAD outflow conduit in the descending portion of the aorta. The
combined model was considered under three different flow conditions as LVAD was
closed, LVAD was operating half, and LVAD was operating fully [54].

In general, the clinical success means to reduce the flow abnormalities and to obtain
uniform flow fields at the inlet and at the outlet of the pump as well as the flow through the

pump around the anastomaosis.

5.2. GEOMETRY AND MESH

The mesh structure was defined according to the important part of the flow. In this
study, different from the aorta only simulations, the wall region, vessel arches and the
anastomosis location are the important sections. So the mesh structure is very fine on the
vessel wall, and it grows with a constant growth factor from wall to the center. The

distance of the first cell from the wall was calculated by Kolmogorov’s scale as 0.02mm.

For each 18 anastomosis design, about 4.3 million same control volumes with the

structure were prepared using the commercial software named Ansys lcemCFD.
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5.3. TURBULENCE MODELLING TEST

To find the appropriate turbulence models, 5 different models were tested
respectively. By using the same geometry model with 5 different viscous models according
to the results of the analysis; k- (sst), laminar and LES analysis of the results has come
closer to each other. k-€ turbulence model, turbulence within the flow is not fully

developed,; the pressure values calculated from the others is higher (Table 5.1).

Table 5.1. Different viscous model simulation results

(Pa)/Mode _

| k-e k-w (sst) | k-w (standard) Laminar LES
Pin_aorta 98 60 39 61 56
Pin_conduit | 573 363 342 367 359
Paorta_wall 34 29 28 29 45
Pconduit want | 117 69 69 70 173

In general, the entire k- ¢ model was calculated in the high turbulence viscosity.
Thus, the flow of forces and viscosity values were higher than actual situation. K-o
Standard model, the turbulence viscosity rate on the conduit, aorta-conduit anastomosis
and ascending aorta have shown that high. The analysis with k-o SST model showed the
rate of turbulence viscosity on the aorta flow combined with the artificial vascular flow and
the aortic arch was high. In the exit from the descending aorta, the speed with which it
returned to a uniform rate structure is reduced. These findings in the aorta and the aorta-

conduit anastomosis geometry best suited for the analysis of the turbulence model k-« SST
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(transitional) model to be seen. After that, the turbulence model is used in rest of the

analysis.

k-o SST Transitional turbulence model solves Reynolds-averaged Navier Stokes
(RANS) equations for the conservation of mass and momentum and 2 additional transport

equations for turbulent kinetic energy k and specific dissipation » (55).

a(kj+a(k)—arak+5‘ Y, +5
gt T g P T g \ Ry ) T TR T R Tk (5.1)
3()_1_3( )—araw+s Y,+D,+
gt 7T g, PN T g \ @, ) T T e T e (5.2)

In equation 5,  represents the generation of turbulence kinetic energy due to mean
velocity gradients, and in equation 6, represents the generation of specific dissipation.
and  represent the effective diffusivity of k and o, respectively. and  represent the

dissipation of k and ® due to turbulence.
5.4. CFD ANALYSIS

The fluid equations were solved with segregated pressure based implicit method, and
all pressure and momentum equations were discretized with 1% order upwind model. The

convergence criteria were set to 10 for residuals.

The operating fluid blood was modeled as Newtonian fluid with a density of 1050
kg/m® and a viscosity of 0.0035 kg/m-s. The inlet boundary conditions were set as mass
flow inlet as 2.5 It/min for aorta inlet and 5 It/min for conduit inlet. The aorta outlet
boundary condition was pressure outlet, and no-slip boundary condition was applied along

the inner walls.
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5.4.1. Steady, Constant Mass Flow rate

The steady CFD simulations for each 18 designs were examined in terms of flow
streamlines through conduit and aorta, pressure distribution and wall shear stress
distribution on artificial artery and aorta wall, and also the numerical results of pressure

change, maximum and minimum fluid properties were measured.
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Figure 5.1. Velocity streamlines inside conduit and aorta measured from conduit inlet and
aorta inlet
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The streamlines were measured from both artificial artery and anastomosis inlet. The
blood traveling from conduit inlet to the aorta decomposed into two parts just after the
anastomosis location and directed to aortic arch and aortic valves. For the designs modeled
by lower connection angles (15°, 30° and 45°), the fluid lost most of its energy at conduit
curve so its velocity decreased and the impact effect on the aorta wall was reduced.
Thereby, the reverse flows did not seemed to be as high as the anastomosis designs

modeled with higher connection angles (60°, 75° and 90°).

In addition, the 120° location designs, the blood traveled through the aorta wall from
ascending aorta to aortic arch, so that the occurrence of reverse flows to the aortic valves

were less than the 90° and 100° location designs (Figure 5.1).

The helical flow profile could be seen through the whole geometry, however from

ascending aorta and aortic arch to descending aorta its influence decreased.






60

The flow abnormalities such as reverse flows and helical flows caused increase of

pressure and wall shear stress distribution on the artificial artery and aorta wall.

From Figure 5.2, it can be concluded that, for lower connection angles the maximum
pressure values were seen on the conduit inflection point, however as the connection angle
increased the maximum pressure values occurred on the aorta wall opposite the

anastomosis.
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Figure 5.3. Max. pressure value on aorta wall
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Figure 5.4. Wall shear stress distribution on vessel walls
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The wall shear stress values on the vessel walls showed parallelism with the pressure
disturbance, at high pressure values, also the wall shear stress values were high, i.e. on

conduit inflection wall with lower connection angles, aorta wall opposite to the
anastomosis.

The flow profile was seemed to be uniform on ascending and descending aorta for

120° designs rather than 90° and 100° designs, therefore, the wss values were calculated as
0 on ascending and descending aorta.

section-3

section-2 .
section-4

section-1

section-0

Figure 5.5. Sections

To investigate the effects of the anastomosis position on the secondary flows, 4
different sections were taken perpendicular to the flow direction.
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The comparison of secondary flows on section-0 was shown in Figure 5.6, in which
the section was modeled just above the aortic valves. As mentioned before, the blood flow
canalized towards the aortic arch for 120° designs, but the 90° and 100° designs caused a
retrograde flow towards the aortic valve, so the secondary flows could be seen on 90° and
100° designs, but there have not seen any that kind of flow for 120° designs yet.

Moreover, on the second section just below the anastomosis position, the secondary
flow patterns increased rapidly for 90° and 100° designs, and the new formation of
secondary flows could be seen for 120° designs in Figure 5.7.
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In Figure 5.8, the secondary flow patterns were shown on section 3, placed in the
middle of the aortic arch. For the each of the 90° and 100° designs, there existed two big

secondary flow regions, but for each 120° designs it was limited by one.

On that section for all designs, the measured wss values on the vessel wall were very

high; however this value decreased through the descending aorta.
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5.5. CONCLUSION

The compared results were interpreted in terms of the blood flow structure within the
artificial artery and aorta considering the reverse flow formation through the aortic valves,

pressure and wss distribution on the vein wall.

Therefore, connecting the conduit with a higher angle to the aorta consists of more
pressure and WSS on the aorta wall opposite the place of connection, while the smaller
connection angle designs, the fluid loses its speed and flow effect over the bend. For 90°
and 100° locations, the fluid is directed to heart valves, as the blood collides to aorta wall
at the opposite of the anastomosis position. Nevertheless, the 120° designs, blood moves
along the aortic arch, and the collision effect decreases. The lesser the impact effect, the
less secondary flow and reverse flow formation. The flow through the ascending aorta has
better distribution for 120° designs, as the secondary flows have not occured on the

ascending aorta below the anastomosis position.

In accordance with these results, considering both hemodynamic effects on blood
cells and vein walls, and clinical applicaitons, the 120° connection location with 15°

connection angle design is seemed to be the most appropriate anastomosis model.
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6. LEFT VENTRICLE AND CANNULA

After LVAD implementations, it has been seen that the rested left ventricle gained
some of its functioning ability with the help of the body’s compensation mechanisms;
however, most of the time these partial improvements are not enough. To succeed long life
LVAD applications, the left ventricle and cannula connection should be proper, so the
investigation of the flow inside the left ventricle and cannula geometry is the other

significant part of this study.

6.1. LITERATURE SURVEY

There are many researches about flow inside left ventricle in literature; however as
the heart anatomy is very complicated including mitral and aortic valves movements and
contraction and relaxation of the heart, most of the studies are started with some
assumptions to overcome these difficulties. The flow inside aorta during filling phase, the
relation between the blood hemodynamics and the vein wall structure, and the flow

through the valves and left ventricle are the high interest subjects of these studies.

6.2. GEOMETRY AND MESH

The aortic valve and mitral valve diameters were modeled as 31 mm and 30 mm

respectively. The cannula diameter was 12 mm, and its thickness was 3 mm.
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Figure 6.1. Control volume structure for left ventricle and cannula geometry

6.3. CFD ANALYSIS

The first analysis was performed applying the 6 It/min constant mass flow rate at
mitral valve inflow boundary condition, wall boundary condition for aortic valve and
pressure outlet boundary condition for cannula outlet. Both the left ventricle and cannula

walls were modeled with no-slip wall boundary condition.
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6.3.1. Steady, Constant Mass Flow Rate

Figure 6.2. Pressure distribution on middle section

Figure 6.3. Velocity vectors on middle section

In Figure 6.2 and Figure 6.3, the pressure distribution and velocity vectors are shown

on a cross section obtained from the center of left ventricle.
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6.4. CONCLUSION

When the blood is pumped according to a healthy heart contraction, a large vortex
region occurs, especially in the apex region. If the blood is sucked from left ventricle by a
pump through the cannula geometry, the stagnant flow regions are formed around the apex

of the left ventricle, which can be one of the most important factors triggering the clotting.
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APPENDIX A

The Matlab code and Fluent’s UDF were prepared to obtain realistic inflow

boundary condition for CFD simulations.

% calculations are based on mL/s
% T=1.007 s
T=0;
while (T<5.0350)
for k=1:1:5
i=1;
for p=0:0.01:0.478
f=_
2263995734084255/8589934592*p"5+3368711308697661/17179869184*p"4+31230953
49712877/137438953472*p"3—-
5973075751056831/137438953472*p"2+2181707475967647/274877906944*p+83/5
y(lr 1) =£;
i=1i+1;
end
for p=0.478:0.01:0.744
£f=2802863492696409/1099511627776*p"3-
2451510477310591/549755813888*p"2+2765606827113483/1099511627776*p~—
1903712437287461/4398046511104
Y(ll 1) =1£;
i=i+1;
end
for p=0.744:0.01:1.007
£=20
Y(ll 1) =1£;
i=i+1
end
end
T=T+0.053;
end
xx =0 : 0.01 : 1.01;
plot (xx,y)
grid
xlabel ('time (s)'")
ylabel ('flow rate (ml)")
title (Pulsatile flow rate ml/s')

Figure A.1. Matlab Code for Lagrange Interpolation formulation






