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Abstract
The placenta is very important during the start of life, providing the fetus with oxygen and nutrients from
the maternal blood. Impaired growth of the placenta and additional placental ischaemia endangers the
exchange of gasses, exchange of nutrients, and optimal growth of the fetus. This thesis investigates
the feasibility of intrauterine ECMO to improve oxygen levels in fetal blood during placental ischaemia.
Fetal blood would be retrieved from the umbilical artery, oxygenated in the ECMO system and fed
back into the umbilical artery. The objective of this thesis is to design a cardiovascular model to simu-
late the cardiovascular response to an ECMO support system. A lumped parameter model is created
to approximate the fetal cardiovascular system. By performing a parameter search, haemodynamic
parameters were gathered for the fetal model. Data from 30 week fetuses was used as initial input,
because of parameter accessibility. Parameters for the gestational age of 20 to 29 weeks were ob-
tained by extrapolating the parameters from the fetus of 30 weeks with scaling factors. A sensitivity
analysis was performed to analyse the flow and pressure distribution through the fetal cardiovascular
system and the cardiovascular response to different parameters. Implementation of a cannula into one
of the umbilical arteries increases the resistance of that artery. Simulating the cardiovascular response
to the addition of the cannula showed promising results for the feasibility of intrauterine ECMO. The
fetal heart is able to maintain blood flow through the cannula despite the fact that the resistance of the
artery is increased. The placental resistance increases during placental ischaemia. Because of this
higher resistance, blood flow through the placenta will decrease. However, even at a lower flow rate,
oxygenation of blood flow via the umbilical artery is mostly sufficient. The reason is the high percentage
of fetal cardiac output flowing through the placental circulation. The designed model is able to simulate
the fetal cardiovascular system and provides a simulation tool to further develop an intrauterine ECMO
support system.
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1 | Introduction
The placenta is very important during pregnancy for the fetus [6]. When the child is born, the placenta,
birthed after the child, is quickly forgotten. However, more and more research is being done, to solve
the mystery of the exact functioning of the placenta during pregnancy and the start of life. There are
initiatives started into placental research, such as the Human Placenta Project (HPP) launched by
the National Institute of Child Health and Human Development1. The goal of the Human Placenta
Project is to develop abilities to monitor the human placenta real-time. Next, to the HPP, research is
executed into medicine and cures for symptoms of placental failure. Lastly, research is carried out into
possibilities for an artificial womb with the use of extracorporeal support systems. In 2017, Partridge
et al. [43] managed to support a lamb inside an extra-uterine device for 4 weeks under stable conditions.
However, if the child would need to grow further outside the womb, a caesarian section is needed. Also,
parents can not be with their child, because it is placed inside the artificial womb. These circumstances
could be a drawback for parents. That is why it would be useful to look into the possibilities to enhance
conditions for the child inside the womb with the use of extracorporeal support systems. The following
chapter contains a summary of the anatomy and physiology of the placenta. Secondly, the options for
extracorporeal support are introduced.

1.1. The placenta
The placenta is a disk with one side attached to the uterine wall and on the other side joined to the child
via the umbilical cord. During pregnancy, the placenta provides gas and nutrients exchange between
mother and child. It functions as a substitute for major organs of the child, such as the lungs, kidneys,
and liver. The placenta establishes its final form at the end of the first trimester [6]. A placenta grows
during pregnancy towards an average diameter of 22 cm with a thickness in vivo of 5 cm and an av-
erage weight of 470 g [60]. The fetal heart is pumping blood through the fetal body after three weeks
of gestation and the embryo is then called a fetus [57]. Mother and fetus cohabit symbiotically and any
malfunction of the placenta can be harmful to both. It can be harmful during pregnancy, but can also
have an impact on their health later in life [22].

Growth of the placenta, called placentation, starts when a fertilised oocyte implants in the inner wall
of the uterus. The body of the uterus consists of three layers. The outside is called the perimetrium,
followed by the myometrium and the endometrium is the most inner layer. The myometrium is built up
out of intertwined smooth muscle bundles. In here lay arcuate vessels, which are an anastomosis of
arteries and veins originating from the uterine and ovarian arteries and veins. The endometrium con-
sists of two layers, the stratum basalis and stratum functionalis layer. The basalis is a thin layer and
forms the functionalis layer during every menstruation cycle [33]. Blood flows from the arcuate arteries
via radial arteries towards the endometrium, where they end in straight arteries in the basalis layer and
spiral arteries in the functionalis layer.
The endometrium layer forming the maternal part of the placenta is called the decidua. The cell mass
implanting in this layer is called a blastocyst. A blastocyst is a fluid-filled sphere with trophoblast cells
on the outside and a cell mass inside which will become the fetus. Trophoblast cells are forming the
fetal part of the placenta, called the chorionic plate. Trophoblasts are also responsible for the secre-
tion of digestive enzymes, displaying of immunosuppressive factors to protect the embryo, and forming
the chorion [33]. The chorion is the outer membrane surrounding the embryo, which is shown in Fig-
ure 1.1. The trophoblast cells form a layer of cytotrophoblasts on the inside and syncytiotrophoblasts
at the outside. Syncytiotrophoblasts lose their plasma membranes and invade the endometrium to
digest uterine cells and anchor the blastocyst to the uterine wall [3]. Extravillous trophoblast cells, dif-
ferentiated from the cytotrophoblast cells, migrate one-third deep into the myometrium of the uterus.
Extravillous trophoblast cells remodel the spiral arteries into large conduits and remove smooth muscle
cells to prevent vasoconstriction of the arteries [5]. The remodeled spiral arteries lower the velocity

1https://www.nichd.nih.gov/research/supported/HPP/default - Accessed November 2, 2018
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2 1. Introduction

Figure 1.1: In the figure, the fetus is shown inside the womb. Via the umbilical cord, the fetus is attached
to the placenta. At the right side the fetal chorionic villi are shown, submerged in maternal blood inside
the intervillous space [3, pg.1333].

of blood flow towards the placenta. As a consequence of the dilation of spiral arteries and proximal
arteries leading towards the uterus, changes in maternal blood pressure are proportional to changes
in placental blood pressure [19].

The enlarged spiral arteries deliver blood from the mother into the intervillous space (IVS). The intervil-
lous space is the space between the basal plate, the maternal side of the placenta, and the chorionic
plate. Blood of the mother travels via 100 to 150 spiral arteries into the IVS and leaves via decidual
veins [16]. Every minute around 20% of the maternal blood flow travels through the placenta [54]. Ex-
change of oxygen and nutrients between maternal and fetal blood happens via the chorionic villi that
are submerged in the IVS, as can be seen in Figure 1.1. Human placentas are called haemomonocho-
rial placentas because of the separated blood flows [46]. Chorionic villi grow from the chorionic plate
towards the basal plate. Arteries and veins invade the villi to carry blood from and to the fetus via the
umbilical cord. The villous trees structure is built up out of four major types of villi. Stem villi give rise to
immature intermediate villi, mature intermediate villi and finally terminal villi. Exchange happens mostly
in the terminal villi, because of a small layer of the villous membrane between maternal blood and the
fetal arteries [60]. In hemispheric parts, called cotyledons, the villi trees grow towards the basal plate.
These hemispheric parts are separated from each other by placental septa. Blood flow from the spiral
arteries enters the IVS as a jet stream and creates central cavities inside the villi trees. Central cavi-
ties are protecting the villous tissue from high stresses and damage, and have a optimal size to keep
exchange between mother and fetus as efficient as possible [9]. If the spiral arteries are not dilated
enough, then blood flow will not be slowed down and flows turbulently into the central cavities. This
could damage the villi trees and creates lesions on its surface, making exchange complicated.

1.1.1. Placental pathology
Optimal growth of the fetus is endangered when the maternal arteries are not dilated properly and the
placenta is malfunctioning. Incorrect development of the placenta complicates oxygen uptake and in-
creases fetal workload. This obstruction of blood flow is called placental ischaemia [53]. Related to
placental ischaemia are several other placental diseases, which are organised in Figure 1.2 and fur-
ther explained in Appendix A. The main effects of placental ischaemia are oxidative and endoplasmic
reticulum stress leading eventually to pre-eclampsia (PE).
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Figure 1.2: A schematic overview of placental ischaemia and placental diseases inspired on the articles
of Roberts [53], Silver [62] and Gill et al. [16]. ©Esther Wachter

Oxidative and endoplasmic reticulum stress are local effects of placental ischaemia [53]. Oxidative
stress is due to less available antioxidants and a higher generation of reactive oxygen species. Reac-
tive oxygen species harm proteins, lipids and nuclei acids [66]. Shortage of gas and nutrients disturb
the protein synthesis. Shortage of proteins lets endoplasmic reticulum stress activate the unfolded pro-
tein response, which can induce cellular apoptosis, also known as programmed cell death. Inflamma-
tion and oxidative stress are also present in normal pregnancy. However, during placental ischaemia,
oxidative stress is not halted because of lower levels of antioxidants and protection against reactive
oxygen species fails. Local effects of oxidative and endoplasmic reticulum stress can lead to systemic
impact with PE as a systemic effect [53].

PE has an incidence of 2 to 10% among the pregnant population [36]. Symptoms occurring to the
mother in the clinical stage of PE are hypertension, oedema, and proteinuria. Hypertension, high blood
pressure, is harmful to the kidneys and liver of the mother and increases the chance of haematoma. A
haematoma between the placenta and uterine wall can cause the placenta to come loose and risk the
child’s life. PE can occur halfway in gestation or in the last weeks of gestation. The clinical symptoms
say something about the severity of PE and if it is early or late onset PE. It is assumed that these two
are two different diseases on placental level [38].

The pre-clinical stage of early onset PE is characterised by poor placentation and angiogenic imbal-
ance. In the first-trimester trophoblast invasion is failing, with the consequence of a view or many spiral
arteries not remodelled [50]. Angiogenesis is the formation of new blood vessels from existing ones.
Pre-eclamptic angiogenic imbalance is a form of non-branching angiogenesis, where only longer cap-
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illaries are formed [16]. As mentioned in Section 1.1 blood flows turbulently into the intervillous space
and damages the chorionic villi, because of the higher speed caused by non-dilated arteries. As a
consequence oxygenated and non-oxygenated blood are mixed and travel through the intervillous in
just one second, resulting in poor oxygen exchange [5]. Early onset PE occurs between 20 and 34
weeks of gestation and is found by measuring placental function. Early onset PE still happens to 1%
of the pregnant population [38]. Related to PE are eclampsia, gestational hypertension and HELLP-
syndrome (Haemolysis, Elevated Liver enzymes, and Low Platelets), which are also non-branching
angiogenesis disorders and mentioned in Figure 1.2. Lastly, PE could lead to other placental patholo-
gies like intrauterine growth restriction (IUGR) and children that are small for gestational age (SGA).
Other pathologies originating from placental ischaemia do not have a systemic impact or are experi-
encing different levels of oxidative and endoplasmic reticulum stress. The systemic impact and high
incidence among pregnant women is the reason to focus on early onset pre-eclampsia and to leave
the other placental diseases for now.

1.2. Extracorporeal support systems
Extracorporeal support systems in the form of mechanical assist devices could be an option to support
in nutrient and gas exchange during placental ischaemia. Technical solutions from other medical fields
could be used as an example to design an assist device to improve gas transport towards the fetus.
During the preceding literature study, some options were considered.
Firstly, there is the option of a ventricle assist device. Ventricle assist devices are used for people who
are experiencing heart failure. It is seen as a bridge to recovery, bridge to transplant, bridge to decision
or as destination therapy instead of a heart transplant [4]. A ventricle assist device supports the heart
with pumping blood around the body. This is done with axial or centrifugal pumps. When looking at
placental ischaemia, an assist device could be placed on the uterine artery to raise blood flow towards
the placenta. However, concerns are the possibilities of compression of the fetal capillaries or creating
haematoma between basal and chorionic plates as a result of higher blood pressure [26]. In the case
of placental ischaemia, blood flow is already turbulent inside the IVS and increasing blood flow towards
the IVS could maybe result in even more lesions on the chorionic villi trees. Also, the uterine artery
changes in size during gestation which asks for variability. Lastly, there are concerns about how to
place the device and when it needs to be removed.

Next, there is the option of extracorporeal life support (ECLS), also called extracorporeal membrane
oxygenation (ECMO). ECMO filters venous blood from carbon-dioxide and adds oxygen, to support
people with cardiac or pulmonary failure. There are two options of collecting and returning blood,
namely venoarterial and venovenous ECMO [12]. With both, blood is collected via cannulae, passed
through an artificial lung and then returned to the body. Proximal to the placenta, on the maternal side,
ECMO would have the function of a pump. Blood values of the mother will already be sufficient and
the level of oxygen is relatively hard to increase. Distal to the placenta, on the fetal side, ECMO will
probably be more effective as to increase oxygen levels. Due to partial oxygen pressures being lower
in comparison to adult blood.
There are already some points of concern:

• Would the system be compatible with fetal blood and haemoglobin, because it differs from adult
blood. The differences between fetal and adult haemoglobin will be explained in Section 2.1.

• Would it change the placental oxygen gradient? If so, could this provoke a reaction of maternal
blood supply?

• The placement of the device could be inside one of the umbilical vessels and near the placenta
or near the fetal abdomen.

• Would the elevated vascular resistance be too high for the fetal heart to pump the blood around.

• A fetus moves in the womb, which could detach the cannula.

• The amniotic sac needs to stay attached to the uterine wall without rupturing.

The two options could be simplified to two basic ideas, namely placing a pump to increase the supply
of blood flow. Or extracting blood with the use of cannulae and oxygenating it ex vivo, whereupon it
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is returned into the blood circulation. Important questions are where inside the womb these options
could be implemented and if they provide enough improvement to offset the additional risk to mother
and child.

1.3. Objective
1.3.1. Research scope
The scope of this research concerns the distal side of the placenta and the fetal cardiovascular sys-
tem during pregnancy. During placental ischaemia blood flow towards the placenta is impaired. The
placenta is approached on the proximal side by the maternal blood circulation and on the distal side
by the fetal blood circulation. After evaluating the structure of blood vessels proximal and distal to the
placenta, it seems more promising to support the fetus on the distal side of the placenta. Proximal
to the placenta maternal vessels are not dilated enough and increasing blood flow on that side could
create potentially even more damage. Distal to the placenta fetal blood can be influenced directly. The
umbilical cord could be used to access the fetal bloodstream. The umbilical cord contains two umbilical
arteries, so by accessing one of the two, blood flow in the other vessels will stay untouched.
The gestation period looked at is from 20 to 28 weeks of gestation. Usually, at 20 weeks ultrasound is
performed and the first signs of malfunctioning of the placenta would be discovered. In the Netherlands,
abortion is allowed until the 24th week of gestation or later in case of health-threatening circumstances.
Most doctors work with 22 weeks because the pregnancy duration is estimated with two weeks margin
[51]. When the child would not be in severe danger and abortion will not be performed, support could
be useful when optimal blood circulation is impaired and the child is not ready to live on its own. At 28
weeks, the child would be delivered and taken care of at the neonatal intensive care unit (NICU). At this
age, the development of the child is sufficient enough to survive outside the womb with less chance of
serious health issues. The focus of this research is to find out if attaching cannulae inside the umbilical
cord is possible and if it would be save. The exchange of oxygen and nutrients would be the next step,
but will not be examined in this thesis.

1.3.2. Research objective
Support devices could be an opportunity to provide oxygen and nutrients to the fetus in case of placental
ischaemia. These devices should not obstruct blood flow or be too demanding for the fetal heart. It
needs to be examined if devices could be implemented on umbilical arteries and if blood flow can
remain sufficient. To know if it is possible to intervene during gestation inside the mother’s body, more
information is needed about the blood circulation distal to the placenta and parameters to describe blood
flow. The goal of this research is to find an option to support the fetus during placental ischaemia during
the period of 20 to 28 weeks of gestation. Ultimately, this leads to the following research question:

Is it possible to place an assist device on blood vessels distal to the placenta to improve conditions for
the fetus during placental ischaemia?

1.4. Content of this thesis
First, a study was done into the mechanics of blood to identify how blood flow can correctly be simulated
and what assumptions are allowed to be made. Next, research was performed into existing cardiovas-
cular models. Also, a search was performed to find the sizes of the fetal cardiovascular system during
the period of 20 to 28 weeks of gestation. This information was used to examine the placenta and fetus
in a Simulink model. With this model, the blood pressure and blood flow of the placenta and cardiac
output of the fetus were calculated for different conditions. It was evaluated if intervention is possible
on the umbilical vessels. Finally, an evaluation followed if and how an assist device could be placed
on the umbilical vessels.





2 | Theory
This chapter elaborates on blood flow, blood circulation, and blood flow dynamics. In the previous
chapter, information was given about the growth of the child inside the womb. Also, possible placental
pathologies were illustrated and potential support systems as a remedy were introduced. An option to
evaluate the potential of support systems is to use fetal cardiovascular model. To be able to establish
the basic building structure of a fetal cardiovascular model, information is needed about blood flow and
how it circulates in the fetal body. As well as basic fluid dynamics to describe the blood flow.

2.1. Blood
Blood is composed of approximately 55% blood plasma, 45% erythrocytes and less than 1% are leuko-
cytes and platelets. The erythrocytes, leukocytes, and platelets are submerged in the blood plasma,
as are plasma proteins, electrolytes, hormones, and nutrients. The human adult body contains around
4.5 to 6 litres blood [68]. Blood is a unique type of fluid because of all the formed elements in it.
Erythrocytes are commonly known as red blood cells and the volume of erythrocytes is called haemat-
ocrit. Oxygen is transported by erythrocytes and a small percentage of oxygen is transported in blood
plasma. Leukocytes are known as white blood cells, which lack haemoglobin and assist with immunity
and inflammation. Erythrocytes do contain haemoglobin (Hb) and this protein helps with the transport
of oxygen. A haemoglobin molecule is built up out of four haem groups within each centre an iron
atom (Fe2+). In fetal blood two haem groups are of a different structure, giving fetal haemoglobin (HbF)
a higher affinity for oxygen [3]. This greater affinity helps fetal blood to collect oxygen from maternal
blood.

2.1.1. Blood circulation
The functions of blood circulation are to transport substances, protection against blood loss and in-
fections, regulation of temperature, body fluids volume and normal pH in tissues [3]. The total blood
circulation is divided into the pulmonary and systemic circuit. In adults blood travels from the right side
of the heart into the pulmonary circuit, to receive oxygen and get rid of carbon dioxide. After passing
through the pulmonary circuit blood travels back across the left side of the heart into the systemic cir-
cuit. The systemic circuit provides the body with blood.

Blood flow is controlled by the heart and heart function is influenced by age, gender, exercise and
body temperature. The heart contains two atria receiving blood from the pulmonary veins and vena
cava and two ventricles two pump blood into the pulmonary and systemic circuits. The volume pumped
per minute by each ventricle is called the cardiac output (CO). For adults, resting CO is around 5 L/min
and during maximal effort increases 4 to 5 times [3]. The difference between these two cardiac outputs
is called the cardiac reserve. The cardiac output itself can be influenced by heart rate (HR), the loading
conditions of the heart called preload and afterload, and contractility of the heart muscle.
The cardiovascular circulation is dictated by vasoconstriction and vasodilation of blood vessels. During
vasoconstriction the smooth muscle cells in the vessel wall constrict, narrowing the diameter of the
vessels. Especially larger arteries and arterioles are controlled in this way. Vasoconstriction of vessels
decreases blood flow and increases resistance and blood pressure. The cardiovascular and vasomotor
centres control these diameter changes of the blood vessels. In rest via parasympathetic stimulation
and during action via sympathetic stimulation. Blood is provided where it is needed by extrinsic control
via hormones and the nerves system. Intrinsic control provides enough blood to individual organs and
the surrounding tissue. With autoregulation, organs can keep their blood flow constant under changing
perfusion pressure or during higher metabolic needs. Lastly, the body uses homeostatic mechanisms
or receptors as baroreceptors and volumereceptors to keep blood flow and pressure constant [3].

The cardiac cycle involves the diastole and systole. During diastole, the ventricles fill with blood be-
cause of the relaxation of the heart. Systole follows, which is the contraction of the ventricles to pump
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the blood into the blood circuits. The cardiac cycle can be described with a pressure-volume relation-
ship as visualised in Figure 2.1. First, there is the filling phase of the ventricles until the end diastolic
volume (EDV) is reached. This is the volume of blood in the ventricles before systole. Secondly, comes
an isovolumetric contraction phase until the aortic and pulmonary valves open. Thirdly, is the ejection
phase until the end systolic volume (ESV) point, which is the volume of blood in the ventricles after
contraction. Lastly, comes a period of isovolumetric relaxation [68]. The difference between EDV and
ESV is called stroke volume (SV). By multiplying HR with SV, the CO can be calculated. ESV and EDV
are influenced by preload and afterload.

Figure 2.1: A pressure-volume loop visualising the cardiac cycle. The filling phase of the heart is from
point 1 to 2 and point 2 resembles the end diastolic volume. From point 2 to 3 is the isovolumetric
contraction phase and point 3 to 4 is the ejection phase. Point 4 resembles the end systolic volume
and from point 4 to 1 is the phase of isovolumetric relaxation. [68, pg.58]

Preload is a measure for wall tension build-up and increased sarcomere length in the ventricles during
diastole. Increase in EDV means an increase in preload and results in higher contractile forces, which
is known as the Frank-Starling law. This law states that for a higher venous return, there will be an
increased force of contraction [68]. In this way, the heart keeps the ventricle output the same for the
left and right ventricle and compensates for higher venous blood pressure.

Afterload is a measure of wall tension during the ejection phase. It is often defined as the pressure the
heart needs to overcome to discharge blood from the ventricles. Afterload increases by an increase
of pulmonary or aorta pressure and when the heart is more dilated. CO decreases by an increase of
afterload. Lastly, an increase in ESV means an increase in afterload.

CO can be calculated with the use of blood pressure and peripheral resistance, which will be elab-
orated in Section 2.2. Besides the CO, there is the option to calculate the mean arterial pressure
(MAP), which is calculated with the diastolic pressure, the lowest pressure between two heartbeats,
and the systolic pressure, the maximal aorta pressure. The mean arterial pressure is maintained stable
by extrinsic control and correlates with the afterload.

MAP = (2 ⋅ diastolic pressure) + systolic pressure
3

Blood pressure drops gradually while flowing across the systemic circuit. The pressure drop is little
in the bigger elastic arteries, then drops with 70% in the small arteries and arteriole and with another
20% in the capillaries [68]. There is a lower pressure drop over the capillaries because it is a network
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of many parallel vessels. The arteries are seen as the supply vessels, the capillaries are for exchange
and the veins have a reservoir function.

2.1.2. Fetal circulation
The composition of the placenta has been explained in Section 1.1. In short, it is a disk attached to the
uterus wall and on the chorionic side attached to the fetus via the umbilical cord. After the exchange
of oxygen, carbon dioxide and nutrients in the placenta, fetal blood will flow from the chorionic villi via
the umbilical vein towards the fetal body. The fetal blood circulation differs from the adult circulation.
It contains three shunts to protect and bypass the immature liver and lungs. In Figure 2.2 can be seen
that blood travels via the umbilical vein into the inferior vena cava. The flow partly bypasses the liver
via the ductus venosus shunt. Reaching the heart, blood shunts via the foramen ovale shunt from

Figure 2.2: Blood circulation of the fetus and the placenta. Visible are the ductus arteriosus shunt,
foramen ovale shunt and ductus venosus shunt [3, pg.960].

the right to the left atrium, to bypass the lungs. Lastly, the third shunt is the ductus arteriosus shunt,
placed between the pulmonary artery and the aorta. In this way, only a small fraction of blood travels
through the lungs. Because of the three shunts, deoxygenated and oxygenated blood are mixed and
via the aorta travelling through the fetal body. Via the internal iliac arteries blood is pumped towards the
placenta via two umbilical arteries. After birth, the three shunts will eventually close and the umbilical
vessels collapse after being clamped and detached from the placenta. With the first breath, the lungs
will inflate and the child can absorb oxygen for itself.

The fetal circulatory system differs from the adult system because of the three shunts, the lungs with
low gas exchange and low blood flow, and the connection to the placenta. The ventricles of the fetal
heart work in parallel due to the foramen ovale and the output of this parallel system is referred to as
combined ventricular output (CVO). Opposite to adults, the pulmonary resistance in the fetal body is
higher than the systemic resistance, to stimulate shunting past the pulmonary circuit [8]. The lungs of
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the fetus are still collapsed and providing higher vascular resistance. The systemic resistance is low
because of the low resistance of the placenta, almost 50% of the combined ventricular output goes
towards the placenta [63].

2.2. Blood flow dynamics
To create a cardiovascular model of the fetus and placenta some fluid dynamics needs to be explained.
Modelling blood flow is very complex. So, to create an acceptable model for this study some assump-
tions and simplifications were used. This paragraph will enumerate the basic fluid dynamics that were
used to create the cardiovascular model of the fetus.

2.2.1. Hagen-Poiseuille’s law
The Hagen-Poiseuille law gives the opportunity to model blood flow in blood vessels. The Hagen-
Poiseuille law, in short Poiseuille’s law, is derived from the Navier-Stokes equations, differential equa-
tions of motion for incompressible Newtonian fluids [68]. Poiseuille’s law computes the volumetric flow
rate, 𝑄 (L s-1) for a cylindrical pipe based on the resistance, 𝑅 (Pa s L-1) delivered to the fluid and the
pressure drop, Δ𝑃 (Pa). The resistance is over total the pipe length, 𝐿፯ (m), with a radius 𝑟 (m), for a
fluid with viscosity 𝜂 (kg m-1 s-1 or Pa s).

𝑄 = Δ𝑃
𝑅 = 𝜋𝑟ኾΔ𝑃

8𝜂𝐿፯
(2.1)

Poiseuille’s law is valid under the following conditions:

• no-slip condition

• a homogeneous Newtonian fluid

• laminar flow

• steady flow

• fully developed flow without entrance or exit effects

• incompressible flow

• a straight circular pipe with a constant radius

The definition for a fluid is that a fluid, in comparison to a solid, will deform when shear stress is applied
on it [70]. Shear stress causes shear deformation of a fluid and is biggest at the wall alongside which
a fluid flows. Alongside this wall, the velocity of the fluid is zero relative to the wall, because a fluid
adheres to the surface. This is called the no-slip condition and this condition is applicable for viscous
fluid flows, so also for blood. The resistance of a fluid to shear deformation is defined by the viscosity
of the fluid. It is denoted with 𝜇 or 𝜂 and called dynamic viscosity.

For Newtonian fluids as water, the shear stress and viscosity are proportional. However, for a non-
Newtonian fluid, this is not the case. Some increase in resistance with higher shear stress, others
decrease in resistance. This last group, the shear-thinning group is also applicable for blood, that de-
creases in viscosity at higher shear rates. Also, blood contains formed elements as erythrocytes that
influence its viscosity. The viscosity of human blood is approximately 3 to 6 mPa s and its density is
1060 kg m-3 [33]. In very small vessels viscosity fluctuates, because of blood behaving non-Newtonian.
For vessels bigger than 1 mm in diameter blood is considered to behave Newtonian as well as at shear
rates above 100 s-1 [68]. So for the model, blood will be assumed to behave Newtonian. However,
when the shear stress becomes too high, red blood cells could be destroyed. Viscosity is slightly af-
fected by pressure but strongly affected by the temperature. Viscosity decreases with temperature.
Human bodies are maintained at a constant temperature of 37 ∘C, so viscosity is hardly affected by
temperature in the human body. Lastly, viscosity is also changing for different haematocrit levels and
vessel diameters. For higher haematocrit levels, the viscosity increases slowly.

The third condition is laminar flow. The dimensionless Reynolds number can tell if the fluid flow is



2.2. Blood flow dynamics 11

laminar or turbulent. It is computed with the density, 𝜌 (kg m-3), viscosity, velocity, 𝑣 (m s-1), of the fluid
and the vessel diameter, 𝐷 (m):

𝑅𝑒 = 𝜌𝜈𝐷
𝜇 (2.2)

Laminar flow is slow and has a Reynolds number below 2300. Turbulent flow is fluctuating and occurs
at a Reynolds number above 4000. Between these two is a transition region. Normally, in humans
the Reynolds number stays below 2000, so blood flow is considered laminar. However, branching of
vessels and other fluid-wall interactions can result in local turbulence [68]. In micro-vessels, which
are vessels smaller than 0.3 mm, the flow is dominated by viscous forces, because of the interaction
of blood cells with blood vessel walls. This is called the Fahraeuss-Lindqvist effect. The viscosity de-
creases because of a cell-free layer on the vessel walls [13]. This means that with standard calculations
the resistance is overestimated and in reality a little bit smaller.

The fourth point is a steady flow, which is a flow that is independent of time. Obviously, blood flow
is pulsating and the velocity of the flow would change over time, as will the pressure across the length
of the vessels. So using Poiseuille’s law will mean a simplification of the fluid flow. It is considered that
blood flow is pulsating in large arteries, becomes less pulsatile when flowing towards the peripheral
blood vessels and it flows steady into the capillaries. It starts pulsating again when flowing back to the
heart via the larger veins [68].

Within a pipe, the viscous effect of laminar or turbulent flow will spread throughout the entire flow.
Except at the entrance of the pipe. Viscous boundary layers start growing at the entrance until they
merge and the entire flow becomes viscous. After this entrance length, the velocity profile and wall
shear stress will be constant. The velocity profile changes from a flat profile into a parabolic profile, as
can be seen in Figure 2.3. Also, in the fully developed region, the pressure drop along the length of
the pipe will be linear.

Figure 2.3: At the entrance region of a pipe, the viscous boundary layers will merge eventually, after
which the flow is considered fully developed. The velocity profile, 𝑢(𝑟, 𝑥), changes from flat to parabolic
during this transition. Inspired on White [70, pg.363].

Incompressible flow means that within an infinite small fluid parcel, which moves at flow velocity, the
density is constant (𝜌።፧ = 𝜌፨፮፭) [68]. This is also useful for the principle of conservation of mass, as
shown in (2.3) with 𝐴 (m2) being the area of the cross-section of the vessel. This law states that mass
flowing in over time also leaves the system with the same mass flow over the same time.

𝜌።፧𝐴።፧𝜈።፧ = 𝜌፨፮፭𝐴፨፮፭𝜈፨፮፭ = constant (2.3)

For incompressible flow with a constant density, (2.3) can be simplified to 𝐴።፧𝜈።፧ = 𝐴፨፮፭𝜈፨፮፭, which is
the flow rate going in and out. The volumetric flow rate can be used to calculate the average velocity
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in m s-1 inside the vessel. This is done by dividing the flow rate by the area of the cross section of the
pipe:

𝑣ፚ፯፠ =
𝑄
𝐴 (2.4)

Poiseuille’s law requires a pipe with a constant radius. Blood vessels are considered to be of fairly
constant radius and decreasing in radius at bifurcation points. In (2.1) the radius is to the fourth power,
which means that changing the radius highly affects the volume flow rate. Reducing the blood vessel
diameter with 2 increases the resistance 16 times. The resistance to blood flow is regulated by changing
the radius of blood vessels, the earlier explained vasodilation and vasoconstriction.

2.2.2. Additional equations
In the medical world, the stiffness of structures is described with elastance, 𝐸 (Pa m-3). Elastance
describes the ability of hollow organs to return to their original volume when outside forces are removed
[68]. The symbol for volume is 𝑉 and its units are L or m3.

𝐸 = Δ𝑃
Δ𝑉 =

1
𝐶 (2.5)

Elastance is inversely related to compliance, 𝐶 (m3 Pa-1). Compliance is a measure for how much an
organ yields to outside forces. Veins are more compliant than arteries and are therefore seen as the
capacitors of the vascular system [3]. So higher compliance and constant volume result in a lower the
pressure difference.

2.3. Chapter conclusion
Information in this chapter was used to simulate the dynamics of the model correctly. For the physical
constraints, it is important to know that the blood circulation of the fetus differs from the adult circulation
because of three vascular shunts, non-inflated lungs, and the placental vasculature. As regards the
blood circulation through the body, the compensatory mechanisms of the heart and vasoactivity of
the vessels in the body are especially important for later evaluation of the cardiovascular model. The
objective of this study is to intervene with the vessels in the umbilical cord and so making changes to
the systemic vascular resistance and venous return to the heart. Poiseuille’s law is convenient to use
for the cardiovascular model because of its simplicity. It gives an opportunity to evaluate changes in
the cardiovascular system without making the model too elaborate. However, some assumptions are
needed to use Poiseuille’s law.
The velocity of blood flow is zero alongside the wall because of the no-slip condition for viscous fluids.
Blood is a non-Newtonian fluid because it contains formed elements. However, it is assumed to behave
Newtonian in vessels bigger than 1 mm in diameter. Also, the body temperature inside the womb is
considered very constant, so the viscosity does not change much. In the majority of the vessels, blood
flow is laminar, so this is assumed to be the case for the whole model. Steady flow means a flow
which does not change over time, so a flow without a pulse. Blood flow is especially pulsatile in the
bigger arteries close to the heart but more steady in the peripheral vessels. In the model, blood flow
will be modelled steady in all parts. The flow is considered to be fully developed without entrance or
exit effects. The density of the flow is assumed to be constant, so the flow would be incompressible.
Lastly, the blood vessels are assumed to be straight circular pipes with a constant radius. With the
combination of Poiseuille’s law and compliance, a basic model can be made for blood flow in the fetal
body.
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The basic anatomy of the fetal body and blood flow dynamics were discussed. The goal of this chapter
is to categorise the most important parts of the fetal cardiovascular system and to make a design for
the layout that needs to be implemented into a fetal cardiovascular model.

3.1. Cardiovascular models in literature
An search was performed in online databases as Pubmed1, Google Scholar2 and Scopus3 to identify
existing cardiovascular models and in particular of models of the fetal and placental vascular system.
In Appendix B a summary is given of the exact steps taken to find cardiovascular models. These
models should preferably be made in Simulink. Simulink is a simulation tool and used to make block-
diagrams of dynamic systems and is integrated into MATLAB 2018a (The MathWorks, Inc., Natick,
Massachussetts, Unites States).

3.1.1. Cardiovascular models
Sheffer et al. [61] designed a toolbox to model the cardiovascular system and this toolbox was up-
dated over the next years by other researchers [2, 40, 41]. They created separate subsystems to be
combined together by the users own preferences. Unfortunately, this toolbox is no longer available or
compatible with the available versions of MATLAB and Simulink. However, it is still a useful example
to see how to separate and model the different components of the vascular system.

The study of Sheffer et al. [61] focuses on the cardiovascular system and the heart is modelled ex-
tensively. The heart chambers and valves are available in the toolbox and with use of pressure-volume
relationships, they are able to calculate the varying pressure in the heart due to filling and emptying of
the heart chambers. The mathematical models used to model the blood vessel segments in the cardio-
vascular toolbox are based on reduced Navier-Stokes equations. Lastly, oxygen and carbon dioxide
distribution are implemented in the cardiovascular simulation toolbox, but this will not be implemented
in the model of this thesis project.

In the described search of Appendix B, more studies were found that use the same elements to de-
scribe pressure-flow relations. There is the study of Garcia-Canadilla et al. [14], who also made a fetal
cardiovascular model in Simulink. However, they focused on the major arteries and outflow from these
arteries. Also, the placenta and lower body are integrated into one segment, which makes analysing
placental flow more difficult. More complex models were also found, like the model of Van der Hout-
van der Jagt et al. [65]. They included the maternal circulation and uterine pressure to observe hemody-
namic and oxygenation changes during umbilical cord compression. The increase in uterine pressure
and compression of the umbilical cord in this study are due to contractions. The focus of this thesis
project is not during the time of contractions and uterine pressure variations are less present, so uterine
pressure could be assumed more constant. The models of Garcia-Canadilla et al. [14] and Van der
Hout-van der Jagt et al. [65] are still useful to evaluate the fetal cardiovascular model.

3.1.2. Lumped parameter model and Windkessel model
In the studies of cardiovascular systems as from Sheffer et al. [61], they make use of lumped parameter
models. The lumped parameter model is an approximation of a complex system that is divided into a
finite amount of discrete segments to study its behaviour. The use of lumped segments is compara-
ble to using rigid bodies in mechanical calculations, where the rigid body functions as one entity. For
instance, all the aorta segments can be lumped together into one lumped segment representing the
aorta. The segments in a lumped parameter model are connected by wires that work instantaneously
1www.ncbi.nlm.nih.gov/pubmed
2scholar.google.nl
3www.scopus.com
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and are joined in nodes. The wires represent the blood flow between segments [52]. At the nodes,
information can be calculated about the segments [68].

The pressure-flow relation in a segment can be described with the use of Ohm’s law:

𝐼 = Δ𝑉/𝑅 (3.1)

Ohm’s law states that the current through a conductor, measured in amperes (A), is proportional to
the voltage difference across the conductor, measured in volts (V). The resistance of the conductor is
measured in units of Ohm (Ω). The hemodynamic relation analogue to Ohm’s law is 𝑄 = Δ𝑃/𝑅. Here
the current is the blood flow, 𝑄, the pressure gradient across the segment is related to the voltage
difference and the resistance is the resistance of the segment to the blood flow.

In a lumped parameter model, flow and pressure work according to Kirchhoff’s Voltage and Current
Laws [68]. Kirchhoff’s Current Law states that the sum of currents flowing into a node is the same as
currents flowing out. So, segments in series have the same volume of flow flowing through. Kirchhoff’s
Voltage Law states that the sum of voltages around any closed loop is zero.

It is also possible to include the compliance of blood vessels or organs into the model in the form
of a capacitor or inertia to blood flow in the form of an inductor. Compliance is primarily present in the
aorta and other major vessels as the pulmonary artery. Compliance of the major vessels compensates
for fluctuations in blood flow between diastole and systole. To describe this mechanism the windkessel
model can be used, which is a lumped element model. The windkessel model was first described
by Otto Frank in 1899 [13]. It represents a pumped fire engine. Water is pumped periodically into
a high-pressure air chamber, resembling the heart pumping blood in the aorta. Whereupon water is
drained from the chamber in a steady flow, because of the high mean pressure of the chamber, which
resembles the interaction between the aorta and peripheral blood vessels. During systole, the vessel
wall of the aorta enlarges and stores blood, which is released during diastole to make the pulsatile flow
more continuous. The windkessel model is represented with 2, 3 or 4 elements in the form of resistors,
capacitors, and inductors. In Figure 3.1 a two element model is shown with a resistor and capacitor.
Compliance does not only compensate for blood flow fluctuations but is also influences blood pressure.
In vessels, vasodilation and vasoconstriction influence the vascular tone. When vessels constrict, their
compliance is lowered and also the blood volume. The blood pressure will then increase. The blood
pressure in the system is influenced by the pressure-volume relationship of vessels, so by compliance.

Figure 3.1: Example of a two element windkessel model which could represent a blood vessel with
peripheral resistance and compliance.

3.2. Pressure and flow rate equations
The lumped parameter model and windkessel model are considered to be appropriate methods to
obtain information about the cardiovascular system [41]. They are a useful tool to perform pressure
calculations based on cardiac output. The theory of Chapter 2 will be applied to the segments in the
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models described in this chapter.

Figure 3.2: The layout of a separate segment, with one capacitor and one resistor.

In Figure 3.2 the structure of a single segment is represented. This layout will be used for all the
segments in the fetal cardiovascular model. Poiseuille’s law described in (2.1) is used to calculate the
pressure change between nodes. After rewriting (2.1), the pressure drop over a segment is calculated
with:

Δ𝑃(𝑡) = 𝑅𝑄(𝑡) (3.2)
Inertia, 𝐼 (mmHg s2 mL-1), is left out of this equation, to keep the model simple, because this would
mean yet another variable that needs to be estimated. When an inductor would be added to the system,
(3.2) would become Δ𝑃 = 𝑅𝑄 + 𝐼(𝑑𝑄/𝑑𝑡) [2]. The cardiac output will be modelled as a constant input
into the system, so there will be no velocity changes of the flow over time besides from the start-up
time of the model.
The intervention in the umbilical artery will locally increase the resistance to blood flow. Important is
then to see how this changes blood flow and pressure in the rest of the systemic system to estimate the
feasibility of the intrauterine support system. A constant cardiac output is chosen because information
about the mean arterial pressure inside the cardiovascular system is sufficient enough to give informa-
tion about blood flow and pressure distribution through the peripheral system. However, this has as
a consequence that the flow is primarily influenced by the peripheral resistance of the cardiovascular
system.

If the pressure drop over the 𝑛th segment is known, then it can be used to calculate the outward flow
towards the 𝑛th + 1 segment by using (3.2):

𝑄፧ዄኻ(𝑡) =
𝑃፧(𝑡) − 𝑃፧ዄኻ(𝑡)

𝑅፧
(3.3)

The resistance, 𝑅፧, can be calculated as described in (2.1):

𝑅 = 8𝜂𝐿፯
𝜋𝑟ኾ (3.4)

The second element in Figure 3.2 is the capacitor. The capacitor resembles compliance. It depends
on the volume in the nth segment and the pressure, as was shown in (2.5). According to the law of
conservation of mass, in a closed system mass can not be added or destroyed. So the change of the
volume in the segment over time depends on the mass inflow and outflow.

𝑑𝑉፧(𝑡)
𝑑𝑡 = 𝑄፧(𝑡) − 𝑄፧ዄኻ(𝑡) (3.5)

Rewriting (3.5) into (2.5) gives a formula to describe the pressure difference inside a segment [45].
𝑑𝑃፧(𝑡)
𝑑𝑡 = 𝑄፧(𝑡) − 𝑄፧ዄኻ(𝑡)

𝐶፧
(3.6)

With (3.3) and (3.6) the resistance that blood flow experiences over the length of a segment is described
and the volume change inside a segment because of compliance.
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3.3. Layout of the segments of the fetal cardiovascular model
The organs and important vessels will be modelled as lumped elements. Important is to decide which
parts will be lumped together and which ones not.
In Section 1.1 and Section 2.1.1 the fetal cardiovascular system was described and the three points
in which it differs from an adult cardiovascular system. These are the three shunts, the not expanded
lungs and the connection with the placenta, as visible in Figure 2.2. Together with the information about
the fetal anatomy, examples from other studies are useful to form a design for the fetal cardiovascular
model. This needs to be sufficient in representing the fetal cardiovascular system without being too
complicated for the available information and needs to answer the research question.

The cardiovascular system is divided into the systemic and pulmonary system. The pulmonary system
contains the non-expanded lungs. Van Vonderen et al. [67] divide the systemic system into the upper
body and lower body. The upper body is a combined unit resembling the brain and upper extremities.
The lower body resembles the lower regions of the fetal body and organs beneath the heart. The stream
towards the lower extremities is also partly led towards the placenta via the umbilical cord. However,
in the model of Van Vonderen et al. [67] the blood vessels and shunts are not represented as separate
blocks. Yet, this is needed for the fetal cardiovascular model, because it needs to be visualised how
flow redistributes among the different segments in the fetal body. Also, the umbilical artery needs to
be accessible for experiments. The model of Van Vonderen et al. [67] was used as the starting point
for the model because of its simplicity.

A model which does describe also the arteries is the model of Luria et al. [31]. In their study, they
based their calculations on the study of Barnea [2], who designed the cardiovascular simulation tool-
box mentioned in Section 3.1.1. Luria et al. [31] split up the upper body unit in two streams, one with
the carotid arteries and brain and in the other the remaining parts of the upper body. Both streams
end into the superior vena cava. This is because the focus of their study lays on fetal growth restric-
tion (FGR). The fetal body keeps the flow of oxygen to the brains as optimal as possible during FGR
despite a shortage of oxygen in the blood, which is called the brain-sparing effect. However, the focus
of this thesis study is on the umbilical blood flow and possible redistribution of flow to other parts in
the cardiovascular system. This bypass of blood flow to other parts of the system could be created by
increased resistance in the umbilical cord. A general picture of redistribution of blood flow is sufficient
enough, so the brain does not have to be modelled as a separate lumped unit. What does need to be
modelled separate are the umbilical arteries, placenta, and umbilical vein. Luria et al. [31] do model
these separate with the umbilical vein leading into the ductus venosus and hepatic system. The hepatic
system directs blood flow from the gastrointestinal tract towards the liver.

It is now possible to summarise all the segments for the design of the fetal cardiovascular model and
this is visualised in Figure 3.3. First, the pump of the system is important. This is the fetal heart pro-
viding combined ventricular output, because of the foramen ovale. Secondly, the pulmonary system
containing the pulmonary artery and the lungs. Also, the ductus arteriosus will get a block, to simulate
blood shunting from the pulmonary artery towards the aorta. Then, the systemic system with the aorta,
which directs blood towards the upper body and lower body. And last, the umbilical arteries, placenta,
umbilical vein, ductus venosus, and hepatic system.
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Figure 3.3: An overview of the segments that will be included in the fetal cardiovascular model. From
left to right the placenta, including the umbilical cord with two umbilical arteries and the umbilical vein,
the liver, representing the ductus venosus and hepatic system, the lower body, the heart, including the
pulmonary artery, aorta and ductus arteriosus, the lungs and the upper body. Flow is oxygenated in
the placenta and mixed with non-oxygenated blood in the body. ©Esther Wachter

3.4. Chapter conclusion
With the information gathered in Chapters 1 to 3, it is now evident what the important elements are to
implement in the fetal cardiovascular model. Literature provided the lumped parameter model, which
simplifies the cardiovascular system into relevant pieces. Blood vessels, organs, and body parts will
be lumped together to visualise the primary flows through the fetal body and the placenta.
Blood flow and pressure will be simulated with a model resembling an electrical circuit. The reason
is that an analogy can be drawn from Ohm’s law for electric circuits and a flow circuits. This circuit
will include resistors and capacitors, resembling resistance and compliance to calculate blood flow and
pressure in the fetal body. The next step is to design the fetal cardiovascular model in Simulink and
find the appropriate values for the resistance, compliance, blood flow, and blood pressure.





4 | Method
The chapter will explain how the fetal cardiovascular model was designed in Simulink and how the con-
nections between the segments were built. The second part of this chapter will explain the parameters
that were used in the model and how they were found or determined.

4.1. Design of the fetal cardiovascular model
In Chapter 3 the various segments for the fetal cardiovascular model were determined. In Figure 4.1,
the segments are neatly ordered and this is the way how they were implemented in Simulink. First, there
is the heart. Officially, it consists of the left and right atria and ventricles and the foramen ovale shunt
between the two atria. In the fetal cardiovascular model, these 5 elements will not be modelled and the
heart will be modelled as a pump with a constant outflow of blood and the pressure in the heart atria
is set to a constant value. More information about this choice can be found in Section 4.1.2. The two
outflows from the heart are the pulmonary artery (PA) and the aorta (AO). The connection between the
two is formed by the ductus arteriosus shunt (DA). Flow from the pulmonary artery leads to the lungs,
represented by the pulmonary vascular resistance (PVR). The systemic vascular resistance (SVR) is
divided into the upper body (UB) and lower body (LB). Lastly, there is the path via the placenta (PLA),
with the two umbilical arteries (UA1 and UA2), the umbilical vein (UV), the ductus venosus shunt (DV)
and the hepatic system (HE). Normally, blood flowing through the upper body is collected in the superior
vena cava and flow from the lower body in the inferior vena cava. Both veins enter the heart in the left
atrium but are not included as separate segments. The pulmonary veins enter the heart in the right
atrium. In this model, however, there will be no clear difference between the two atria.

Figure 4.1: The simplified version of Figure 3.3 and the layout for the fetal cardiovascular model. Based
on Van Vonderen et al. [67] and Luria et al. [31].

4.1.1. Series and parallel system blocks
Most of the vessels and organs are connected in series, as can be seen in Figure 4.1. Only the two
uterine arteries and the ductus venosus and hepatic system are running parallel. This applies when
looking at the elements separately. When zooming out it is also clear that for instance, the lower body
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runs parallel to the stream of the placenta and hepatic system. However, the connections between all
the segments will be explained in the next paragraph.

First, an explanation about the layout of a single series element. Every element block will have its
own resistance and compliance, except for the heart. The heart provides the blood flow, 𝑄, and will be
discussed later. For convenience, (3.3) and (3.6) will be repeated here to make explaining the layout
of the Simulink blocks easier.

𝑄፧ዄኻ(𝑡) =
𝑃፧(𝑡) − 𝑃፧ዄኻ(𝑡)

𝑅፧
(4.1)

𝑑𝑃፧(𝑡)
𝑑𝑡 = 𝑄፧(𝑡) − 𝑄፧ዄኻ(𝑡)

𝐶፧
(4.2)

When looking at (4.2), known input variables of a series block are the compliance and the blood inflow.
The blood outflow and time-varying pressure are unknown. The resistance is the only known input
in (4.1). Simulink can be a very useful tool to find the unknown variables. By integrating 𝑑𝑃/𝑑𝑡, the
pressure at the node in front of a block can be calculated. The integrator needs an initial value for
the pressure in the element. If the pressure after the block is known, the outflow of 𝑄፧ዄኻ could be
calculated. Whereupon the 𝑄፧ዄኻ can be fed back into (4.2) to calculate 𝑑𝑃/𝑑𝑡. These steps can be
seen in the block diagram in Figure 4.2. First (4.2) was implemented, followed by (4.1) to be fed back
into the first step. 𝑃፧ዄኻ needs to be given as input into the block, to be able to solve the equations.

Figure 4.2: Series block as implemented in Simulink. On the left the input ports for 𝐶, 𝑄።፧, 𝑃፨፮፭ and 𝑅
and on the right the output ports for Δ𝑄, 𝑃።፧, Δ𝑃 and 𝑄፨፮፭.

As explained in Chapter 3, elements in parallel do have the same pressure drop across them. If the two
elements have different resistances, then with (4.1) the distribution of blood flow across both vessels
can be calculated. In a parallel system, capacitors have the same pressure drop across them. Both
store a volume of blood to release later at the same node. The total compliance is therefor added
up, opposite to resistors in parallel. So, the differences with the series block are the two resistors to
calculate the separate outflows of blood and the two capacitors that are add up to calculate the total
compliance of both blocks together. The layout of a parallel block diagram can be seen in Figure 4.3.
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Figure 4.3: Parallel block as implemented in Simulink. On the left the input ports for 𝐶1, 𝐶2, 𝑄።፧, 𝑃፨፮፭
𝑅1 and 𝑅2 and on the right the output ports for Δ𝑄, 𝑃።፧, Δ𝑃, 𝑄1, 𝑄2, and 𝑄፨፮፭.

4.1.2. The modelled heart
The heart is modelled as a pump supplying constant blood flow to the vascular system. Adding all the
different compartments of the heart and making the model closed loop would complicate the model
hugely. The model created is an open-loop model and its output variables are the blood flow entering
the heart atria. Two other outputs of the heart will be the pressure at the pulmonary artery and aorta.
Next to flow as input, also the pressure of the left and right atria (LAP and RAP) needs to be given as
input. It was established with (4.1) and (4.2) that the output pressure was needed to calculate all the
missing variables. The residual pressure of the two heart atria was given a constant value. The blood
flow, 𝑄, travels through the system until it reaches the heart again. The pressure of LAP and RAP is
known. So the output pressure of HE, DV, LB, PVR and UB, which all end in the heart, are also known.
Now, the input pressure of these segments can be calculated and in their turn can be fed back to the
segments in front of them. This means that the output pressure of PA is the input pressure of DA and
PVR. The output pressure of DA and AO are the same and are the input pressure of UB, LB, UA1, and
UA2.

The pressure in the atria was set to zero to easily calculate the overall pressure drop over the total
system. This is not very contrasting to the real-life situation, because the pressure in the atria is around
2 to 3 mmHg [42]. It is very useful to calculate the total pressure drop over the system to make sure
that it is not too high for the fetal heart to overcome. However, with constant values for blood flow
from the heart and output pressures at the atria, there is no compensation from the heart to applied
changes to the system. For instance, higher pressures in the aorta and pulmonary artery would in real
life mean an increase in afterload and a decrease in stroke volume and cardiac output, as discussed
in Section 2.1.1. Still, the open-loop model can show the changes in blood distribution.

4.1.3. Connections between the segments
When zooming out from the separate segments to the whole fetal cardiovascular system, more series
and parallel paths can be identified. As mentioned before, the lower body is parallel to the path with
the umbilical arteries, placenta, umbilical vein, ductus venosus, and hepatic system. The upper body
is in its turn parallel to those two paths of the lower body and placenta. Then there is the complex part,
which is the ductus arteriosus. The path of PVR is in a way parallel to the path of the ductus arteriosus
and SVR. However, the aorta also provides input of blood flow into SVR. Without the ductus, SVR and
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PVR would be two separate loops only connected by the heart.

Figure 4.4: Close-up of a heart with the ductus arteriosus and foramen ovale. The ductus arteriosus is
indicated with the right arrow that starts in the pulmonary artery and points towards the aorta. The left
arrow in the right atrium indicates how flow travels towards the left atrium via the foramen ovale, which
is hidden behind the pulmonary trunk and aorta.

In Figure 4.4, it is visible that the ductus arteriosus is connected to the aorta at the end of the aortic
arch. From the aortic arch the carotid and subclavian arteries sprout. This anatomy structure implies
that a part of the upper body receives more blood directly from the left ventricle and that flow of the
ductus arteriosus is probably directed more towards the lower body. This distribution of blood flow was
not implemented into the model, because then the aorta needed to be split up into different resistance
parts as well. Also, the ductus arteriosus is a very small segment in comparison to the aorta and to
predict how blood flow from the ductus arteriosus and left ventricle are distributed in the aortic arch is
to complex for this study. In the fetal cardiovascular model, the ductus arteriosus and aortic blood flow
are first connected with a node, after which the flow is divided over the upper and lower body streams.

The flow between segments needs to be distributed by the model correctly. The output and input
pressures will be connected and for segments in series also the output and input flow rate will be con-
nected. However, there are four points where the distribution of flow rate is more complex.

Figure 4.5: The loop including the heart, the pulmonary artery, ductus arteriosus, and aorta.

The first point is the part of the heart, pulmonary artery, ductus arteriosus, and aorta, as shown in
Figure 4.5. The combined ventricular output needs to be distributed over the pulmonary artery and the
aorta. Kirchhoff’s Voltage law will be used for this part of the system. This law states that the sum of
voltages around a closed loop is zero. The heart, PA, DA, and AO can be seen as a closed-loop. In
the model, the heart was modelled as a pump with no information about the ventricles. The ventricles
work in parallel and can be seen as a current source for the pulmonary artery and aorta. The sum of
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the voltages in the closed-loop is the pressure drops over PA, DA, and AO and they need to be zero
together. In the Simulink model, the pressure difference over the pulmonary artery was calculated by
subtracting the pressure difference of the ductus arteriosus from the aorta. Subsequently, with the
resistance of PA, the flow rate through PA was calculated. This flow rate was subtracted from the CVO
constant to give the flow rate for AO.

Δ𝑃ፀፎ − Δ𝑃ፃፀ = Δ𝑃ፏፀ (4.3)
Δ𝑃ፏፀ
𝑅ፏፀ

= 𝑄።፧ፏፀ (4.4)

𝐶𝑉𝑂 − 𝑄።፧ፏፀ = 𝑄።፧ፀፎ (4.5)

The consequence is that eventually the pressure into the pulmonary artery and the aorta become equal.
This difference is in real-life also small because of shunting of blood through the heart, resulting in CVO
[8, 42]. The pressure difference across the pulmonary artery and aorta is still differing. If the heart is
modelled in total, differences in pressure could be applied between the atria and ventricles.

The next complex part is the flow distribution across the lower body and placenta, which is shown
in Figure 4.6. The total path of the placenta contains the uterine arteries, placenta, umbilical vein, hep-
atic system, and ductus venosus and is abbreviated as PLAT. The total pressure difference over PLAT
is the sum of the pressure differences over an umbilical artery, the placenta, the umbilical vein, and
the ductus venosus or hepatic system. The mean between the pressure differences of LB and PLAT
can be calculated with (Δ𝑃ፏፋፀፓ +Δ𝑃ፋፁ)/2. Next, the same is done as for the heart. With the resistance
of the lower body, a new flow rate for the lower body is calculated. This flow rate of the lower body
is subtracted from the flow rate flowing towards the placenta and lower body to calculate the flow rate
going into PLAT.

Figure 4.6: The two parallel streams of the lower body and placenta.

Thirdly, the flow distribution between the upper body, lower body and PLAT is summarised in Figure 4.7.
The pressure difference across LB and PLAT is the same. That part is in its place parallel to the upper
body. So, the mean pressure difference between the lower and upper body can be calculated. Then,
the resistance of the upper body is used to calculate the flow rate for the upper body and it is subtracted
from the flow coming from the aorta and the ductus arteriosus to calculate the flow rate towards LB and
PLAT. Again according to the steps described with (4.3), (4.4), and (4.5).
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Figure 4.7: The three parallel streams of the upper body, lower body and placenta.

Lastly, the flow distribution across the pulmonary artery, ductus arteriosus, and lungs, shown in Fig-
ure 4.8. This part differs from the two previous distributions because the ductus arteriosus and lungs
are not parallel. The pressure difference across the ductus arteriosus is calculated with the output
pressure of PA and the output pressure of DA. Subsequently, the resistance of DA is used to calculate
the flow rate through DA and by subtracting it from the flow rate out of PA the flow rate that remains for
PVR is calculated.

Figure 4.8: The connection between the pulmonary artery, the ductus arteriosus, and lungs.

With (4.1) and (4.2) and the prescribed distribution of flow, the model is able to calculate an equilib-
rium state for which the CVO is correctly distributed over all the resistance elements. The total fetal
cardiovascular model is shown in Figure 4.9. The only input variables for the model now become the
combined ventricle output, the pressure of LAP and RAP, and 𝑅 and 𝐶 for all the separate elements.
Lastly, the integrator functions in Simulink demand initial conditions. These initial conditions for the
integration of 𝑑𝑃/𝑑𝑡 are the values of the pressure at the start of each element. If the pressure of an
element is known, this could be set as the initial condition. However, a random number would also
suffice, but it would take more time steps for the simulation to reach the correct value for the pressure
of that element.
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Figure 4.9: The total fetal cardiovascular model in Simulink.
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4.2. Parameter research for the fetal cardiovascular model
It is difficult to obtain data from the fetus in utero. Haemodynamic parameters of the fetus are difficult
to measure because the fetus is inside the safe environment of the womb and blood flow and blood
pressure can not be measured as easily as when the child is born. This is why data is obtained by
simulations or with imaging techniques like obstetric ultrasound or MRI. For the model, data is needed
about cardiac output and for the lumped segments a resistance and compliance needs to be deter-
mined. Other useful data for analysing the model is information about the distribution of flow through
the body and across the placenta as well as information about pressure differences of the lumped seg-
ments.

In Section 2.2 SI units were used to express the quantities. However, in the medical world, it is more
common to measure blood pressure in millimetre of mercury (mmHg). One millimetre of mercury is
equal to 133.322 Pascal. Further, there is made use of millilitres instead of litres, because of the small
volumes. So flow rate is given in mL s-1, resistance in mmHg smL-1, pressure in mmHg and compliance
in mL mmHg-1.

4.2.1. Scaling data to cover multiple weeks of gestation
The goal of this study was to look at a period of 20 to 28 weeks of gestation. A scaling factor is an
option to cover a gestational period in the model when data is limited available. Scaling factors are
used by more studies, like the studies of Luria et al. [31] and Garcia-Canadilla et al. [14]. The scaling
method of Luria et al. [31] is specifically for their study, while the method used by Garcia-Canadilla et al.
[14] is more general. This method comes from the study of Pennati and Fumero [44]. They describe
that a variable, 𝑌, in the body is related to the body size,𝑊, by an allometric equation. Often the cube
root of the body volume is used as a scaling factor. When a reference weight and variable are used,
then the equation is expressed as:

𝑌። = 𝑌ኺ
𝑊።
𝑊ኺ

፛
(4.6)

To make it even easier to calculate the growth of variables in the fetal body, Pennati and Fumero [44]
give an equation that can be used to estimate the fetal weight,𝑊 (g), based on its gestational age, 𝐺𝐴
(weeks).

𝐿𝑜𝑔ኻኺ(𝑊) = 0.2508 + 0.1458𝐺𝐴 − 0.0016𝐺𝐴ኼ (4.7)

The two parameters that will be used can also be scaled. The resistance decreases when the fetal
body and its vessels grow. The radius of the vessels also grows and as can be seen in (3.4), this
decreases the resistance. Compliance increases during growth [44].

𝑅። = 𝑅ኺ
𝑊።
𝑊ኺ

ዅኻ
(4.8)

𝐶። = 𝐶ኺ
𝑊።
𝑊ኺ

ኻ.ኽኽ
(4.9)

Not all segments in the fetal body grow with the same scaling factor. Pennati and Fumero [44] give
these scaling factors that differ for some parameters and in Table 4.1 the values applicable for the fetal
cardiovascular model can be found.

Table 4.1: The scaling factors for the segments and separate ones for the ductus venosus, lungs and
upper body. These scaling factors are used in (4.8) and (4.9).

Parameter Scaling
Factor

Ductus
venosus

Lungs Upper
body

R (mmHg s mL-1) −1 −0.55 −1.2 −1.1
C (mL mmHg-1) 1.33 1.33 1.6 1.47
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4.2.2. Generic information about the fetus
Fetal weight can be calculated with (4.7). The results seem very comparable to literature. According
to (4.7), the weight of a fetus of 30 weeks is around 1530 g. This is comparable with the weight of the
fetus of 1500 g and 30 weeks in the model of Luria et al. [31]. Pennati et al. [45] use a weight of 3000
g at term, which is also an average birth weight found in other studies where the birth weight fluctuates
between 2.5 and 3.5 kilograms [11, 17, 35, 47, 48, 63]. The weight for 40 weeks of gestation would be
3333 g when calculated with (4.7). Capper et al. [7] also give an equation to calculate the weight of
the fetus based on gestational age in weeks. This equation gives comparable outcomes to (4.7), but
the scaling factors of Pennati and Fumero [44] are also used and the choice is made to use the same
source to calculate the weight.

The change in cardiac output during this period of 20 to 30 weeks is based on the information given by
Pennati and Fumero [44]. The combined ventricular output per weight is calculated with (4.10) and in
combination with the weight of the fetus the CVO is estimated. The cardiac output grows steadily with
the volume growth of the child, so the change of the cardiac output per weight is minimal [31].

𝐶𝑉𝑂(𝑚𝐿/𝑠/𝑘𝑔) = −0.3𝐺𝐴(𝑤𝑒𝑒𝑘𝑠) + 18 (4.10)

Table 4.2: The weight of the fetus and combined ventricular output of the heart for 20 to 30 weeks of
gestation.

GA (weeks) Weight (g) CVO (mL/s)
20 336 4.04
21 405 4.73
22 483 5.51
23 573 6.35
24 674 7.27
25 787 8.26
26 912 9.30
27 1050 10.39
28 1199 11.51
29 1360 12.64
30 1530 13.77

As mentioned in Section 2.1.1, heart rate and cardiac output can be used to calculate the stroke vol-
ume of the heart. This can give extra information about the heart function in the model. Fetal heart
rate fluctuates between 140 and 160 beats per minute [33]. Struijk [63, pg.101] gives an equation to
estimate the heart rate of a fetus in beats per minute for a certain gestational age in weeks during the
second half of the pregnancy.

𝐹𝐻𝑅 = −0.268𝐺𝐴 + 162 (4.11)

The blood volume of the fetus is 150 mL at 30 weeks according to Luria et al. [31] and increases to 369
mL at term [11, pg.94].

Using a form of ECMO on the umbilical artery requires information about the size of the umbilical artery.
The resistance of the umbilical artery has to be recalculated during the experiments because when a
cannula is inserted into the artery, this will change the resistance. To calculate 𝑅 with (3.4), the radius
and length of the umbilical artery are needed. To measure the size of the uterine artery, researchers
make use of Doppler flow examination via ultrasound. Lees et al. [29] measured the umbilical artery
area at 23 and 33 weeks of gestation. The area can be translated to radius by assuming the area of ar-
teries to be a circle, which means that the area is calculated with 𝜋𝑟ኼ. This results in an average radius
of 1.26±0.6 mm at 23 weeks and 1.78±0.6 mm at 33 weeks. Saw et al. [55] found a radius of 1.5 mm
at 30 weeks of gestation. Capper et al. [7] gives the formula to calculate the umbilical artery diameter,
𝑈𝐴𝐷 (mm), for different weeks of gestation. The values calculated with (4.12) are comparable to Lees
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et al. [29] and Saw et al. [55].

𝑈𝐴𝐷 = −0.0003𝐺𝐴ኼ + 0.094𝐺𝐴 + 0.7714 (4.12)

The outer diameter of a French cannula is 𝐷፨፮፭ = 𝐹𝑟/3, and the wall thickness of a cannula is assumed
to be 0.25 mm. With this information an estimation can be made for the umbilical artery diameters for
20 to 30 weeks of gestation and the french cannula sizes that would fit in the artery.

Table 4.3: The radius and diameter of the uterine artery for 20 to 30 weeks of gestation and the French
cannula sizes that are compatible.

GA (weeks) 𝑟ፔፀ (mm) 𝐷ፔፀ (mm) Fr 𝐷ፅ፫ዅ፨፮፭ (mm) 𝐷ፅ፫ዅ።፧ (mm)
20 1.27 2.53 7 2.3 1.8
21 1.31 2.61 7 2.3 1.8
22 1.35 2.69 7 2.3 1.8
23 1.39 2.77 8 2.7 2.2
24 1.43 2.85 8 2.7 2.2
25 1.47 2.93 8 2.7 2.2
26 1.51 3.01 8 2.7 2.2
27 1.55 3.09 9 3 2.5
28 1.58 3.17 9 3 2.5
29 1.62 3.25 9 3 2.5
30 1.66 3.32 10 3.3 2.8

4.2.3. Flow rate
To verify the model, information about the distribution of flow rate through the body can be used. In
the study of Kiserud and Acharya [27] a very complete overview is given for 20, 30 and 38 weeks of
gestation. The distribution corresponds with other sources like Cavaliere [8], Guettouche et al. [20],
Ménigault et al. [35], Nowak et al. [39], van der Hout-van der Jagt et al. [64] and Couto [11]. However, the
distribution of blood leaving the left and right ventricles is different from Van Vonderen et al. [67]. Initially,
Van Vonderen et al. [67] would be used as verification, but the majority of sources are in disagreement
with them. In Table 4.4 the distribution of flow rate as the percentage of CVO is given. The values for
PA, PVR, AO, DA, PVR, and PLA are all from the study of Kiserud and Acharya [27]. Information about
flow towards the upper body is found in the articles of Garcia-Canadilla et al. [14], Ménigault et al. [35]
and Capper et al. [7]. An average of these values is taken for the upper body. The flow to the lower
body is calculated from what remains of the flow towards the placenta and the upper body. Lastly,
the flow ratio between the hepatic system and the ductus venosus is 50/50 according to MacDonald
and Seshia [32, Ch.16]. An overview of the found variables can be found in Appendix C. Figure 4.10
visualises the flow distribution per segment for 20, 30 and 40 weeks of gestation. In this way, it is clear
which parts receive more flow over the weeks and which less.

Table 4.4: The distribution of flow (%CVO) across the different segments at 20, 30 and 40 weeks of
gestation.

GA (weeks) Pulmonary
artery Lung Aorta Ductus

arteriosus
Upper
body

Lower
body

20 53 13 47 40 20 17
30 57 21 43 36 20 17
40 60 25 40 35 23 19

GA (weeks) Umbilical
artery 1

Umbilical
artery 2 Placenta Umbilical

vein
Hepatic
system

Ductus
venosus

20 25 25 50 50 25 25
30 21 21 42 42 21 21
40 16.5 16.5 33 33 16.5 16.5
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Figure 4.10: Distribution of the combined ventricular output at 20,30 and 40 weeks of gestation.

4.2.4. Pressure
To establish an overview of the pressure across the system, the same plan was used like for the flow
rate. For this part applies the same as for the other parts, which is that many sources are needed to
find all the values because many researchers focused on a small part of the cardiovascular system.
The found variables are summarised in Appendix D. Table 4.5 gives an overview of the found values
for pressure in the fetal system. Most of the information is found in the studies of Guettouche et al. [20]
and Couto [11]. In the study from Struijk [63] a relation is given to calculate the mean arterial pressure:

𝑃ፌፀፏ(𝑚𝑚𝐻𝑔) = 0.87𝐺𝐴(𝑤𝑒𝑒𝑘𝑠) + 10.33 (4.13)
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Table 4.5: Pressure in mmHg in the different segments at 20, 30 and 40 weeks of gestation.

GA (weeks) MAP LAP RAP Pulmonary
artery Lungs

20 27.73
30 36.43 53.88 [20]
40 45.13 2 to 5 [11, 42] 3 to 6 [11, 42] 47 [11]

GA (weeks) Aorta Ductus
arteriosus Upper body Lower body Umbilical

artery 1
20

30 53.90 [20] 53.72 [20] 35.36 to 52.67
[7, 20]

40 41 [35] 46 [11] 46 [11] 50 [10, 69]

GA (weeks) Umbilical
artery 2 Placenta Umbilical vein Hepatic

system
Ductus
venosus

20 4.5 [27]

30 35.36 to 52.67
[7, 20] 5.5 [27]

40 50 [10, 69] 30 [69] 6 to 20
[10, 27, 69] 1 to 14 [64] 1 to 14 [64]

4.2.5. Resistance and compliance
A study earlier mentioned is the study of Luria et al. [31], who made a cardiovascular model of the
fetus. Their model does differ on some points with the model of this thesis, but they published a very
complete list of the used resistance and compliance values. With some adjustments, it could be used
in the Simulink model. Pennati et al. [45] also made an elaborate model. It is clear that Luria et al. [31]
used their study as inspiration, although the model of Pennati et al. [45] is for a fetus of 3 kg, so two
times as big as the fetus of Luria et al. [31]. The model of Pennati et al. [45] is more elaborate than
this thesis model. However, their data is more comparable than other data found in the literature. For
instance, the values used by Garcia-Canadilla et al. [14] differ greatly. Their model is built up differ-
ently, it focuses on the pulmonary artery and aorta and their outflow vessels, and they did not include
the venous system. Still, the resistance that they use for the brain, upper body and lungs are around
ten times as high and the compliance around 100 times as small. Differences as this between studies
made it difficult to use many sources for the data that was used in the thesis model.

To show the differences between studies, three sources were compared. These are the models of
Luria et al. [31], Pennati et al. [45] and Couto [11]. These studies all provide data for the two important
variables R and C for a fetal cardiovascular model. The models are designed with different purposes,
so some adjustments were needed to fit the models and their variables into the fetal cardiovascular
model. The next three figures will explain which segments were lumped together or were separated to
become comparable.

Comparison between Luria et al. [31] and the fetal cardiovascular model.
Adjustments to make the model compatible with the fetal cardiovascular model:

• Heart: It is modelled as a pump in the fetal cardiovascular model and all the parts available in
the model of Luria et al. [31], including the foramen ovale, tricuspid valve, and mitral valve, were
ignored.

• Pulmonary artery: Luria et al. [31] did not model a pulmonary artery, so values for 𝑅 and 𝐶 are
assumed to be the same as for the aorta.

• Lungs and DA: Luria et al. [31] modelled the lungs as a separate stream, not connected to the
stream flowing towards the ductus arteriosus.

• Aorta: It was placed after the node where the ductus arteriosus stream is added, but in the fetal
cardiovascular model the aorta is placed in front of this node.
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Figure 4.11: In green the segments available in the model of Luria et al. [31] and in orange the adjust-
ments that were made to fit the model to the fetal cardiovascular model. The biggest differences are
the heart, in which all parts are ignored. The pulmonary artery is added and the aorta placed proximal
to the heart. The upper body, cerebral arteries, and brain are lumped together into one upper body
segment. The umbilical artery is split into two segments and the inferior and superior vena cava are
ignored.

• Upper body: a combination of three segments in the model of Luria et al. [31], namely the upper
body, cerebral arteries, and brain. An equivalent resistance and compliance were calculated for
the fetal cardiovascular model.

• The inferior and superior vena cava segments were left out.

• Umbilical artery: In the thesis model two umbilical arteries run parallel, but Luria et al. [31] uses
only one umbilical artery. The resistance for the two umbilical arteries was calculated, to be
equivalent to the single resistance.

• Placenta: The placenta in the model of Luria et al. [31] has no resistance. The placenta is known
to be a low resistance environment and the model requires a resistance, so it is set to 1, based
on the range of the other values.

Comparison between Pennati et al. [45] and the fetal cardiovascular model.
Adjustments to make the model compatible with the fetal cardiovascular model:

• The parameters were for a fetus of 3 kg, so to be able to compare them with the fetus of 1500 g
from Luria et al. [31], the values are scaled with (4.8) and (4.9) to a fetus of 1500 g. The model
of Pennati et al. [45] is highly complex in comparison to the fetal cardiovascular model, but the
values were adjusted to fit into the fetal cardiovascular model as closely as possible.

• Pulmonary artery: The pulmonary artery is a combination of two parts of the pulmonary artery
lumped together.
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Figure 4.12: In green the segments available in the model of Pennati et al. [45] and in orange the
adjustments that were made to fit the model to the fetal cardiovascular model. The biggest differences
are again the heart and the lumped upper body. Further, the lower body parts were lumped together,
umbilical arteries were added and the pulmonary parts lumped together. Lastly, the vena cava and
lower parts of the aorta are left out.

• Aorta: The ascending aorta is used for resistance and compliance of the aorta in the fetal cardio-
vascular model. The aortic arch (AO1), thoracic descending aorta (AO2), abdominal descending
aorta (AO3) and femoral bifurcation (AO4) are left out.

• Upper body: The brain, upper body, and cerebral arteries were lumped together.

• Lower body: The legs, kidneys, and intestines were lumped together into a lower body segment.

• Umbilical artery: An equivalent resistance is calculated for the two arteries, based on one resis-
tance. Pennati et al. [45] give also resistance to some of the connections between segments. For
instance between AO4 and the placenta, representing the umbilical artery resistance.

• Inferior and superior vena cava: The vena cava are left out of the analysis.

Comparison between Couto [11] and the fetal cardiovascular model.
Adjustments to make the model compatible with the fetal cardiovascular model:

• The parameters were for a fetus of 3 kg, so to be able to compare them with the fetus of 1500
grams from Luria et al. [31], the values were scaled with (4.8) and (4.9) to a fetus of 1500 g.

• Lungs: The lungs are a combination of the pulmonary peripheral vessels and pulmonary veins.

• Aorta: Assumed to be the intrathoracic arteries.

• Upper and lower body: They are given as the extrathoracic arteries and veins, and peripheral
vessels. The distribution of flow rate over the upper and lower body is 23% and 19% of the
cardiac output, as given in Table 4.4. They run parallel in the fetal cardiovascular model, so at
40 weeks of gestation, the resistance of the upper body is 0.83 times the resistance of the lower
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Figure 4.13: In green the segments available in the model of Couto [11] and in orange the adjustments
that were made to fit the model to the fetal cardiovascular model. The heart was again not taken
into account. The peripheral vessels and pulmonary veins were lumped together as the lungs. The
umbilical artery was split into two segments and the hepatic system and ductus venosus were added.
The intrathoracic arteries resemble the aorta and the intrathoracic veins are left out. The extrathoracic
arteries and veins, and peripheral vessels were lumped together and split into a lower and upper body
part.

body. This is used to calculate the resistance of both, equivalent to the total resistance of the
extrathoracic arteries and veins, and the peripheral vessels.

• Umbilical artery: An equivalent resistance is calculated for the two arteries, based on one resis-
tance.

• The placenta, hepatic system, and ductus venosus do not have a separate resistance. So they
are set to 1 and 0.1, based on the range of the other values.

The fetal cardiovascular model needs values for compliance to be able to run the Simulink model. The
compliance is of little influence because of the constant flow rate provided by the heart. So the missing
values for compliance in all three models were set to 0.1.

Comparison of the variables
Table 4.6 and Table 4.7 give the results of the resistance and compliance for each segment in the fetal
cardiovascular model for the three different studies.
Regarding resistance, the variables of Luria et al. [31] are smaller than Pennati et al. [45] and Couto [11]
for the body and placenta, but bigger for the pulmonary artery, aorta and ductus arteriosus. The values
from Pennati et al. [45] and Couto [11] are around 8.5 and 8 times as big as the ones from the study
of Luria et al. [31], but this is mainly because of the upper body resistance being 25 times as big and
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the umbilical vein is around 50 times as big. The rest of the segments differ less, they are on average
around 1.5 to 3 times bigger. The variables for resistance from Pennati et al. [45] and Couto [11] are
more comparable with each other. The variables from the study of Couto [11] are around 25% smaller
than Pennati et al. [45], except for the ductus arteriosus and lower body which are 12 and 2.5 times
bigger. However, the resistance of the placenta, hepatic system, and ductus venosus are assumed for
Couto [11] and cannot be compared with Pennati et al. [45].
The compliance of the three articles is harder to compare. More assumptions are made because of
missing values. However, the values that were given are more equivalent than the resistance of all
the segments. Except for the lower body, upper body and placenta from Luria et al. [31], which are
significantly bigger.

Table 4.6: The resistance of the segments in mmHg s mL-1 gathered from Luria et al. [31], Pennati
et al. [45] and Couto [11]. The fifth column is the final choice for 𝑅 in the fetal cardiovascular model.

Segment 𝑅 Luria et al. [31] 𝑅 Pennati et al. [45] 𝑅 Couto [11] 𝑅
Pulmonary artery 1.00 0.14 0.04 0.04
Lungs 8.05 31.01 26.24 18
Aorta 1.00 0.24 0.04 0.2
Ductus arteriosus 5.07 0.02 0.24 0.2
Upper body 0.54 13.20 13.53 18
Lower body 8.05 5.92 15.28 22
Umbilical artery 1 4.00 15.60 12.72 13
Umbilical artery 2 4.00 15.60 12.72 13
Placenta 1.00 6.80 1.00 1
Umbilical vein 0.02 1.00 1.09 1
Hepatic system 0.05 0.32 0.1 0.5
Ductus venosus 1.05 2.60 0.1 0.5

Table 4.7: The compliance of the segments in mL mmHg-1 gathered from Luria et al. [31], Pennati et al.
[45] and Couto [11]. The fifth column is the final choice for 𝐶 in the fetal cardiovascular model.

Segment 𝐶 Luria et al. [31] 𝐶 Pennati et al. [45] 𝐶 Couto [11] 𝐶
Pulmonary artery 0.01 0.06 0.06 0.06
Lungs 0.58 0.13 0.10 0.1
Aorta 0.35 0.02 0.05 0.05
Ductus arteriosus 0.1 0.1 0.1 0.1
Upper body 3.73 0.31 0.1 0.1
Lower body 2.73 1.70 0.1 0.1
Umbilical artery 1 0.1 0.1 0.1 0.1
Umbilical artery 2 0.1 0.1 0.1 0.1
Placenta 4.10 0.60 0.60 0.60
Umbilical vein 0.1 0.12 0.1 0.1
Hepatic system 0.93 0.12 0.80 0.80
Ductus venosus 0.1 0.1 0.1 0.1

The fifth columns of Table 4.6 and Table 4.7 give the choice for 𝑅 and 𝐶 that were used in the fetal
cardiovascular model. The values from the study of Couto [11] were used as a start point. The data
set of Couto [11] represents an average of the three data sets. The values for the pulmonary artery,
ductus arteriosus, umbilical arteries, and umbilical vein are copied and rounded.
The aorta was given a bit bigger resistance, because of the distribution difference of flow between the
aorta and the pulmonary artery as given in Table 4.4. The hepatic system and ductus venosus have
the same flow rate passing through them [32]. They are also running parallel, so they need to have the
same resistance. They are set a bit higher than the assumed values for Couto [11] after comparison
with the values of Luria et al. [31] and Pennati et al. [45].
In the fetal cardiovascular model, the lower body runs parallel to the placental stream and the upper
body parallel to these two. First, an equivalent resistance can be calculated for UA1, UA2, PLA, UV,



4.3. Chapter conclusion 35

HE and DV. The equivalent resistance for the parallel segments is calculated with:

1
𝑅፭፨፭

=∑ 1
𝑅።

(4.14)

Next, the total resistance of the total placental stream is calculated with:

𝑅፭፨፭ = 𝑅ኻ + 𝑅ኼ ++𝑅ኽ + ... + 𝑅፧ (4.15)

Then the following relations can be used to calculate the resistance of the upper body and lower body.
PLAT resembles the equivalent resistance of the umbilical cord, placenta, hepatic system and ductus
venosus.

Δ𝑃ፏፋፀፓ = Δ𝑃ፋፁ (4.16)
𝑅ፏፋፀፓ𝑄ፏፋፀፓ = 𝑅ፋፁ𝑄ፋፁ (4.17)

𝑅ፋፁ =
𝑄ፏፋፀፓ
𝑄ፋፁ

𝑅ፏፋፀፓ (4.18)

The same is applicable for the upper body: 𝑅ፔፁ = (𝑅ፏፋፀፓ𝑄ፏፋፀፓ)/𝑄ፔፁ. The distribution of flow for a
fetus of 30 weeks was taken from Table 4.4. With this information an assumption was made for the
resistance of the upper body and lower body.

𝑅ፋፁ = (42/17)𝑅ፏፋፀፓ (4.19)
𝑅ፔፁ = (42/20)𝑅ፏፋፀፓ (4.20)

4.3. Chapter conclusion
In this chapter, the method is explained of how the fetal cardiovascular model was designed in Simulink.
For the elements, the equation of Poiseuille was combined with the equation to estimate compliance.
These equations were used in all the blocks of the model, except for the heart. The heart is working
as a pump with a constant output of flow and gives the pressure for the atria.
The segments are organised in such a way that the flow is distributed in the correct way via all the
segments. The goal of this study is to see if an assist devices can be placed on an umbilical artery, so
the placental circulation of the fetal cardiovascular system was modelled extensively.
Literature was consulted to find values for the parameters of the model. Unfortunately, the information
is scarce because it is difficult to gather information about the fetus inside the womb. However, some
useful equations are found to estimate values at a specific gestational age. By comparing three simula-
tion studies, a data set was formed for the resistance and compliance to put in the fetal cardiovascular
model.
The next step is to experiment with the fetal cardiovascular model and to observe the flow and pressure
changes in the system under different conditions.
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The goal is to improve conditions for the fetus at the distal side of the placenta. The experiments with
the fetal cardiovascular model were to see how the flow is distributed across the body and how this
distribution changes due to adjustments to the umbilical artery. Also, pressure differences were exam-
ined to see if they increase because of the adjustments and if the heart will still be able to pump blood
around in the fetal body. The results give information about the reactions of the body on intervention
and when to intervene.

5.1. Analysis of three different data sets in the fetal cardiovascular model
The variables from Luria et al. [31], Pennati et al. [45] and Couto [11], described in Table 4.6 and
Table 4.7, were implemented in Simulink and the results of the simulation are shown in Figure 5.1,
Figure 5.2 and Figure 5.3. Figure 5.1 gives the distribution of flow through the body and placenta as
a percentage of CVO. For example, the sum of the flow rates through the aorta and the pulmonary
artery is together 100%, because the flow is first distributed across those two vessels. The flow rate
calculated with the data from the three studies was compared to the flow rates given in Table 4.4.
Figure 5.2 gives the pressure drop across each segment in the system for all three data sets. Figure 5.3
shows two subplots giving information about heart function. The first subplot shows the total pressure
building up in the system. This is the minimal pressure with which the heart needs to pump the blood
into the aorta and pulmonary artery. The lower subplot of Figure 5.3 shows the distribution of blood
across the pulmonary and systemic circuits and how it is returned to the left and right atrium. Next to
the comparison of the three studies a sensitivity analysis was performed. The values of the study of
Couto [11] were chosen as the basis because they are roughly in between the values of the other two
studies. Whereupon one value at a time is changed into one of Luria et al. [31] or Pennati et al. [45]
to evaluate the influence of changing one particular value on the total system. The twelve figures from
this sensitivity analysis can be found in Appendix E.

5.1.1. Results of the sensitivity analysis
• In the study of Luria et al. [31], the average resistance is lower than the resistance of Pennati et al.
[45] and Couto [11], so the overall pressure in the system is lower for the same cardiac output.
This is clearly visible in Figure 5.2.

• The resistance of the ductus arteriosus from Luria et al. [31] and Couto [11] is high in comparison
to Pennati et al. [45]. The flow rate is therefore very low through the ductus arteriosus for both
studies in comparison to Pennati et al. [45] and the average values of Table 4.4.

• The lung resistance in the study from Luria et al. [31] is 3 to 4 times lower than those from Pennati
et al. [45] and Couto [11]. However, the flow rate for the three studies is almost the same through
the lungs. Resulting in a smaller pressure drop over the lungs for the variables from Luria et al.
[31].

• The small differences in flow rate through the lungs between Luria et al. [31] and the other two
studies are because of the very low resistance of the upper body. The upper body is one of the
main streams in the model and therefore highly influencing the flow distribution. Because of the
high resistance of the ductus arteriosus and the low resistance of the upper body for the data
from Luria et al. [31], flow is mainly directed from the heart through the aorta towards the upper
body. Which can be seen in Figure 5.1.

• Another value which is very small in the set from Luria et al. [31] in comparison to the values
from Pennati et al. [45] and Couto [11] is the umbilical vein resistance. This low resistance results
in a small pressure drop over the umbilical vein as can be seen in Figure 5.2. In Figure E.10
can be seen that the lower resistance for the umbilical vein from Luria et al. [31] does increase
the flow through the umbilical cord. However, for a resistance that is 50 times as small, it does

37
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Figure 5.1: The percentage of combined ventricular output going through an segment. The percentages
of flow rate for the studies of Luria et al. [31], Pennati et al. [45] and Couto [11] were calculated with
the fetal cardiovascular model and compared with the flow distribution given in Table 4.4.

not influence the flow much, because the resistance of the umbilical arteries and placenta are
determining the total resistance of the placental stream.

• The resistance for the lower body from the study of Pennati et al. [45] is 2.5 times as low as the
one from Couto [11]. This is visible in Figure 5.1, where the percentage of flow through the lower
body is relatively high for Pennati et al. [45]. The resistance from Luria et al. [31] for the lower
body is also relatively small, but the resistance of the upper body is much smaller, so it confiscates
all the flow. This is because the lower body is parallel to the upper body, as can be seen for the
pressure drops over the upper and lower bodies, which are the same.

• In literature was found that the flow is distributed equally through the ductus venosus and hepatic
system [32]. In the fetal cardiovascular system, both parts were modelled parallel. An equal
flow distribution through a parallel system would mean that the resistance of both parts is the
same. This is the case for the variables of Couto [11], but not for the other two sets which give
different flow distributions across the hepatic system and ductus venosus. This is also visible in
Figure E.11 and Figure E.12. They influence each other because they are running parallel. Also,
they are situated at the end of the placental stream and their resistance is relatively low, so they
mainly influence each other, but not the rest of the system.
This principle is almost the same for the umbilical arteries. When one is changed, it influences
mostly the flow going towards the other. However, the resistance of the umbilical arteries is bigger,
so changes in its resistance are of greater influence on the blood flow going towards the placenta.
As can be seen in Figure E.7 and Figure E.8. In Figure E.7 only one resistance is changed and
influencing the flow rate travelling through the other umbilical artery. In Figure E.8 the resistance
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Figure 5.2: The pressure drop over an segment calculated by the fetal cardiovascular model for the
data sets from Luria et al. [31], Pennati et al. [45] and Couto [11].

of both arteries is changed. Here they show the increase of flow through the placenta.

• The study of Pennati et al. [45] was the only one that gave a resistance for the placenta and
creates therefore also a higher pressure drop over the placenta as is visible in Figure 5.2.

5.1.2. Consequences of different data sets
The input of the system is the flow rate without a pulse. This means that the system will stabilise to a
point at which the total flow rate is returned back to the heart. So, the resistance of the total system
influences the pressure building up in the system, as can be seen in Figure 5.3. The flow rate travelling
through the 3 different simulations is the same, but the total resistance from Luria et al. [31] is lower
and so is the pressure building up in the system.

Furthermore, it is clear that the system is built up into two parts which influence each other very lit-
tle. The pulmonary artery, ductus arteriosus, and aorta are forming a loop and the second part is the
rest of the body and the placenta. This can be seen in Figure 5.1 when looking at the outcomes with the
data from Couto [11] and the values of Table 4.4. The flow in the body and placenta is very comparable,
but the higher resistance of the ductus arteriosus in the set of variables from Couto [11] makes the flow
travel directly through the aorta. Pennati et al. [45] give a lower resistance for the ductus arteriosus,
and here it is clear that the flow rate is than distributed more evenly across the aorta and pulmonary
artery.

The reason that the loop of the pulmonary artery, ductus arteriosus and aorta is reacting in this way
is because of how the Simulink model was built. The heart is built as a simple current source. The
division of flow rate through the pulmonary artery and aorta is calculated with Kirchhoff’s voltage law.
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Figure 5.3: Two subplots showing the heart function for different input variables. The upper plot shows
the total pressure building up in the system. The lower plot gives the flow rate returning to the heart
after travelling through the body and placenta

Also, the pressure drop over the ductus arteriosus is dependent on the outgoing pressure of the pul-
monary artery and aorta, and so is its flow rate. In this way, the three segments divide the flow across
them to supply the rest of the body is. But changing one of the three resistances does not alter the
flow distribution to the rest of the system. If the aorta has a high resistance, flow is directed via the
pulmonary artery and ductus arteriosus to provide the systemic circuit with enough flow and vice versa
for the pulmonary circuit. This is visible in Figure E.1, where the resistance of the pulmonary artery
is increased and the ductus arteriosus flow becomes negative. This means that flow is going into the
other direction, from the aorta towards the pulmonary circuit. When the resistance of the ductus arte-
riosus is increased, flow is divided across the pulmonary artery and aorta and the ductus arteriosus is
excluded. This distribution of flow is mainly because of how the model was built in Simulink, but it is not
entirely impossible in real-life. In the fetal body, flow can travel from left to right, from the aorta towards
the pulmonary artery. This happens for example directly after birth, when the pulmonary resistance
drops because the lungs inflate and the pulmonary blood flow increases. Shunting of blood can then
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go in both directions in the foramen ovale shunt and ductus arteriosus [67].

The body and placenta, below the pulmonary artery, aorta and ductus arteriosus, consist of many
somewhat parallel streams. If one resistance is much lower than the others, this stream will confiscate
all the flow, as can be seen in Figure 5.1 for the upper body of Luria et al. [31] and the lower body of
Pennati et al. [45]. If the resistance of the lungs becomes very small the flow through the ductus arte-
riosus will go from the aorta to the pulmonary circuit. This is something to keep in mind, to check if the
resistance of one of the bigger streams is an outlier and primarily influencing the distribution of the flow.

The focus of this analysis of different data sources lays on resistance because the compliance is not
of great influence on the model outcomes. The compliance is needed to calculate the flow rate and
pressure drop, because of the equations used and the way the series and parallel blocks were im-
plemented in Simulink. However, the input in the system is a constant flow rate, so the output grows
towards an equilibrium state. This equilibrium state is the same as for a system without compliance.
In the current system, compliance is of influence on the slope at the start of the simulation. A higher
compliance results in a gradual slope towards the equilibrium state and small compliance in a steeper
slope. No compliance would give a straight line from the start, because the pressure drop would only
be dependent on a constant flow rate and the resistance of a segment.

To summarise, the consequence of different data sets is different for the two parts of the system.
The pulmonary artery, ductus arteriosus and aorta function partially separate from the body and the
placenta. If the heart is kept a constant current source, then especially the relative resistance of the
lungs, body, and placental circulation are of importance for the results. Further, the height of the overall
resistance of the system influences the total pressure building up in the system. Realistic values for
the pressure in the fetal body could be checked in literature, and in this way, the resistance could be
evaluated.

5.2. Simulation results for the period of 20 to 30 weeks of gestation
The data from the fifth columns of Table 4.6 and Table 4.7 was used to simulate the development of
the fetal cardiovascular system. This data is for a fetus of 30 weeks. The scaling equations (4.7), (4.8)
and (4.9) were used to calculate the values for 20 to 29 weeks of gestation.

The resistance of most of the segments at 30 weeks of gestation is fitted to the flow distribution given
in Table 4.4. So, the results of the distribution of flow through the system are almost the same for the
fetal cardiovascular model and Table 4.4 at 30 weeks. A comparison between the model and Table 4.4
of the flow rate in percentage of CVO for 20 and 30 weeks is given in Table 5.1.

Table 5.1: Flow rate in percentage of CVO in every segment at 20 and 30 weeks. A comparison
between the values found in literature and the values calculated by the fetal cardiovascular model.

Segment Literature, 20 GA Model, 20 GA Literature, 30 GA Model, 30 GA
Pulmonary artery 53 53 57 55
Lungs 13 17 21 21
Aorta 47 47 43 45
Ductus arteriosus 40 36 36 34
Upper body 20 19 20 20
Lower body 17 18 17 17
Umbilical artery 1 25 23 21 21
Umbilical artery 2 25 23 21 22
Placenta 50 46 42 42
Umbilical vein 50 46 42 42
Hepatic system 25 23 21 21
Ductus venosus 25 23 21 21
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The flow towards the lungs and upper body increases over the weeks. The upper body and lungs
grow faster in the second trimester than other organs [44]. Their resistance decreases faster and
the compliance increases more. This results in a change of the flow distribution across the different
segments in the body. A bigger percentage goes towards the upper body and lungs, less through the
ductus arteriosus and towards the lower body and placenta. This corresponds with the information
found in literature and summarised in Table 4.4. Except for the upper body and lower body, but there
was less information available about the flow distribution through those two segments and a small
deviation of the flow distribution is possible. Figure 5.4 shows the flow rate for the whole period from
20 to 30 weeks and how its distribution changes through the weeks.

Figure 5.4: Flow rate flowing into all the segments of the fetal cardiovascular model over the period
of 20 to 30 weeks of gestation. The flow rate is given in percentage of the total combined ventricular
output. The lines of the placenta and umbilical cord overlap and start at 46% at 20 weeks. The lines of
the umbilical arteries, hepatic system, and ductus venosus also overlap and start at 23% at 20 weeks.

The combined ventricular output grows over the weeks from 4 to 14 mL s-1. The change in CVO per
weight of the fetus is minimal. This was explained in Section 4.2.2 and the growth of CVO over the
weeks can be found in Table 4.2. The flow rate distribution in the system is visualised in Figure 5.5.
The flow rate is highest in the pulmonary artery and the aorta and after is distributed through the rest
of the system.
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Figure 5.5: The flow rate distribution through the different segments in mL s-1 for the period of 20 to 30
weeks of gestation. The flow rate through the placenta and umbilical cord overlap and start at 1.9 mL
s-1 at 20 weeks. The flow rate through the umbilical arteries, hepatic system and ductus venosus also
overlap and start at 0.95 mL s-1 at 20 weeks.

The blood pressure at the start of every segment is calculated with the fetal cardiovascular model and
given in Table 5.2. The values from the simulation are very comparable to the values found in the
literature for a fetus of 30 weeks. Only the pressure at the start of the umbilical arteries is higher than
in literature. An explanation could be that this is because of how the model was built. The inflow of
the umbilical arteries comes from the same node as the flow going towards the upper body and lower
body and therefore has the same pressure. In real life, flow has to travel a bit further before reaching
the umbilical arteries and this could explain the decrease in pressure for the values found in literature.
The pressure drop over each segment is also calculated in the fetal cardiovascular model and visible in
Figure 5.6. The resistance of the segments lowers during growth and so does the pressure difference.
The pressure drop over the upper and lower body is the same, because those two parts run in parallel.
Lastly, the pressure drop over the placenta and the umbilical vein is also the same, but this is because
they are assigned the same resistance.
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Table 5.2: The blood pressure in the segments according to literature, taken from Table 4.5, and pres-
sure values calculated by the fetal cardiovascular model.

Segment Literature, 30 GA Model, 30 GA
Pulmonary artery 53.88 52
Lungs 52
Aorta 53.90 52
Ductus arteriosus 53.72 52
Upper body 51
Lower body 51
Uumbilical arteries 35.36 51
Placenta 13
Umbilical vein 5.5 7
Hepatic system and ductus venosus 1.5

Figure 5.6: Pressure drop over each segment for 20 to 30 weeks of gestation. The upper and lower
body overlap. Their pressure drop is a bit smaller than the pressure drop over the lungs (PVR). The
placenta and umbilical vein have a similar pressure drop because they were modelled with the same
resistance.
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5.3. Implementation of an ECMO cannula
At this step, a cannula was added to the model to simulate the connection with an ECMO support sys-
tem. One of the uterine arteries was combined with a resistance resembling a french cannula inside
the artery. The goal was to check if blood would still be flowing through the umbilical artery with a
decreased radius because of the attached cannula.

In table Table 4.3 the size of the umbilical artery is compared with possible sizes of french cannu-
lae. The length of the umbilical artery is assumed to be 50 cm and kept constant [7, 20]. When the
cannula is placed inside the umbilical artery, it needs to be anchored really well, so it was assumed
that the cannula is placed in the umbilical artery over a length of 20 cm, so two-fifth of the total length.
The new resistance for umbilical artery 1 was then estimated. This resistance is a combination of 3/5
of the original resistance and resistance formed by 20 cm of cannula. The resistance of the cannula
is calculated with (3.4). The viscosity of fetal blood is set at 3 mPa s [49]. At 30 weeks the resistance
of 20 cm cannula would give a resistance of 2.98 mmHg s mL-1. The remaining 30 cm artery would
have a resistance of 7.8 mmHg s mL-1. Which brings the total resistance of the umbilical artery with the
french cannula to 10.78 mmHg s mL-1. However, this is lower than the resistance of the other umbilical
artery, which has a resistance of 13 mmHg s mL-1, as given in Table 4.6. This is not what to expect,
because the radius of the umbilical artery is decreased, because of the cannula. The resistance for
the umbilical arteries from the studies of Pennati et al. [45] and Couto [11] are probably based on other
theory than (3.4). If the umbilical artery resistance is calculated with (3.4), with an assumed viscosity
of 3 mPa s, a length of 0.5 m and a radius of 1.66 mm as in Table 4.3, then the resistance becomes
3.77 mmHg s mL-1. This resistance is comparable with the resistance from the study of Luria et al.
[31]. To evaluate the addition of a cannula to the umbilical artery, the resistance of both arteries needs
to be estimated with (3.4). This is important to evaluate the response of the system on increasing the
resistance of one of the umbilical arteries in comparison to the other one.

The effect of the lower resistance for the umbilical arteries can be compared with the results from
the values of Luria et al. [31] in the fetal cardiovascular model. The overall resistance becomes lower
because the equivalent resistance of the placental stream decreases by half. So, the pressure building
up in the total system will be a bit smaller than the pressure shown in Figure 5.6. The results of this are
shown in Figure 5.7. The lower resistance of the umbilical arteries increases flow towards the placenta
and the flow to the upper and lower body and lungs decreases a bit. Also the flow through the aorta
increases in comparison to the pulmonary artery flow.

It needs to be determined if the fetal heart is able to push flow through the cannula towards the ECMO
system. The pressure implemented by the heart on the pulmonary artery and aorta is set to the values
of the simulation without a cannula. In this way, it is possible to check if the blood flow can be pushed
through the cannula without changing the blood pressure delivered by the heart.
The final assumption is that the pressure at the start of element UA1 can all be used to push blood
through the cannula. This is because after the cannula, the radius of the rest of the tubes can be in-
creased in size and a pump could increase the blood pressure again to keep the blood flowing to return
it to the fetus eventually.

To summarise, the resistance of the umbilical arteries is calculated with (3.4). The resistance of umbil-
ical artery 1 is changed to 3/5 of its resistance plus the resistance of a cannula of 20 cm. The pressure
drop over umbilical artery 1 is the incoming pressure in the umbilical artery. The blood pressure at the
start of the pulmonary artery and aorta is set to the values calculated for a system without a cannula,
to keep the cardiac function constant.
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Figure 5.7: Two plots of the flow and pressure distribution at 20 and 28 weeks of gestation. The legend
applies for both subplots. The bar plots give the flow and pressure for the original values as used in
Section 5.2, the system with the resistance of the umbilical arteries calculated with (3.4), and when the
cannula is added to umbilical artery 1.

Figure 5.8 shows the results from two simulations. The first simulation, with the diamondmarkers, is the
simulation without cannula and with the resistance of the umbilical arteries calculated with (3.4). The
second simulation, with the star markers, gives the results for the system with a cannula inserted. As
in Figure 5.5, the placenta and umbilical vein overlap, as do the umbilical arteries, hepatic system, and
ductus venosus. The flow through the two umbilical arteries shows the biggest changes. The cannula
size changes in steps and this why the flow rate is not increasing gradually for the second simulation.
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Figure 5.8: The flow distribution through the fetal system for the normal system and when a cannula is
inserted into umbilical artery 1.

Figure 5.9 zooms in on the umbilical arteries and the placenta. The cannula was placed into umbilical
artery 1. The flow through this artery increases above the level of the original flow rate. This simulation
shows the possibility that with the available blood flow and pressure from the heart the blood flow could
reach the ECMO system through the cannula. The flow through the placenta stays the same, which is
wanted, but it stays mainly the same because of the two parallel modelled umbilical arteries.

5.4. Oxygen support
The oxygen saturation of fetal blood is lower than adults and around 45 to 65% [67]. Levels of oxygen
in the blood are increased to an oxygen saturation of 85% when passing the placenta [27]. So, at 20
weeks around 50% of the CVO is saturated to a level of 85% and at 30 weeks this is around 42% of the
CVO. By adding an external oxygenator to one of the umbilical arteries, flow through this artery could
ideally be oxygenated to a level of 100%. If both vessels share the blood flow equally, this would result
in an increase of oxygen saturation to 92.5% when blood is leaving the placenta. In Figure 5.9 can be
seen that the flow through the umbilical artery with cannula is even increased. However, this is because
of the higher pressure drop that is allowed over this artery. When the flow through the cannulated artery
lowers in comparison to the other artery, then the effect of oxygenation will become smaller. During
placental ischaemia, oxygen transfer is impaired and oxygen levels of blood are lower. For example,
when blood flow through both umbilical arteries is parallel and increased to 65% in the placenta, but
one of the umbilical arteries is cannulated and the oxygen saturation of blood in this artery is increased
to an oxygen saturation of 100%, then the oxygen saturation of blood leaving the placenta would be
increased to 85%. So, it is useful to oxygenate during placental ischaemia, even when there is less
blood flowing through the cannulated artery in comparison to the second artery. Oxygenation is useful
because of the high percentage of CVO travelling through the placenta.
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Figure 5.9: The flow rate for 20 to 30 weeks of gestation through the umbilical arteries and the placenta.
The diamond markers show the normal system. The star markers give the result of the simulation with
a cannula attached to umbilical artery 1.

5.5. Placental ischaemia
The simulations were all performed with values presenting a healthy fetus. This is because the informa-
tion provided was data of healthy pregnancies. However, it is known that during adverse conditions as
intrauterine growth restriction, which is related to non-branching angiogenesis and placental ischaemia,
the placental flow is decreased [15, 31]. The placental resistance increases and the resistance of the
brain decreases, because of the brain-sparing effect to provide the brain with enough oxygen during
a shortage. A higher placental resistance would decrease the flow towards the placenta as shown in
Figure E.9. The resistance of the placenta is higher in the study from Pennati et al. [45]. This results
in flow relocating to the upper and lower body, and lungs, as is also the case for the original values
shown in Figure 5.7. The pressure in the system increases because of higher total resistance, as can
be seen in Figure 5.7. The original values were with a higher umbilical artery resistance and show
that the overall pressure increases. So the flow through the placenta decreases, but there is a higher
pressure available to push the flow through the cannula. This works until a certain value. At some
point, the flow will bypass the placenta and flow towards other segments, as for instance for the study
of Pennati et al. [45] shown in Figure 5.1, where the flow is relocated to the lower body. Secondly, the
heart can also not increase pressure infinitely.

5.6. Chapter conclusion
In this chapter, an overview is given of how the fetal cardiovascular model reacts on different input
values. First, a sensitivity analysis is performed to create a better understanding of the model. The
height of the resistance of the elements in the fetal cardiovascular model influences the total pressure
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building up in the system. Differences in resistance between the larger parallel segments in the model
as the upper and lower body are very important for the flow distribution through the system. Data were
fitted to mimic the flow distribution at 30 weeks as closely as possible. Subsequently, the cardiovascular
system was simulated for the period of 20 to 30 weeks of gestation and the model outputs were very
similar to data found in literature. The last simulations were to evaluate the implementation of an ECMO
cannula. The results show a possibility for implementation of a cannula in the umbilical arteries, already
at 20 weeks of gestation.





6 | Design recommendations for
intrauterine ECMO

The simulations in Chapter 5 were performed to check if it is possible to cannulate an umbilical artery.
The results of the simulations are promising. To extend this research, some first ideas and recommen-
dations could be given for the design of the intrauterine ECMO device. In this chapter, there will be
elaborated on the points of concern already mentioned in Section 1.2.

6.1. Design of the device and its placement
The idea is to support the fetus with gas transport during placental ischaemia. Further, a potential
extension could be to also support it with nutrient transport. The device would possibly consist of con-
duit tubes, an artificial lung, and a pump. Probably also monitoring devices and a heating system are
needed. The conduit tubes collect blood from the umbilical vessels via a cannula.

There are multiple sites at which the cannula can be placed. It could be placed near the placenta
or near the abdomen of the fetus. The cannula can probably be anchored better at these sides than
when attached to the middle of the umbilical cord. Attachment on the placenta could be more stable
than on the fetal side of the umbilical cord because the fetus moves around inside the abdomen.
How to place these conduit tubes into the umbilical artery is also still a question. One option is minimally
invasive surgery. The other is normal surgery, by which the fetus is approached with a laparotomy and
hysterotomy, which are a large incision in the abdomen wall of the mother an incision in the uterus
like with a Cesarean section. The chance on infections is lower for minimally invasive surgery, but the
accessibility of the umbilical cord more complex.

The idea to place the cannula inside the umbilical artery instead of a vein is that there are two ar-
teries. So, the flow towards the placenta remains intact during the procedure and there will still be a
bit of oxygen exchange in the placenta. It is amongst other things very important for the brain to keep
receiving oxygen [43].

The next point about placement is the anchoring of the device. The fetus moves inside the womb
and could accidentally pull on the tubes. There are two anchoring sites, the cannulation site and the
point where the tube pierces through the amniotic sac. An option to keep the amniotic sac attached
to the uterine wall and prevent it from rupturing could be to use a small balloon, which is inflated after
perforation to push the amniotic sac to the uterine wall.

One of the next steps is to estimate if a pump is needed to maintain fetal blood pressure. Studies
into the design of artificial wombs are carrying out research to use pumpless circuits which only run
on fetal cardiac output. In the study of Miura et al. [37] a parallel circuit of two oxygenators is used
to decrease the resistance of the extracorporeal device. Pumpless systems are preferred because of
their simplicity, fewer chances on haemolysis and inflammation [56]. The device will be primed with a
primer fluid. this needs to be compatible with the fetal fluids. It also increases the fluid volume of the
system. In the studies of Miura et al. [37] and Partridge et al. [43], who both designed artificial wombs to
support premature lambs, the prime is maternal blood. The extra fluid volume inside the extracorporeal
system increases the total blood volume. This extra volume does not influence the venous return or
the haemodynamics of the fetal system. The ECMO system can be seen as a rigid system, so flow rate
going in, comes out of the system at the same flow rate [12]. With a pump, the extra pressure difference
in the umbilical artery can be compensated to maintain flow rates through the umbilical arteries and
the placenta. If this is not managed well and umbilical vein flow and venous return do change, then
shunting through the ductus venosus shunt and foramen ovale shunt will compensate for the changes
in venous return [27]. The fetal heart can hardly increase its stroke volume because it is already oper-
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ating at its peak performance. So, fetal heart rate is used to change cardiac output and to compensate
for changes in the cardiovascular system in cooperation with the fetal shunts [23, 27].

6.2. Possible complications
Complications that could occur using ECMO are generally well-known. These possible complications
and points of concern could be kept in mind while designing the intrauterine ECMO model. A common
complication of ECMO is bleeding, which often happens at the cannulation site [12]. Other problems
could be infections, haemolysis, and blood clotting. Anticoagulation therapy is needed to prevent blood
clotting. A second concern is the compatibility of the device with the fetal system, and its blood and
haemoglobin. Fetal blood has a higher haematocrit level than adult blood and fetal haemoglobin also
differs from adult blood. The higher affinity for oxygen from fetal haemoglobin and a higher level of
haematocrit could also be seen as an advantage to simplify gas exchange [56]. The third concern
is the changing oxygen gradient between the fetal and maternal sides of the placenta because of
the intrauterine support in the umbilical artery. It is not apparent if this will provoke a reaction in the
maternal blood supply. Lastly, the mother is suffering from high blood pressure during pre-eclampsia.
It is therefore important to maintain the blood pressure inside the placenta to protect the fetal chorionic
trees.

6.3. Chapter conclusion
The first ideas for the intrauterine ECMO support system are to support the fetus with gas transport.
The base parts for the system will be conduit tubes and cannulae, an artificial lung and if necessary
a pump. The cannulation site is not established, but placement near the placenta or in the chorionic
arteries seems a stable option. Installing the device via minimally invasive surgery would be less
demanding for the mother and the chance on infections is smaller. Some critical issues to keep in
mind while designing the system will be preventing complications, the anchoring of the cannulae in the
arteries and of the tube on the uterine wall, and if a pump is needed to support the fetal heart.
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In this study, the feasibility of using intrauterine ECMO to support during placental ischaemia was inves-
tigated. This chapter will discuss the results and findings of this study and give some recommendations
for future research on fetal support.

7.1. Discussion
Simulating the fetal cardiovascular system is useful to retrieve information about the cardiovascular
response to the implementation of an assist device on an umbilical artery. The reason to look into
the option to support the fetus during placental ischaemia is the high incidence of the condition under
pregnant women and the systemic impact of placental ischaemia. The umbilical cord could be used to
extract fetal blood and improve its oxygen levels, without having to cross the placental barrier first.

A fetal cardiovascular model was made in Simulink. Parts of the fetal cardiovascular system were
lumped together into segments and combined in a lumped parameter model. Segments represent big-
ger parts of the body, such as the upper body or lungs. Unique segments of the fetal cardiovascular
system were implemented as separate elements in the system. In particular, the ductus venosus and
ductus arteriosus, which protect the immature liver and inflated lungs.

A sensitivity analysis was performed to increase understanding in the fetal cardiovascular model and
the consequences of model choices. An important finding is that the fetal cardiovascular model can
be divided into two parts, which influence each other minimally. Especially changes in the loop of the
ductus arteriosus, pulmonary artery, and aorta evoke minimal reaction on the peripheral system. This
is because the heart is modelled as a constant current source, dividing the flow rate over the pulmonary
artery and aorta according to the needs of the peripheral system. Another finding is that the compli-
ance is of little influence on the system, because of the constant combined ventricular output of the
heart. However, when pulsatile flow would be implemented into the system, the compliance becomes
of higher influence on the output. Compliance creates a buffer of blood inside some parts of the sys-
tem. It also creates a phase shift for the output and dampens the pressure drop. In reality, compliance
would influence the resistance of an element. For example; a highly compliant vessel would increase
in radius because of applied blood pressure and thus decrease its resistance to blood flow. With the
available information, no variable resistance could be implemented into the fetal cardiovascular model.
A study into the possibilities for a variable resistance can be found in Appendix F. This option is exam-
ined, because it would give the opportunity to change the resistance of blood vessels in the system,
by changing the radius. However, finding the values to implement a variable resistance into the fetal
cardiovascular model was beyond the scope of this study.

The data about the heart, and resistance and compliance of the segments, used to simulate the fe-
tal cardiovascular system, was chosen because the flow rate and pressure in the simulations were
close to the flow rate and pressure found in literature. The umbilical artery with inserted cannula was
allowed to use all the pressure provided as input in the segment. Simulations in the fetal cardiovas-
cular model showed that the flow rate through that artery would increase. This simulation shows the
opportunity that a cannula could be inserted into the umbilical artery and that the fetal system would be
able to push blood through it. The resistance of the umbilical arteries was lowered to add the cannula
resistance. This changes the flow distribution in the system. However, the resistance of both arteries
is still compatible with the values from Luria et al. [31].

There is not much available information to use for the model. This is because during pregnancy, the
fetus sits inside the womb, and it is unethical to enter the womb to measure blood pressure and blood
flow. The information found, was of a fetus of 30 weeks of gestation and 1500 g. The data was ex-
trapolated over a period of 20 to 28 weeks of gestation by using scaling factors. Parameters as flow
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rate and blood pressure were collected from literature to be able to evaluate the simulations of the fetal
cardiovascular model. For the flow rate, mainly data from the study of Kiserud and Acharya [27] was
used. However, their values for the flow rate through the ductus arteriosus at 30 and 38 weeks seemed
incorrect. The flow rate for the ductus arteriosus at 30 and 38 weeks was corrected and can be found in
Table C.1. Values from literature were mostly rounded because such precision was not needed in the
fetal cardiovascular model. Apart from an attempt to create a variable resistance, also research was
done into the resistance of the placental vasculature. The placenta takes a prominent place in the fetal
cardiovascular model and research was performed to understand its architecture, how its resistance
is built up, and if this could be added to the model. The estimation of the resistance in this way would
become to complex and is not implemented, but a summary is given in Appendix G.

The research objective focused on placental ischaemia. However, the simulations performed where
with data based on information of healthy fetuses. Still, the simulations give information about how a
fetal system would react with placental ischaemia. The resistance of the placenta would increase, so
the flow rate through the placenta would decrease and relocate to other parts of the system, probably
mostly to the brain. Examples of these scenarios were given in the sensitivity analysis. It was shown
that for a higher total resistance also the pressure in the system would increase. So, the flow towards
the placenta would be a bit lower and the resistance higher. The available pressure in the system
would also increase, helping to push blood through the cannula. Further, with a lower flow rate to the
placenta, oxygenation of blood in the umbilical artery still influences the average oxygen saturation of
the blood. This is because of the high percentage of fetal cardiac output flowing towards the placenta.

7.2. Conclusion
In this study, a fetal cardiovascular model is created to simulate the fetal cardiovascular system. The
model is able to simulate the haemodynamics of the fetal system during gestation. The model can be
extended to create more realistic haemodynamics, such as pulsatile blood flow. Further steps in the
design could be to add the whole intrauterine ECMO system including an oxygenator and pump. The
simulations over a period of 20 to 30 weeks of gestation show an opportunity to insert a cannula inside
one of the umbilical arteries while maintaining blood flow. This is a promising first step in determining
the feasibility of intrauterine ECMO to support the fetus during placental ischaemia.

7.3. Recommendations for further research
During this study, a first step was made into the design of an intrauterine ECMO device. Here are some
recommendations for further research to improve the fetal cardiovascular model and to create a fetal
support system.

• A first useful step would be to model the fetal heart with the two ventricles and pulsatile blood
flow. The behaviour of the loop of the pulmonary artery, ductus arteriosus and aorta would then
become more realistic. Also, under pulsatile flow, compliance would get more influence on the
flow rate in the elements.

• It would be preferable to find information about the fetal cardiovascular system during placental
ischaemia. In this way, simulations with the ECMO cannula would become more realistic and
research into the feasibility would improve.

• The next step to improve the fetal cardiovascular model is to expand the Simulink model with
an oxygenator and pump. The oxygenator can be modelled as a resistance. The pump could
be implemented as a pressure step to increase blood pressure before its entering the placenta.
It needs to be determined if a pump is really needed, or if the fetal heart is strong enough to
provide a pumpless circuit with blood flow. The tubes after the cannula can become larger in
size, resulting in lower resistance to blood flow towards the oxygenator.

• It would be very helpful for future research if a database would be created in which information
of the fetal cardiovascular system is gathered. Useful data would be data about blood flow and
pressure in different parts of the fetal body and placental circulation. Also, information about the
resistance, compliance, and inductance of different organs or segments would be very useful.
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Lastly, vascular dimensions as length, radius, wall thickness, and volume are very useful. There
is information available about children and adults, but information about the fetus is scarce, while
research into the design of the artificial womb is already performed for a few decades.
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A | Placental Ischaemia
Following is a short explanation of all the placental pathologies involved with placental ischaemia shown
in Figure 1.2. The ordering of the data is based on the articles of Gill et al. [16], Roberts [53], Silver
[62].

• Local effect

– Oxidative stress
Due to less antioxidants and excessive generation of reactive oxygen species, levels of
reactive oxygen species become too high and cause oxidative stress [66].

– Endoplasmic reticulum stress
During endoplasmic reticulum stress, the unfolded protein response is activated and protein
synthesis is disturbed [53].

• Systemic effect

– PE (non-branching angiogenesis)
Through PE the mother becomes hypertensive, oedematous and gets proteinuria. It is a
systemic syndrome because multiple organs of the mother could be affected like liver and
brain.

– Non-branching angiogenesis
Non-branching angiogenesis means that only longer capillaries are formed [16].
⋄ Eclampsia
In severe cases, pre-eclampsia can lead to eclampsia, which is the onset of seizures
during pregnancy.

⋄ HELLP
HELLP-syndrome hasmany similarities with PE. It stands for Haemolysis, Elevated Liver
enzymes, and Low Platelets. Damaged blood cells constipate the mothers liver, which
is going to swell and its function is deteriorating [57].

⋄ Gestational hypertension
Gestational hypertension occurs after 20 weeks of gestation and manifests, other than
PE, without proteinuria, but only with a high blood pressure of > 140/90 mmHg.

• Other placental diseases

– Extensive branching angiogenesis
During branching angiogenesis, looped capillaries are formed from existing capillaries.
⋄ Diabetes
Maternal diabetes can come in three variants. Pregestational type 1 diabetes melli-
tus, type 2 and gestational diabetes mellitus. Huynh et al. [25] reviewed the topic and
found increased villous immaturity and increased angiogenesis for pre-gestational and
gestational diabetes as the most common abnormalities and specifically for gestational
diabetes enlarged placenta thickness.

⋄ Anaemia
By anaemia there is a shortage of red blood cells or haemoglobin. During pregnancy,
there is a higher maternal blood production, when the proportion plasma is too high in
comparison to haematocrit it can result in anaemia [16].

⋄ High altitude exposure
At high altitude, there is less oxygen in the atmosphere leading to hypoxic stress and
thus high altitude exposure. Firstly, the placenta acts with lower trophoblast invasion
into the uterine wall and spiral arteries and thus lowering uteroplacental blood flow. This
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64 A. Placental Ischaemia

first response also applies on anaemic placentas [66]. Secondly, two responses follow;
a compensatory one of increased angiogenesis and an adaptive one of down-regulation
of fetal growth and less nutritional transport.

– fetal growth problems
Impaired function of the placenta can lead to alterations in fetal growth.
⋄ IUGR
Growth of the placenta in the first trimester is limited for intrauterine growth restriction
(IUGR), also called fetal growth restriction (FGR). IUGR is often defined as not reaching
its genetic growth potential. IUGR affects around 15% of all pregnancies and is a risk
factor for stillbirth [58].

⋄ SGA
A child could be small for gestational age (SGA) and this is also a risk factor for stillbirth,
like IUGR. Again probably caused by uteroplacental insufficiency and ischaemia. If the
estimated fetal weight is below the 10th- or 5th-percentile of the population one speaks
of SGA [62].

⋄ LGA
LGA is defined as a birth weight of ≥ 90th-percentile for gestational age.

⋄ Macrosomia
Infants with macrosomia have a birth weight of ≥ 4000 g, [59].

– Other
⋄ Placental infarction and haematoma
Placental infarction may occur when the maternal intervillous flow is interrupted, be-
cause of blood clotting in the spiral arteries or decidual veins. There is also a form of
placental infarction haematoma, where there is the first occlusion of spiral arteries and
infarction of placental cells, followed by re-perfusion causing haematoma [1].

⋄ Preterm delivery
⋄ Recurrent pregnancy loss
⋄ Multiple gestation
Multiple gestation causes higher risks for mother and fetus. Perinatal mortality is 4-fold
higher than for singletons and associated with placental or umbilical cord disorders.

• Placental disorders
Placenta ischaemia and uteroplacental insufficiency are closely related. fetal genetic abnormali-
ties or birth defects can also decrease fetal growth and vascular abnormalities and developmen-
tal disorders can lead up to ischaemia. Silver [62] gives in his paper about placental pathology,
growth restriction and stillbirth a neat structure of placental pathologies. Three distinctions are
made: developmental, inflammatory and circulatory disorders.

– Development disorders
⋄ Umbilical cord
Umbilical cord disorders are cases by which there are missing arteries in the umbilical
cord or the umbilical cord is inserted wrongly in the placenta through which the cord is
not enough protected by Wharton’s jelly.

⋄ Placental membranes
The placental membranes could be circummarginate or circumvallate inserted, which
means that the membranes are inserted away from the peripheral edge of the placenta,
but this is mostly occurring by multiple gestation.

⋄ Circulatory
The fetal terminal villi could be immature or are very small with wide-open intervillous
spaces. This makes diffusion more difficult. All development disorders are closely linked
to IUGR.

– Inflammatory
⋄ Maternal
The maternal inflammatory response is inflammation of the membranes through bacte-
rial infection.
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⋄ fetal
During a fetal inflammatory response, the umbilical vein, arteries or cord could be in-
fected or the villi in the chorionic plate.

⋄ Villitis
Villitis is a placental injury by which maternal lymphocytes are transferred across the
placenta. Inflammation of villi happens to the terminal and branched villi, but not to
stem villi.

– Circulatory disorders
⋄ Maternal
Maternal circulatory disorders are vascular obstructions, haematoma, parenchymal in-
farction, thrombus and fibrin depositions, all interrupting or complicating perfusion of the
IVS.

⋄ fetal
fetal circulatory disorders are blood clots in the chorionic plate or villi. Lastly, there is the
fetal circulatory disorder called oedema or placental hydrops which is a prenatal form of
heart failure.





B | Literature research into
cardiovascular models

Firstly, an exploratory search was performed on DuckDuckGo1 with combinations of the following
search terms: MATLAB, Simulink, model, blood flow, maternal, fetal, neonatal, cardiovascular. One of
the first hits was the Cardiovascular simulation toolbox from Sheffer et al. [61] and articles about the
Windkessel model [24].

Next, after scanning the articles of Sheffer et al. [61] and Hlaváč [24], to get familiar with the sub-
jects, a detailed search was performed in Pubmed2, Google Scholar3 and Scopus4.
In Pubmed the following search terms were used in different arrangements: MATLAB, Simulink, model,
blood flow, cardiovascular, uterine, placenta, fetus, vascular system, perfusion system, simulation.
These searches resulted in a total of 118 hits and 6 useful articles.
In Google Scholar searches were performed with the following terms: Simulink, model, blood flow, fe-
tal, uterine, placenta, maternal, circulation. Which resulted in 178 hits and 4 saved articles, with many
similar hits compared to Pubmed. Except for the model of Sheffer et al. [61], no other specific models
were found.
In Scopus combinations of words used were: Simulink, model, blood flow, uterine, placenta, simula-
tion. A total of 161 hits were given, again with the model of Sheffer et al. [61] as a result and many hits
similar to the ones found in Pubmed.

To filter the results a requirement was free full text to be available and the titles were scanned and
if necessary the abstracts for confirmation that the articles indeed included models and preferable
in Simulink and MATLAB. Differences between the search terms resulted after several iterations of
searches, some combinations just gave excessive amounts of hits and others zero hits. The reason
for the small number of saved articles is that many articles did not include any computer model. Mostly
mathematical models were found or information about imaging techniques for measuring blood flow,
which is not useful for this study.

1www.duckduckgo.com
2www.ncbi.nlm.nih.gov/pubmed
3scholar.google.nl
4www.scopus.com
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C | Flow rate
At the next page, Table C.1 gives an overview of the found variables in literature for the blood flow in
different body parts.
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D | Blood pressure
At the next page, Table D.1 gives an overview of the found variables in literature for the blood pressure
in different body parts.

71



72 D. Blood pressure

Ta
bl
e
D
.1
:V

al
ue

s
fo
un

d
in

lit
er
at
ur
e
fo
rt
he

pr
es

su
re

in
m
m
H
g
in
si
de

se
gm

en
ts
.

St
ud

y
G
A
(w

ee
ks
)

Sy
st
ol
ic

D
ia
st
ol
ic

M
AP

AO
PA

D
A

PV
R

U
B

LB
U
A

PL
A

U
V

Ve
no

us
LA

P
R
AP

Lu
ria

et
al
.

[ 3
1]

30

G
ar
ci
a-

C
an

ad
illa

et
al
.[
14

]

33
40

M
én

ig
au

lt
et

al
.[
35

]
40

42
32

to
55

Ki
se

ru
d

an
d

Ac
ha

ry
a

[ 2
7]

20
15

to
20

<
5

15
4.
5

”
30

30
to

40
5
to

15
2
to

9
”

38
6

va
n

de
r

H
ou

t-
va

n
de

r
Ja

gt
et

al
.

[6
4]

40
58

26
45

1
to

14

St
ru
ijk

[6
3]

1.
06

*
G
A
(w

ks
)

+1
5.
91

0.
67

*
G
A(
w
ks
)

+2
.4
7

0.
87

*
G
A
(w

ks
)

+1
0.
33

Pa
re
r[
42

]
2

3
G
ue

tto
uc

he
et

al
.[
20

]
25

to
30

53
.9

53
.8
8

53
.7
2

35
.3
6

C
ou

to
[1
1]

40
47

46
46

5
6

Sa
w

et
al
.

[5
5]

32

C
la
rk

et
al
.

[ 1
0]

40
50

20

W
an

g
an

d
Zh

ao
[6
9]

40
50

30 (v
illi
)

20

C
ap

pe
r

et
al
.[
7]

28
77

55
52

.6
7



E | Sensitivity analysis
A sensitivity analysis is performed on the fetal cardiovascular model with as input the values from the
study of Couto [11]. One factor at a time is changed with a variable from Luria et al. [31] or Pennati
et al. [45]. In this way, the influence of that segment on the rest of the system could be identified.

Figure E.1: Variables of Couto [11] were implemented into the fetal cardiovascular model and the value
for PA was changed two times into a value from Luria et al. [31] or Pennati et al. [45] to evaluate its
influence on the system.

73



74 E. Sensitivity analysis

Figure E.2: Variables of Couto [11] were implemented into the fetal cardiovascular model and the value
for PVR was changed two times into a value from Luria et al. [31] or Pennati et al. [45] to evaluate its
influence on the system.

Figure E.3: Variables of Couto [11] were implemented into the fetal cardiovascular model and the value
for AO was changed two times into a value from Luria et al. [31] or Pennati et al. [45] to evaluate its
influence on the system.
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Figure E.4: Variables of Couto [11] were implemented into the fetal cardiovascular model and the value
for DA was changed two times into a value from Luria et al. [31] or Pennati et al. [45] to evaluate its
influence on the system.

Figure E.5: Variables of Couto [11] were implemented into the fetal cardiovascular model and the value
for UB was changed two times into a value from Luria et al. [31] or Pennati et al. [45] to evaluate its
influence on the system.
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Figure E.6: Variables of Couto [11] were implemented into the fetal cardiovascular model and the value
for LB was changed two times into a value from Luria et al. [31] or Pennati et al. [45] to evaluate its
influence on the system.

Figure E.7: Variables of Couto [11] were implemented into the fetal cardiovascular model and the value
for UA1 was changed two times into a value from Luria et al. [31] or Pennati et al. [45] to evaluate its
influence on the system.
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Figure E.8: Variables of Couto [11] were implemented into the fetal cardiovascular model and the value
for UA1 and UA2 were changed two times into a value from Luria et al. [31] or Pennati et al. [45] to
evaluate its influence on the system.

Figure E.9: Variables of Couto [11] were implemented into the fetal cardiovascular model and the value
for PLA was changed two times into a value from Luria et al. [31] or Pennati et al. [45] to evaluate its
influence on the system.
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Figure E.10: Variables of Couto [11] were implemented into the fetal cardiovascular model and the
value for UV was changed two times into a value from Luria et al. [31] or Pennati et al. [45] to evaluate
its influence on the system.

Figure E.11: Variables of Couto [11] were implemented into the fetal cardiovascular model and the
value for HE was changed two times into a value from Luria et al. [31] or Pennati et al. [45] to evaluate
its influence on the system.
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Figure E.12: Variables of Couto [11] were implemented into the fetal cardiovascular model and the
value for DV was changed two times into a value from Luria et al. [31] or Pennati et al. [45] to evaluate
its influence on the system.





F | Variable resistance
By adding compliance, in real life the diameter of vessels would change and so would the resistance.
So the question is how resistance changes through volume changes by compliance and applied pres-
sure and how this could be applied into the model. For instance, when compliance is added into the
system and a vessel increases in size, the resistance would decrease. However, studies as Luria et al.
[31], Pennati et al. [45] and Couto [11] only give 𝑅 and 𝐶 and no information about the radius or length
of vessels. For organs, this would be even more complicated, because an approximation of radius and
length is needed. Vessels and organs with compliance distend through applied blood pressure. The
diameter-pressure relationship is called distensibility and distensibility times volume gives compliance
[28]. Distensibility differs for different organs and through the body. Volume adjustments differ, for
example, extracranial and intracranial, because of the scull adding more outside pressure to the brain.
Also, local metabolic needs can evoke local vessel size adjustments. Using compliance, elastance or
distensibility for pressure-volume calculations, does not take auto-regulation of vessel sizes and col-
lapsing of vessels into account. The question is if it is useful to make a variable resistance depending
on compliance and pressure changes while neglecting other regulatory systems.
There are examples in the literature of variable compliance and resistance. For these equations,
however, many extra variables are needed such as the radius, wall thickness, and Young’s modu-
lus [14, 21, 28, 29, 34]. The foretalas and variables now planned to use are very simplistic and the
input variables are simply resistance and compliance. For now, information is lacking to solve the vari-
able resistance equations. An option could be to calculate a variable resistance with only available
information.

Let’s assume a vessel of length 𝐿፯, with a radius 𝑟 and with resistance 𝑅 and compliance 𝐶. There is
a input flow 𝑄።፧ and pressure 𝑃።፧ and output flow 𝑄፨፮፭ and pressure 𝑃፨፮፭. Length 𝐿፯ is unknown and
assumed to be constant and radius 𝑟(𝑡) is also unknown and changes over time. The result is that the
resistance only depends on the radius.

𝑅(𝑟) = 8𝜂𝐿፯
𝜋𝑟ኾ (F.1)

The volume change of the vessel can be calculated with the compliance and pressure drop.

Δ𝑉 = 𝐶Δ𝑃 = 𝐶(𝑃።፧ − 𝑃፨፮፭) (F.2)

Looking at one time step, the variables that change through blood flow and pressure are the volume
and radius of the vessel.

𝑡ኺ ∶ 𝑉ኺ, 𝑟ኺ 𝑉ኺ = 𝜋𝑟ኼኺ 𝐿፯
𝑡ኻ ∶ 𝑉ኻ, 𝑟ኻ 𝑉ኻ = 𝜋𝑟ኼኻ 𝐿፯

The first step is estimating the new radius, 𝑟ኻ.
𝑉ኻ − 𝑉ኺ = 𝜋𝑟ኼኻ 𝐿፯ − 𝜋𝑟ኼኺ 𝐿፯ (F.3)

𝑟ኻ = √
𝑉ኻ − 𝑉ኺ + (𝜋𝑟ኼኺ 𝐿፯)

𝜋𝐿፯
(F.4)

It is not possible to calculate the change in radius with just using Δ𝑟 = (Δ𝑉/(𝜋𝐿))
Ꮃ
Ꮄ . This is because

two vessels with a different radius, but with the same Δ𝑟, will not have the same Δ𝑉. The added area
through Δ𝑟 is different of size for both vessels.

The resistance at 𝑡ኺ is given by

𝑅ኺ =
8𝜂𝐿፯
𝜋𝑟ኾኺ

(F.5)
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82 F. Variable resistance

At 𝑡ኻ the new resistance can be estimated by rewriting (F.4) into (F.1).

𝑅ኻ =
8𝜂𝐿፯
𝜋𝑟ኾኻ

(F.6)

= 8𝜂𝐿፯(𝜋𝐿፯)ኼ
𝜋(𝑉ኻ − 𝑉ኺ + (𝜋𝑟ኼኺ 𝐿፯))ኼ

(F.7)

= 8𝜂𝜋𝐿ኽ፯
(𝑉ኻ − 𝑉ኺ + (𝜋𝑟ኼኺ 𝐿፯))ኼ

(F.8)

= 8𝜂𝜋𝐿ኽ፯
(𝑉ኻ − 𝑉ኺ)ኼ + (2(𝑉ኻ − 𝑉ኺ)𝜋𝑟ኼኺ 𝐿፯) + (𝜋ኼ𝑟ኾኺ 𝐿ኼ፯)

(F.9)

Known variables in the model are the volumetric flow rate, resistance and compliance of organs and
vessels and the output pressure in the heart. The exact dimensions of vessels and organs are unknown.
After evaluating the options to calculate a variable resistance, it can be concluded that the model comes
one known variable short. For the vessel (F.9) would be an option if the length of the vessels is known.
With the length and (F.1), 𝑟ኺ could be calculated and eventually 𝑅ኻ. This part could be implemented in
a model easily when more information is known. For this project it is not useful, because it would add
another estimated variable and more uncertainty to the outcome.



G | Bifurcation of the placental
vasculature

A big portion of the cardiac output of the fetus flows towards the placenta, making it a very important
component of the fetal cardiovascular system. The placental vasculature could be divided into three
parts after entering the placenta from the umbilical cord. First, there are the chorionic arteries covering
the surface of the placenta like an umbrella as can be seen in Figure G.1. From this umbrella grow
the villi trees towards the basal plate. Starting with the stem part consisting of stem villi, secondly the
intermediate villi, and third the canopy of leaves formed by the capillary convolutes. In the placenta,
the capillaries dictate the overall the resistance, as mentioned before in Section 2.1.2.

Figure G.1: The placental tree. 1: The umbilical cord. 2: The chorionic arteries. 3: The villous stem.
4: The villous capillaries. This is part of Figure 1.1 [3, pg.1333].

After entering the placenta, the umbilical vessels will bifurcate to cover the surface of the placenta. At 5
mm after insertion into the placenta, the two umbilical arteries merge together into the Hyrtl anastomo-
sis [17]. The merged artery bifurcates into chorionic vessels covering the chorionic plate. Bifurcation
of the blood vessels can have a monopodial or dichotomous branching pattern. Monopodial branching
means that small daughter branches sprout from a long parent vessel. The parent vessel keeps a fairly
constant diameter and can cover a long distance. A dichotomous tube branches into two daughter
vessels of roughly the same size. The ratio between the parent vessel and its child is 0.6 to 0.8 for
dichotomous vessels and 0.1 to 0.3 for monopodial vessels [17].
Efficient blood supply to all cotyledons of the placenta is needed for sufficient exchange of oxygen and
nutrients between mother and fetus. To cover the area optimally, a combination of the patterns is the
ideal option. The place of insertion of the umbilical cord on the placenta can differ from being at the
centre, the periphery or somewhere in between. A central cord insertion has a primarily dichotomous
pattern to cover the whole placenta, with some monopodial branches to cover spaces in between.
However, by peripheral insertion, a long distance across the placenta needs to be covered. Also, the
perpendicular areas need to be covered, so in the case of peripheral insertion, the first one to three
bifurcations are dichotomous, followed by a monopodial pattern. To cover the whole placenta with
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84 G. Bifurcation of the placental vasculature

chorionic vessels around 6 to 8 generations of bifurcation are needed. When covering a placenta of
around 200 mm in diameter it would mean that the chorionic arteries terminate in 60 to 100 villi trees
[10]. Centre insertion is the most optimal for good blood supply. Peripheral insertion is linked to cases
of pregnancy-induced hypertension as described in Section 1.1.1. Peripheral cord insertion could orig-
inate from an abnormal intrauterine oxygen gradient or nutrient shortage.

The villous trees, following the chorionic arteries, run through approximately 15 generations of asym-
metric bifurcation and cover together approximately 20 mm. The villous trees contain arterioles and
venules and they branch along with the villous tree. From the venules in the capillary convolutes, veins
flow back to the umbilical vein. The veins in the placenta are assumed to be twice the size of arteries.
The tree bifurcates asymmetrically because it needs to fill the whole hemispherical cotyledon in such a
way that blood flow of the mother in the intervillous space is not obstructed but that it still ensures opti-
mal oxygen exchange. Secondly, the central cavity is kept empty at the place where the spiral artery of
mothers side is placed. So, growth is asymmetric and a combination of dichotomous and monopodial
growth. Villous trees do not only start at the last bifurcations of the chorionic arteries but also from
earlier generations. The average diameter of the vessels entering the villous space is 0.77 mm. The
diameter of vessels entering the capillary convolutes is 0.03 mm after 15 generations of bifurcations.
Lin et al. [30] use a parent to daughter ratio of 0.975 for the length and 0.8 for the diameter of bifurcating
vessels in the villous tree.

The last part is the terminal convolutes following on the intermediate villi. A stem villous tree goes
through at least 4 generations before terminal convolutes protrude [10]. After 4 generations the diam-
eter of the vessels becomes smaller than 0.03 mm. Which is when the Fahraeuss-Lindqvist effect will
occur and viscous forces become dominant. Estimating the flow with Pouiseuille will become more
difficult.

These three parts give an idea of how the placental vasculature is built up. The third part of the pla-
cental vasculature, the villi ‘canopies’, are covering the biggest area of blood vessels and influencing
the resistance of the placenta very much. Unfortunately, the information about this part is minimal. Lin
et al. [30] and Clark et al. [10] tried to make computer models of these parts. However, the study of Lin
et al. [30] is not clear about how they calculated the terminal part. Secondly, based on the information
given in the article of Clark et al. [10], their results can not be reproduced. Clark et al. [10] finds a
resistance for a single terminal villi unit which is very high and uses a viscosity of 𝜂 = 3.36 ∗ 10ዅ6 Pa
s, which is very low in comparison to commonly used blood viscosity.
Estimating the resistance of the placenta will involve many assumptions. Calculating the resistance
based on the found information is not possible, because the part influencing the resistance primarily is
not clarified enough. To estimate the placental resistance an average resistance will be based on the
pressure drop over the placenta and the flow passing through.
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