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ABSTRACT 

 

Among infants born with cardiac defects, congenital heart disease (CHD) is the leading 

congenital abnormality and it origins the majority of newborns death in developed countries. The 

structural malformations in the heart or great vessels it causes increase the postnatal 

cardiovascular risk and mortality. In particular, the high incidence of tetralogy of Fallot (ToF) in 

live births make essential to develop new procedures that enable the study and understanding of 

this cardiac disorder and the hemodynamic changes it induces. That way, fetal medicine has 

been constantly evolving in the past years, and computational modeling techniques are becoming 

more established in the clinical practice and are of growing importance. Nowadays, different 0D 

lumped parameters models have demonstrated to be useful to evaluate complex cardiac defects 

in order to aid health workers and find the best management for patients.  

In this project, a 0D lumped model simulating hemodynamic components and parameters of the 

fetal heart was developed to study the changes occurring in a ToF heart. Specifically, birth 

defects of ventricular septal defect (VSD) and pulmonary valve stenosis (PVS) were modeled, 

allowing the analysis of their effects in fetal circulation.  

Our results suggested that the designed 0D lumped model can reproduce the blood velocities 

and pressure waveforms of the fetal heart in healthy conditions after adjusting the values of some 

model parameters. Despite that, the parameters of the ductus arteriosus (DA) should be better fit 

since we could not completely reproduce its velocity waveform. Regarding the evaluation of 

hemodynamic changes of cardiac defects, results suggested that the 0D lumped model can 

simulate the features present in ToF, such as the right-to-left shunt, characteristic of blood flow in 

VSD, and the increase of the pressure gradient and peak velocity of the pulmonary artery, 

indicative of PVS. However, more literature and clinical data of cardiac defects should be used in 

order to verify these outcomes and ensure their reliability.  

Keywords: 0D lumped parameter model / Fetal heart / Hemodynamics / Tetralogy of Fallot / 

Ventricular septal defect / Pulmonary valve stenosis. 
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1) INTRODUCTION 

 

The purpose of this first section is to introduce an overview of the Final Degree Project Fetal 

heart computational modeling. Along this section, there is going to be defined the detailed 

description of the project development, its outlined objectives, the designed methodology that has 

been followed and, finally, a definition of the scope and content of the study. 

1.1) Description of the project 

Cardiac mathematical modeling and simulation techniques are becoming more and more 

important because they enable to better understand the overall cardiovascular system (CVS), the 

mechanisms of circulatory physiology and the complex interconnections between the heart 

chambers, blood vessels and blood constituents. These relationships can be translated into 

mathematical formulas (i.e., differential equations), which are established by different laws of 

conservation, such as mass, momentum and charge conservation laws, and which are employed 

to quantify different biomechanical conditions [1]. In that way, in silico models of the CVS are 

valuable for the comprehension of the causes and defects of cardiac disorders, as well as for the 

personalization of predictive medicine, which, at the end, accounts for an optimization of the 

treatment so that there is the best prospective response possible, and the medical care is 

beneficial [2].  

There is a wide range of cardiovascular modeling techniques in order to study and comprehend 

the mechanism of hemodynamics, both in healthy and pathological conditions. As it is going to be 

described in the next sections, this project is focused on a zero-dimensional (0D) lumped 

parameter model which is characterized by having a uniform distribution of the fundamental 

variables, such as blood pressure, flow and volume, in space and time. This is translated into a 

simplification of the different components of the CVS by means of the existing hydraulic-electrical 

analogy, so blood flow hemodynamics in the circulatory system can be represented by a set of 

resistances, capacitances and inductances. This is a widely used method for cardiovascular 

simulations in order to study the hemodynamics in patients [3]. 

Congenital heart disease (CHD) is the most frequent congenital disorder that newborns suffer, 

with an approximated birth prevalence of 8 cases per 1000 live births worldwide [4] and 

accounting for up to 25% of all congenital malformations [5]. It is also the leading cause of infant 

death from birth defects [4-6]. It accounts for structural abnormalities of the fetal heart and/or 

great vessels that influence the way they work and the way the blood flows through them, which 

can result in an increased postnatal cardiovascular risk. Fortunately, fetal cardiovascular 

medicine and surgery has notably advanced in the past years, prolonging life expectancy in 

patients suffering from these disorders [6].  

Taking this into account, computational models of CHDs have demonstrated to own a 

fundamental role in the translation of bioengineering into clinics, as they are useful to study their 

characteristic and complex defects and, consequently, to aid the healthcare personnel in finding 

the best treatment and surgery planning for improving cardiovascular prognosis. Thus, 
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mathematical modeling has already been employed for different CHDs, such as patients with 

single ventricle, transposition of the great arteries and aortic coarctation, among others [7-10]. 

This project has mainly focused on the development of a 0D lumped model of the fetal heart. It 

has been first calibrated in healthy conditions. Then, new components have been added to the 

fetal heart model in order to simulate some of the defects present in Tetralogy of Fallot (ToF). 

These are ventricular septal defect (VSD) and pulmonary valve stenosis (PVS), in order to 

simulate the blood flow changes in a ToF heart.  

1.2) Objectives  

The aim of this final degree project is to implement a 0D lumped model of the fetal heart in order 

to extend a previous 0D lumped model of the fetal vascular circulation and enable the study of 

different abnormalities in the fetal heart. It is an important step in cardiovascular modeling since 

there are many CHDs leading to different and complex blood flow changes. Therefore, a better 

understanding of this is required to improve the prenatal diagnosis and prognosis of CHDs. This 

enhancement would, consequently, generate a better medical care and treatment. Once properly 

validated, the resulting 0D lumped model could help the clinicians in the diagnosis and prognosis 

of CHDs, thus leading to a personalized, non-invasive, fast and efficient medicine, and contribute 

to the translation of mathematical modeling into clinical practice.  

Besides specifying the main goal of the project, which consists in the development of an in silico 

0D lumped model of the fetal heart, the different specific objectives of this project are defined as 

follows: 

1. Research and analyze the current state-of-the-art of cardiovascular computational 

modeling, focusing specifically on the fetal heart. 

2. Implement a 0D lumped parameter model of the fetal heart in healthy conditions. 

3. Extend the fetal heart model by integrating the vascular circulatory system. 

4. Perform a parametric study of the different model parameters. 

5. Calibrate the developed model by personalizing it with real data from a healthy fetus. 

6. Incorporate two of the birth defects present in ToF into the computational model: VSD 

and PVS. 

7. Perform a parametric study to evaluate the changes in hemodynamics due to VSD and 

PVS. 

1.3) Methodology 

This final degree project has been carried out from January 2021 to January 2022, thus 

consisting of one year approximately, under the supervision of Dr. Patricia Garcia Cañadilla. It 

has been divided in different stages in order to have a practical structure and successfully 

achieve the main goal of the project. The flowchart of the followed methodology is shown in 

Figure 1, followed by a brief explanation of each one of the stages. 
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The study has been carried out using Simulink tool, integrated in MATLAB environment (2019b, 

The MathWorks Inc., Natick, MA), which has enabled the creation of the electrical analog circuit. 

 
Figure 1. Flowchart of the project methodology 

Stage 1. Bibliographic research and review of the state-of-the-art of the already existent 

computational models of the fetal heart. This will be helpful to get familiarized with the 

cardiovascular lumped parameter modeling. 

Stage 2. Development and implementation of the model of the fetal heart in Simulink, 

MATLAB. Definition of the electric components, input variables and circuit parameters. 

Stage 3. Calibration and validation of the fetal heart model by comparing the simulated 

outputs with measured data from healthy patients. 

Stage 4. Study of the consequences caused by the birth defects of ToF over the fetus 

hemodynamics (blood flow, pressure and volume).  

1.4) Scope and span of the project 

This project is aimed at the development and validation of a 0D lumped computational model of 

the fetal heart. The final goal is to enable the study of the hemodynamics’ changes occurring in 

CHDs, particularly in ToF.  

The scope of the project included different topics. Firstly, a deep bibliographic research of fetal 

heart computational models was done, covering the electrical components and parameters 

required. Consequently, the 0D lumped model of a normal fetal heart was implemented, which 

was later modified by adding the vascular circulatory system. Once the model was designed and 

implemented, parametric studies were performed to study the relative contribution of each 

individual model parameter into the whole model behavior. Following that, the final estimation of 

the parameters’ values for a fetus in healthy conditions was achieved using an optimization 

algorithm that minimizes the relative error between the computed and the measured data, 

meaning that the simulated blood flows can reproduce the real blood flow as accurate as 

possible. Finally, after having the heart model calibrated, the changes in hemodynamics as a 

consequence of some of the defects present in ToF were simulated by adding components or 

changing variables in the original model.  

Concerning the span of the project, this has been developed in BCNatal Fetal Medicine Research 

Center (FMRC) (https://bcnatalresearch.org) and Institut d’Investigacions Biomèdiques August Pi 

https://bcnatalresearch.org/
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i Sunyer (IDIBAPS) (https://idibaps.org) at Hospital Clínic and Hospital Sant Joan de Déu. 

BCNatal-FMRC is a research center that gathers an interdisciplinary research team of more than 

100 members, which includes doctors, bioengineers, biologists, pharmacists, epidemiologists and 

statisticians, all of them focused on providing solutions to fetal and perinatal diseases. It is a 

recognized university center in maternofetal and neonatal medicine in Europe, and a worldwide 

reference in this field. With regard to the mission of the center, the main goal is the demonstration 

of the impact that fetal life has on the future health of children, and it is achieved by developing 

innovative methods of diagnosis and treatment of prenatal diseases in order to improve the 

cardiovascular prognosis. Hence, these therapies can be integrated through the Maternal-Fetal 

Medicine and Neonatology services. Conversely, IDIBAPS is the leading biomedical research 

center in Spain that strives for excellence in biomedical research to improve people’s health and 

ensure the translational research. It addresses different research areas, such as Translational 

Computing in Cardiology, a research group focused on assessing cardiac function and 

understanding changes induced by diseases. 

COVID-19 pandemic has forced the final degree project to be entirely performed remotely, and all 

the meetings with the director and tutor have had to be online as well. The project has been 

performed with the help of periodic meetings with Dr. Patricia Garcia Cañadilla, a postdoctoral 

researcher working on the implementation of computational models of the fetal cardiovascular 

system and synchrotron biomedical imaging, and Dr. Fàtima Crispi, the scientific coordinator of 

BCNatal-FMRC and coordinator of its Fetal Programming line. 
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2) BACKGROUND 

 

This section is destined to describe the background of the project. Different scientific publications 

that describe the current state-of-the-art of computational modeling medicine are mentioned an 

analyzed, as well as their application into the maternofetal medicine and CHDs. There is also a 

thorough exposition of the present situation of the fetal circulatory in silico model taking into 

account the previous studies performed by BCNatal research group.  

2.1) State-of-the-art  

2.1.1) Congenital heart diseases 

As it has been previously stated, CHD is the most common congenital disorder occurring in 

newborns and the first cause of infant mortality from birth defects. It is characterized by 

developing a serious structural anomaly or malformation in the heart or great vessels during fetal 

development, which causes a malfunction of the whole circulatory system [4-6]. In Spain, the 

number of deaths in infants aged less than 1 year that are diagnosed of CHD is 6.23 per 10.000 

live births, which represents a 18% of the total infant mortality rate [11]. The causes of CHDs are 

unknown, and approximately 85% of patients do not have a defined origin. Moreover, although it 

has been shown that different genetic and environmental factors can influence the appearance of 

CHD in patients, there is not much information in order to make a clear determination about the 

risk factors [1]. In that way, it is important to develop new therapies for patients suffering from any 

CHD to make beneficial follow-up procedures and continue improving the management of the 

possible complications [12]. 

There are various types of CHDs that are characterized by different birth defects. This project is 

focused on one of these CHDs: ToF. It is one of the most frequent CHDs, representing about 7-

10% of all of them, with an incidence of 1 in 3.500 live births (2019) [13]. As its name indicates, it 

consists of a rare combination of four defects: VSD, PVS, hypertrophy of the right ventricle, and 

an overriding aorta. These major features are depicted in Figure 2 [14].  

1) VSD 

VSD is an abnormal hole in the ventricular septum, which is the wall between the two ventricles of 

the heart, particularly located in its perimembranous and muscular regions. It allows the blood to 

flow between these two chambers, usually from the right side to the left one (right-to-left shunt), 

which produces cyanosis in the early postnatal period, a disorder that consists in shunting poorly 

oxygenated blood into the systemic circulation, and that generates bluish discoloration of the skin 

and mucous membranes [14]. 

2) PVS – Right ventricular outflow tract obstruction (RVOTO)  

This condition is characterized by the reduction of the pulmonary valve, which causes an 

obstruction to pulmonary blood flow at the level of the right ventricle outflow tract [13]. There are 

different variants of pulmonic stenosis depending on the location of the obstruction to the 
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pulmonary valve. ToF is characterized by presenting a subvalvular or infundibular PVS, which 

causes the thickening of the muscle under the valve, thus narrowing the outflow tract from the 

right ventricle to the pulmonary artery. However, depending on the degree of PVS, the prognosis 

of ToF varies, as well as the cyanosis disorder. In that way, if the PVS is mild, the shunt caused 

by VSD might be left-to-right and the cyanosis may not be present; but if the PVS is severe, 

which is the case of the classic ToF diagnosis, there is a right-to-left shunt forced by the RVOTO, 

leading to hypoxia [14].  

3) Right ventricular hypertrophy (RVH) 

The RVOTO causes the hypertrophy of the right ventricle, which alters the size and volume of the 

heart that becomes typically enlarged “boot-shaped”. The hypertrophy appears because the 

ventricle is required to increase the pressure of distal pulmonary capillaries and veins in order to 

maintain the pulmonary blood flow 

and, consequently, decrease the risk 

of pulmonary edema [13,14]. 

4) Overriding aorta 

The aortic valve connects the left 

ventricle with the aorta. In ToF, the 

aortic valve is enlarged, which means 

that the aorta is overridden and thus, 

it not only arises predominantly from 

the left ventricle but also from a small 

part of the right ventricle. This 

produces a malalignment between the 

ventricular septum and the aorta, 

causing this great vessel to override 

the VSD to different degrees [13]. 

Within all CHDs, ToF causes the highest proportion of in-hospital deaths. Therefore, it is crucial 

that newborns undergo heart surgery or other procedures soon after birth in order to increase 

their life expectancy. As a matter of fact, just about 10% of untreated patients survive to 20 years, 

and just 3% to 40 years, while patients undergoing a complete surgical repair represent a survival 

rate of 79,6% at 15 years [14]. 

Regarding the pathophysiology of ToF, it largely depends on the degree of PVS and RVOTO, 

which is proportional to the grade of cyanosis, as it has already been mentioned [15]. In fact, the 

severity of ToF relies on the degree of RVOTO, and on the relative pressures in the right and left 

ventricles, and the proportion of the overriding aorta to the VSD. A representation of the variability 

of the pathophysiologic effects in ToF depending on the extent of the anatomical defects is shown 

in Figure 3. As can be seen, the more severe the birth defects, the more serious will be the 

disease, presenting hypoxia, meaning low blood oxygen saturation (SaO2) [13], which accounts 

for the measure of how much oxygen the blood carries compared to its maximum. The generally 

accepted standard states that a normal resting SaO2 is equal or greater than 95% [16].  

Figure 2. Classical ToF anatomy and its birth defects: 
(1) overriding aorta, (2) pulmonary infundibular stenosis, (3) 

ventricular septal defect, (4) right ventricular hypertrophy. (Ao: aorta, 
LA: left atrium, LV: left ventricle, PA: pulmonary artery, RA: right 

atrium, RV: right ventricle) [14] 
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Figure 3. Diagram of the different types of ToF and its pathophysiologic effects [13] 

2.1.2) Computational models of the fetal circulation 

Modeling of CVS is helpful to understand the complex interactions between different control 

mechanisms and the hemodynamics of heart and vessels, as well as to comprehend the genesis, 

development and evolution of cardiovascular diseases and disorders, since it provides computer-

based simulations of the different dynamic processes occurring in the system [17].  

There are different approaches to simulate the blood flow in the CVS and to help understand its 

physiological processes. These modeling tools describe the blood behavior with differential 

equations and are classified according to their domain representations: time domain or frequency 

domain. Within time domain models there is another classification according to their 

dimensionality: from 0D to 3D models. While 0D models assume a uniform distribution of blood 

pressure, flow and volume variables in time within any compartment in the circulatory system 

(organ, vessel or part of vessel), the higher dimensional ones allow the simulation of the variation 

of the fundamental variables in space. It is important to state that the specific dimension of the 

model must be selected taking into consideration the type of study that is being developed and 

the required level of accuracy [3]. Hence, not necessarily it is better to choose higher-dimensional 

models for any study that is being realized to provide better diagnostics, physiological 

understanding, or medical planning [17].  

0D lumped parameter models are the simplest ones. They are widely used to understand the 

circulatory physiology since they offer an accurate way to simulate the blood flow and evaluate 

the global hemodynamics in the whole circulatory system [3]. Moreover, 0D lumped models have 

proven to be potentially advantageous for real-time simulation of CHDs on desktop computers, 

which may be useful for surgical procedure hemodynamic management, although not including 

specific anatomical information [12]. That way, Broomé et al. [18] presented a real-time lumped 

parameter cardiovascular simulation model that included the heart and vascular system and 

allowed simulations of different pathological states. However, identification of patients’ initial 

parameters is an obstacle for bedside simulation that still remains to be solved. 
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0D lumped models are characterized by representing the fluid dynamics in each compartment of 

the circulatory system by electric networks [19], these being depicted as a set of simultaneous 

ordinary differential equations (ODEs) that describe conservation of mass and momentum, and 

algebraic equilibrium equations that identify the volume of the compartment with the pressure in it 

[17]. In 0D lumped parameter models, hydraulic-electrical analogy is applied, which establishes 

an analogy between the blood flow in the circulatory system and the electric conduction in a 

circuit [3]. 

Windkessel (WK) model helps to 

understand the whole arterial 

system in terms of a pressure-

flow relation. It relates the heart 

and the systemic circulation with 

a closed hydraulic circuit 

because it is compared to the 

maintenance of water pressure in 

the fire engines [20,21]. Figure 4 

shows this analogy, in which the 

large elastic arteries act as the 

WK reservoir [22]. 

In Table 1, there is the correspondence of the hydraulic variables with their corresponding 

electrical variables. Thus, it is shown that electric circuits can be used to model cardiovascular 

dynamics. As it is stated, the blood pressure gradient and the voltage gradient act similarly 

because the first one in the circulatory system pushes the blood to flow against the hydraulic 

impedance, and the second drives the current to flow against the electric impedance. The 

hydraulic impedance represents the combination of the effects of blood flow frictional loss 

resulting from viscous dissipation inside the vessels, inertia of blood, and vessel wall elasticity, 

which in the case of the electrical impedance, these are represented by a resistance, inductance 

and capacitance, respectively (RLC networks). In the same way, there is an analogy between 

blood flow and current laws. The first one is described by three different laws: the continuity 

equation for the mass conservation, the Poiseuille’s law for the steady flow, and the Navier-

Stokes equation for the non-steady state. The corresponding analogous laws for the current in a 

circuit are: Kirchhoff’s laws, Ohm’s law, and the line transmission equation for the voltage-current 

relation for high frequencies [17]. 

Table 1. Variables that characterize the hydraulic network and their electrical analogues 

HYDRAULIC ELECTRICAL 

Blood flow (ml/s) Current (A) 

Blood pressure (mmHg) Voltage (V) 

Blood pressure gradient (mmHg) Voltage gradient (V) 

Hydraulic impedance: Electrical impedance: 

- Frictional loss, viscosity (mmHg·s/ml) - Resistance R (Ω) 

- Vessel wall compliance (ml/mmHg) - Capacitance C (F) 

- Blood inertia (mmHg/ml) - Inductance L (H) 

Figure 4. Analogy between the fire engine with the Windkessel 
and the arterial system [22] 
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Although 0D lumped models offer a simplified representation of the CVS, their main advantage is 

that they are easy to solve since they just consist of a set of simple ODEs [23]. However, these 

models are not able to simulate the non-linearities of cardiovascular mechanics, like the 

convective acceleration contribution to the system or the non-linear relationship between 

pressure and volume occurring in a real vessel [3].  

The 0D lumped model that simulates the blood flow through the whole CVS, including organs 

such as the heart, heart valves and veins, consists of different coupled compartments, each one 

representing one part of the CVS with its mathematical formulas and components, as well as its 

inflow and outflow points [24]. In that way, 0D lumped models are divided into two subgroups: 

mono- or single-compartment models, and multi-compartment models. In the first case, the whole 

arterial network is represented by an electric network [25], and the main objective is to obtain the 

overall systemic response. On the other hand, multi-compartment models represent separate 

vascular parts as single-compartment models, which allows the representation of the blood flow 

spatial distribution in different segments of vessels, and the capture of wave reflections [3,17].  

Therefore, the different components that are included in the CVS are modeled as follows: 

1) Vascular beds 

Vascular beds are modeled with a 3-element WK model, also named Westkessel or RCR model 

[3], which is displayed in Figure 5(a) [26]. It consists of an electric circuit that comprises a 

capacitor (Cp), which simulates the compliance of the aorta, connected in parallel with a resistor 

(Rp), which represents the dissipation of small peripheral vessels, and a characteristic impedance 

(Zc), which mimics the input impedance for high frequencies [17]. Owing to the behavior of Zc, a 

resistor (Rc) is used instead, since they are numerically the same [22]. 

2) Arterial segments 

Segments of the vessel network are modeled with a L-element network, as shown in Figure 5(b) 

[27]. It is a different electrical configuration than that describing the systemic vasculature since 

their characteristics and properties are dissimilar [17]. It comprises a RLC network and the 

required boundary conditions are the upstream flow-rate (Q1) and the downstream pressure (P2) 

[27]. 

3) Valves 

 Regarding previous 0D lumped models of the heart, there are scientific publications by Pennati 

et al. [28-31] that present a model of the whole human circulation of the fetus, including the fetal 

heart, whose aim is the interpretation of local hemodynamic information obtained by non-invasive 

methods. Figure 5(c) shows the electric analog circuit of a ventricle chamber and an arterial 

valve. As for the valve, it is modeled with an ideal diode connected in series with a non-linear 

resistor (Ro). 

4) Ventricular chambers 

Finally, ventricles of the heart are modeled following Pennati et al. publications [28-31]. In Figure 

5(c) there is the electrical circuit that represents the ventricular chambers, which is comprised by 
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the isovolumic pressure generator (U), elastance (E) and a ventricular resistance connected in 

parallel (Rv). It is assumed that left and right ventricles are identical.  

 

Figure 5. Models that describe the different components of the CVS. a) 3-element WK model – Modification from 
[26], b) L-element model [27], c) Model of the ventricle and arterial valve – Modification from [28] 

Previous 0D lumped models of the fetal CVS have already been studied and published. In [32] 

and [33], Couto et al. and Huikeshoven et al., respectively, proposed mathematical models of the 

fetal circulation focused on mimicking the oxygen transport to the fetus. Another fetal circulation 

model is found in [34], in which the influences of flow pulsations are analyzed, though it presents 

some shortcomings, such as the simplification of the actual fetal arterial tree and fetal heart’s 

anatomy since it neglects the foramen oval and the ductus arteriosus (DA). Finally, considering a 

full fetal-placental circulatory model, in [35] Myers et al. proposed a model developed in the 

frequency domain, a transmission line model in contrast to all the previous presented models that 

operate in the time-domain, which is why it requires less computational time. 

Furthermore, Garcia-Cañadilla et al. has developed different 0D lumped models of the fetal 

circulation in BCNatal Research Center [36-38], in order to study the blood flow redistribution in 

fetuses with intrauterine growth restriction (IUGR) and estimate patient-specific vascular 

properties and hemodynamic parameters which cannot be directly measured in clinical practice. 

This is going to be explained in the next section.  

As previously mentioned, regarding existent 0D lumped models of the fetal heart, there are those 

published by Pennati et al. [28-31], which focused their study on the fetal CVS modeling, 

including the four chambers of the heart and the cardiac valves, in order to understand the 

hemodynamics changes in some fetal diseases. There is a small number of papers proposing 

models that simulate CHDs [6]. Particularly, there is not any published model of the fetal CVS and 

hemodynamics of a ToF fetal heart, although there are models that specifically discuss some of 

the birth defects occurring in ToF in an adult circulatory system. For instance, in [39] there is a 

model proposed that studies the changes in flow patterns seen in some congenital heart 

malformations, such as the transposition of the great arteries and VSD. Then, in [40], the 

Eisenmenger syndrome is simulated, which accounts for a VSD as well. Finally, there is a model 

that simulates the hemodynamics development in four pulmonary hypertension cases without 

treatment, one of which is the VSD [41]. 

2.2) State of the situation  

Previous studies have been developed in BCNatal Research Center in order to implement, 

calibrate and validate a model of the fetal circulation. In 2014, Garcia-Cañadilla et al. [36] 

developed a 0D lumped computational model of the fetal circulation and its main goal was to 

(a) (b) (c) 



Biomedical Engineering 
Final Degree Project 

11 

study the blood flow redistribution in fetuses with IUGR. This model was limited only to the fetal 

arterial tree and, since the fetal heart was not included, the model was directly provided with the 

boundary conditions of the aortic and pulmonary artery inflow velocities. In this section, this multi-

compartment model is going to be discussed since it has been the underlying base of the 

implemented model within this project. The model of the fetal heart has been designed from 

scratch, while the simplified vascular circulatory model has been extracted from the mentioned 

model. Finally, two birth defects occurring in ToF have been also implemented.  

Garcia-Cañadilla et al. [36] has shown that computational models are helpful both for 

understanding blood flow redistribution in IUGR fetuses and for estimating patient-specific 

properties of the vascular circulatory system, which cannot be directly measured, such as 

placental resistance and compliance, by means of model personalization using previously 

measured blood velocity profiles. 

The 0D lumped model of the fetal circulation implemented by Garcia-Cañadilla et al. is shown in 

Figure 6, in which there is the anatomical configuration of the circuit (left) and its analogue 

electrical circuit (right). It consists of two main building blocks: arterial segments (highlighted in 

red solid lines in Figure 6(b)) and vascular beds (blue dashed lines). 

 
Figure 6. Fetal circulation model: a) Anatomical simplified configuration, and b) Equivalent electrical lumped model 

[36] 

The blocks modeling the arterial segments are composed of three parameters: a resistor R that 

models blood viscosity, a capacitor C that models arterial compliance, and an inductor L that 

models blood inertia, corresponding to the L-element network (Figure 5(b)). The values of these 

components are calculated according to the following equations (Eq. 1, 2, 3), which take into 

consideration the physical dimensions and properties of each vessel: 

  
   

   
       

     

   
       

  

   
                                                    

where   and   are the length and radius of the arterial segment,   is the blood viscosity 

calculated following Eq. 4, in which    corresponds to the gestational age in weeks;   is the 

(a) (b) 
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Young’s Modulus,   is the wall thickness, assumed to be 15% of  , and   is the blood density 

(1.05 g·cm3). 

  
             

   
                                                                     

On the other hand, peripheral vascular beds were modelled with a 3-element WK model (Figure 

5(a)), in which there is a resistor (Rc) connected in series with a capacitor (Cp) and a resistor (Rp) 

in parallel. The last two components account for the compliance and peripheral resistance of the 

organs, respectively, whose initial values were extracted from the literature. Besides, the series 

resistor Rc must equal the characteristic impedance of the local vessel that is feeding the 

corresponding vascular bed, in order to avoid reflections at high frequencies, as discussed in [12].  

Afterwards, in 2015, Garcia-Cañadilla et al. [37] implemented an improved version of the previous 

model of the fetal circulation by adding new arterial segments and vascular beds and an 

improved approach to personalize the model to enable the estimation of vascular properties and 

hemodynamic parameters of each individual, which cannot be directly measured in clinical 

practice. In this case, regarding the arterial segments, the thoracic and abdominal aorta, and two 

iliac and two umbilical arteries replaced the descending aorta. Regarding the vascular beds, two 

kidneys, two lower bodies and placenta vascular bed replaced the peripheral vascular bed.  

In this project, a simplified version of the fetal circulation arterial tree has been used, similar to the 

one proposed in [38]. The anatomical configuration of the designed model consists of 6 arterial 

segments, including the DA, and 3 vascular beds, which in total sum up to 28 electrical 

components, together with the left and right ventricles, aortic and pulmonary valves and the two 

inputs of the system, which consist of the mitral and tricuspid inflows. 
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3) MARKET ANALYSIS 

 

In this section, a detailed analysis of the current market in which this project belongs to is going to 

be exposed. It is focused on the different applications that exist nowadays and that have an 

application in the maternal-fetal medicine, as well as on the possible future perspectives that can 

be considered taking into account the current situation and technological advances.   

3.1) Sectors to which it is addressed   

As has been mentioned in the previous sections, the 0D lumped model that is being developed 

following the memory of this project is destined to the obstetricians, and physicians and 

biomedical engineers specialized in maternofetal medicine, owing to the fact that its last goal is to 

provide information about the parameters of the fetus that cannot be measured non-invasively in 

clinical practice, to improve the detection and prognosis of fetuses with ToF.  

In that way, obstetricians with experience invest much time and effort in the delivery planning and 

the prediction of patient-specific severity of CHDs [41], which is why it is crucial to develop 

mathematical methods that enable simulations of hemodynamics on a desktop computer [12]. 

This technological tool could mean a quite important progress in fetal medicine since it is a very 

innovative method, and it has already provided many advances in this field over the last twenty 

years [5]. Actually, CHD treatments have demonstrated to require more customized therapies 

because there is a large inter-patient variability of anatomical and hemodynamic parameters. 

Hence, in silico patient-specific simulation is becoming more important and it has been stated to 

be a promising tool in the clinical practice to study the hemodynamics of the circulatory system 

[42]. 

Computational modeling has been proven to be very powerful and to have a huge potential in 

many different areas of hemodynamic management. It is useful when aiding CHD understanding, 

providing clinical decision support, making decisions for surgical procedures, and personalizing 

treatments, as well as to expand medical imaging data, uncover links between mechanics and 

biological response [43].  

It has already been applied to different CHD diseases, such as patients with univentricular heart, 

ToF, aortic coarctation, and transposition of the great arteries [5], although those that are being 

more investigated for mathematical modeling are univentricular heart, and aortic and pulmonary 

malformations [42]. 

3.2) Historical evolution of the market  

Within current ultrasound technological approaches, fetal echocardiography is the one used in 

clinical practice to assess alterations in fetal hemodynamics in a non-invasive manner, such as in 

CHDs. Thus, it is a specialized diagnostic procedure defined as a detailed ultrasound evaluation 

used to visualize cardiac structures and identify and characterize fetal heart anomalies [44]. 

Obstetric ultrasound examinations allow real-time ultrasonography. It can be performed with a 
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transabdominal, transvaginal or transperineal approach, depending on the clinical situation and 

the needed beam penetration and image resolution. However, transabdominal ultrasonography is 

generally used to assess the pregnancy since it allows sufficient penetration and provides an 

adequate resolution [45]. Image quality has improved with advancing technology, as well as 

obstetricians’ techniques and experience, making the identification of the details of the fetal heart 

anatomy possible [46].  

Going back in time, ultrasound examinations were first introduced into medicine in the 1970s. 

There were rapid technological advances and, from providing static images to enabling real-time 

images, ultrasound examinations became an indispensable diagnostic method for obstetricians. 

Thus, in the past three decades, this approach has revolutionized obstetrics [47]. There are 

various forms of medical diagnostic ultrasound and echocardiography according to its history 

evolution. M-mode echocardiography was the first developed method which is currently used 

when temporal resolution is required for precise measurements [48]. Then, two-dimensional (2D) 

echocardiography, which is stated to be the “gold standard” exam for CHDs diagnosis [48,49], is 

able to provide real-time images of the heart. Doppler echocardiography was the next cardiac 

ultrasound method applied in clinical practice, which permits to assess the movement, obtain 

accurate hemodynamic data and quantify blood flow through vessels. There are different forms of 

Doppler recordings that are being used in clinical practice, such as color-flow Doppler, which is 

important for cross-sectional scanning because it enables the visualization of blood flow, and 

pulsed-wave Doppler, which evaluates diastolic filling patterns and velocities [46,48].  

Recent advances in ultrasound examinations involve three-dimensional (3D) and real-time 3D 

technologies, which were first reported in 1970s but have been limited by the difficulties regarding 

the acquisition and processing of large imaging data quickly and the data presentation in an 

understandable 3D format. Nonetheless, although M-mode and 2D echocardiography have 

enabled to analyze and visualize the heart functioning for more than 30 years, and improvements 

in 3D echocardiography are still required to optimize its clinical usage, this method represents a 

promising tool in the contemporary cardiology, particularly in CHDs, since it can depict complex 

cardiac structures to their realistic forms [46]. 

During the twentieth century, advances in medicine enabled a paradigm shift of the relationship 

between physicians and patients. It changed from patient-centric, meaning that it is more 

concerned on a qualitative sensory inspection of the patient, into a more data-driven approach. 

Thus, cardiovascular modeling has started to have more impact on clinics [50].  

3.3) Future market prospects 

Regarding the future perspectives on the use of computational modeling in the clinical 

environment, it has been proven that it is a rapidly increasing field. Although lumped parameter 

models cannot substitute clinical exams and judgment, they can be very helpful to guide clinical 

decisions in surgical and treatment planning, in device placement, and to extend clinical imaging 

[42], as well as to analyze quantitatively the relationship between hemodynamics and biological 

processes [43].  
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However, there are some limitations that must be solved prior to its clinical translation. For 

instance, although computing power has increased much and modeling now requires hours to 

complete instead of days, it should enable simulation times in the order of minutes [42]. In 

addition, it has been stated the need for new technologic tools more focused on physiologic and 

biologic realism, and clinical utility, thus, clinical trials should put more emphasis on the impact of 

these tools on patient outcomes rather than on technical demonstrations in case studies. Lastly, 

design and development of new devices is a favorable promise, which could benefit from 

computational modeling in order to have both lower cost and lower risk [43]. That way, in a 

foreseeable future, lumped models are going to be combined with echocardiographic images, so 

that hemodynamics modeling can be based on specific anatomical data, specifically on CHDs 

anomalies.  
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4) CONCEPTION ENGINEERING 

 

This section describes the conception engineering of this project by first describing the data that 

has been used in order to design and validate the fetal heart 0D lumped model, then explaining 

the overall pipeline of the project and the methodology that has been followed, and finally 

presenting some alternative solutions that could have been used instead of a 0D lumped 

parameter model.  

4.1) Study individuals  

In order to build and validate the 0D lumped model, clinical and echocardiographic data of healthy 

fetuses was used. In that way, data from a healthy pregnant women who attended the Maternal-

Fetal Department in Hospital Clínic de Barcelona was supplied, which consists of clinical data 

including GA and estimated fetal weight (EFW); Doppler images from mitral, tricuspid, aortic and 

pulmonary valves, DA as well as the diameters of the four cardiac valves. From the Doppler 

images, heart rate (HR), fetal cardiac timing events such as the filling time (FT), isovolumic 

contraction time (IVCT), isovolumic relaxation time (IVRT), ejection time (ET), and total cycle 

duration (Tc) were quantified. Moreover, the E (early diastole) and A (late diastole) annular peak 

velocities of both atrioventricular valves, as well as the aortic and pulmonary maximum blood 

velocities were also measured. Specifically, data from a healthy fetus of 34.71 weeks of gestation 

and EFW of 2396 grams was used to calibrate the model and perform all the parametric 

analyses. 

In Figure 7, there is an illustration, extracted from [51], of the measured mitral inflow and aortic 

outflow of the left heart of a fetus during a heart beat together with all the timings: FT, IVCT, ET 

and IVRT. In it, there can be clearly observed the specific waveform of the biphasic inflow that is 

generated by the entering of blood to the ventricle by means of the atrioventricular valve opening. 

This includes the E (early or passive diastole) wave that represents the myocardial relaxation in 

which the blood from atria fills the ventricle due to pressure differences, and the A (atrial, active or 

late diastole) wave that depicts the atrial contraction during ventricular filling. Moreover, the 

division of the cardiac cycle into its four different time periods is also displayed: 

 FT: It consists in the diastolic or ventricular filling stage, in which blood flows from atria to 

ventricular chambers, and it occurs after the mitral and tricuspid valves opening. It 

comprises E diastole and A contraction period. 

 IVCT: The next period occurs after the atrioventricular valves closure and just before the 

aortic and pulmonary valves open, in which the systole begins, thus the ventricular 

pressure starts increasing. 

 ET: The opening of arterial valves is forced by the increase in ventricular pressure, which 

causes the ejection of blood to the arterial vessels.  

 IVRT: It comprises the beginning of the diastole period, in which the myocardium starts 

relaxing. It happens within the closing of the aortic and pulmonary valves and the 

opening of the atrioventricular valves. 
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Figure 7. Mitral biphasic inflow (E and A waveforms) and aortic outflow (Ao waveform) in a spectral Doppler image. 
Time intervals include: IVCT, ET, and IVRT – Modification from [51] 

4.2) Proposed Solution 

In this project, a mathematical model of the fetal heart and part of the vascular circulatory system 

has been developed using MATLAB environment and Simulink which enables the modeling and 

simulation of dynamic systems in a graphical interactive editor. Indeed, Simscape ElectricalTM 

toolbox has been used in order to implement the electric circuit. 

As it will be discussed in the following sections, the final simplified 0D lumped model involves two 

different parts: the heart and the vascular system. The first one consists of the left and right 

ventricles and the aortic and pulmonary valves of the heart, and it includes two input functions 

corresponding to the mitral and tricuspid inflows. The second part comprises 6 arterial segments, 

which include the ascending aorta, thoracic aorta, DA, main pulmonary artery and left and right 

pulmonary arteries, and 3 vascular beds: the systemic circulation and left and right pulmonary 

circulation. In addition, since it is not a closed model, thus the venous circulation was not 

modeled, the venous pressure was considered 0 mmHg. Therefore, all the peripheral resistors 

and capacitors were connected to ground. 

The first step was the design of the fetal heart 0D lumped model, including only the two ventricles 

and the two arterial valves (aortic and pulmonary valves). The two atria were remodeled since the 

mitral and tricuspid valve inflows were used as input of the proposed model. These fluxes and the 

composition of the heart model are mostly based on papers published by Pennati et al., 

specifically in [30], where the required equations are provided. Then, a simplified version of the 

vascular circulatory system was integrated into the model, based on the modeling approach 

published by Garcia-Cañadilla et al. [36-38]. That way, the systemic and the pulmonary 

circulations join through the DA arterial segment. 

In addition, owing to changes in the vascular compliances and resistances, as well as in some 

hemodynamic parameters, that occur during fetal growth, their values must be scaled considering 

the EFW of the fetus. By means of different allometric equations proposed by Pennati et al. in 
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[52], vascular and cardiac parameters of the human fetus can be directly associated to the fetal 

weight, which is related to the anatomical dimensions of vessels.  

Then, once the model was adjusted in healthy conditions, parametric sensitivity analysis was 

performed in order to quantify the relative importance of the different input cardiac parameters on 

the model output. The next step was the calibration of the 0D lumped model, which included the 

fetal heart and the vascular circulation, to guarantee that the computational outcomes fit with the 

patient-specific measurements. Thus, a set of different parameters was calibrated, using an 

automatic optimization-based calibration method implemented in MATLAB. The algorithm 

returned an association of parameter values that gave the minimum possible error between the 

simulations and the real data. Finally, having the fetal heart model calibrated, two of the birth 

defects present in ToF, which are VSD and PVS, were modeled and the effects they cause to the 

hemodynamics were analyzed by means of parametric analysis.  

4.3) Alternative solutions 

As has been previously discussed in section 2.1.2, the models in time domain are classified 

depending on their dimensionality. This project has focused on 0D lumped models, but it is 

important mentioning the properties of the higher dimensional ones and why a lower dimension 

model has been adopted. 

A summary of the properties of the models in the different dimensions in time domain is shown in 

Table 2, extracted from [3]. While 0D lumped models consider a uniform distribution of the 

fundamental variables in space at any time, higher dimensional ones (1D, 2D and 3D models) do 

allow the recognition of the variation of these parameters in space. Therefore, 0D models just 

enable the simulation of pressure and flow changes in local areas of circulation. On the other 

hand, 1D models permit the representation of the effect of the wave reflection, and they describe 

the variation of the flow velocity through the length of the blood vessel. 2D models can describe 

the radial changes of blood flow occurring in a tube with axial symmetry. Finally, 3D models are 

required when the flow must be represented in 3D domains, such as in bifurcations of vessels, 

through heart valves, or inside ventricles [3,10].  

Blood flow behaves differently according to its location in the CVS, so it is important to have a 

model that enables the representation of the spatial distribution. Although 0D lumped models are 

uniform in space, spatial distribution can be approximated by implementing multi-compartment 

models, in which blood flow and pressure remain constant in each compartment [10]. Therefore, 

more complex (higher-dimensional) models do not have to be used in this project because they 

would add unrequired complexity and are computationally very expensive compared to 0D 

lumped models. In addition, it is well known that 0D lumped models are appropriate for the study 

and evaluation of the hemodynamic interactions among different cardiovascular organs, as of the 

global distribution of variables for specific physiological conditions [3], which applies for the main 

objective of this project. These are the main reasons why we decided to implement a 0D lumped 

parameter model, whose validity in describing the CVS is supported by a great number of 

publications already available in the literature [29]. 



Biomedical Engineering 
Final Degree Project 

19 

Table 2. Comparison of modeling techniques in time domain for the study of cardiovascular dynamics 

METHOD OF STUDY SUITABLE RESEARCH TARGET 

Lumped  
parameter model 

0D 
- Global cardiovascular dynamics in the whole CVS 
- General pressure and flow-rate changes in a local circulation loop 
- Possibly to provide boundary conditions for local 3D models 

Distributed 
parameter model 

1D 
- Pulse wave transmission 
- Improved boundary conditions for 3D local models, capable of 

capturing systemic wave reflection effects 

2D 
- Local flow field study in axisymmetric domains 
- Further improvement of boundary conditions for local 3D models, 

but limited applicability 

3D - Local flow field study in full 3D domains 
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5) DETAILED ENGINEERING 

 

In this section of the project report, a detailed explanation of the development of the study and the 

different steps and methodology is presented. First, a brief definition of the input data used to 

build the model is described. Then, the anatomical configuration and the equivalent electric circuit 

of the final designed model, together with the description of each of its components are 

described, including the model of the VSD. Finally, the description of the parametric analysis, the 

patient-specific calibration of the model in healthy conditions, and the parametric studies to 

evaluate the hemodynamic changes due to different size / degree of VSD / PVS are provided. 

5.1) Input Data 

The clinical and echocardiographic data of a healthy fetus used to implement and calibrate the 

model is shown in Table 3. 

Table 3. Specific clinical data of a patient from Hospital Clínic de Barcelona (EFW: estimated fetal weight, GA: 
gestational age, FT: filling time, IVCT: isovolumic contraction time, ET: ejection time, IVRT: isovolumic relaxation 

time, Tc: total cycle duration, HR: heart beat, E: early or passive diastole, A: atrial, active or late diastole) 

CLINICAL PARAMETERS MEASURED DATA 

Clinical 
EFW (g) 2396 

GA (weeks) 34.71 

Timings 

FT (ms) 0.20 

IVCT (ms) 0.035 

ET (ms) 0.204 

IVRT (ms) 0.02 

Tc (s) 0.458 

HR (bpm) 136.5 

 LEFT HEART RIGHT HEART 

Velocities 

E (cm/s) 34.7 45.1 

A (cm/s) 46.2 57.0 

Arterial Valve Peak Vel. (cm/s) 92.0 81.0 

Diameters 
Atrioventricular Valve diameter (mm) 13.1 13.7 

Arterial Valve diameter (mm) 5.4 6.7 

 
The blood flow inputs, which are the mitral and tricuspid valves’ flows, are calculated from the 

velocities using the following equation:         , where   is the valve radius, and   is the 

blood velocity function. A MATLAB script has been developed to compute the mitral and tricuspid 

blood velocities, using the E and A annular peak velocities from both valves, the FT, and the 

whole cardiac cycle duration (see Table 2). The diameters of the atrioventricular valves have 

been slightly modified to achieve a more accurate model performance. In Figure 8, both 

computed velocity profiles are represented, whose biphasic waveforms can be compared to the 

ones previously seen in Figure 7.  
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Figure 8. Computed atrial input velocity, from left and right atria, respectively 

5.2) Fetal heart 0D lumped parameter model with and without cardiac defects 

The 0D lumped model of the heart and CVS of a fetus that was finally implemented is shown in 

Figure 9, which accounts for its anatomical configuration and the electric analogue circuit.  

 

 

Figure 9. 0D lumped model of a normal fetal heart. a) Anatomical configuration of the model, b) Equivalent electric 
circuit (LA: left atrium, LV: left ventricle, RA: right atrium, RV: right ventricle, aV: aortic valve, pV: pulmonary valve, 

aAo: ascending aorta, tAo: thoracic aorta, pA: main pulmonary artery, lpA: left pulmonary artery, rpA: right pulmonary 
artery, QmV: mitral valve flow, QtV: tricuspid valve flow, U: isovolumic pressure generator, E: elastance, s: systemic 

vasculature, LL: left lung, RL: right lung, DA/duct: ductus arteriosus) 

Figure 9(a) shows a scheme of the anatomy of the model, in which we can see all the 

components previously mentioned: both inputs, left and right ventricles, the arterial valves, the 6 

arterial segments, including the fetal shunt (dashed line), and the 3 vascular beds.  

(a) 

(b) 
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On the other hand, Figure 9(b) shows the equivalent electric circuit of the model. It includes both 

ventricles and arterial valves (highlighted in solid green lines), modelled with an isovolumic 

pressure generator, an elastance term and a resistance connected in parallel, and an ideal diode 

with a non-linear resistance in series, respectively (Figure 5(c)); the arterial segments (highlighted 

in solid red lines), all of them modeled following the L-element model (Figure 5(b)), and the DA 

presenting a slight modification to the previous network because it presents two compliances 

instead of just one; and finally, the vascular beds (highlighted in dashed blue lines), modelled with 

a 3-element WK (Figure 5(a)). Next, the different components of the model are going to be 

described. 

5.2.1) Ventricles of the heart  

With respect to the modeling of the fetal ventricles, these are modelled after Avanzolini et al. [53], 

and discussed thoroughly by Pennati et al. [28-31]. Three components are required: isovolumic 

pressure generator             , which takes into account the contractile properties of the 

myocardium, a resistance Rv, which is a constant viscous term related to the dissipative viscosity 

of the myocardium wall, and the elastance, described by Zhu et al. in [54] as           

(         )    , a time-varying elastic term which is associated to the elastic characteristics 

and the geometry of the ventricle and that relates the ventricular pressure with the ventricular 

volume. In these relationships,    is the isovolumic pressure generator constant;      and      

are the diastolic and systolic ventricular elastances, respectively;    represents the normalized 

elastance; and      is the normalized sinusoidal activation function that describes the 

progressive fiber excitation-relaxation pattern of the ventricles as follows:  

     

{
 
 

 
      (

   
  

)

 
                
 

                                            

                                               

where    and    are the cardiac and systolic time duration, respectively.  

The final values of the different parameters adopted for the implemented heart model are 

provided in Table 4. It must be mentioned that, as the fetal heart grows during the gestation, it 

suffers from anatomical, mechanical and functional changes due to substantial structural 

modifications on the myocardial tissue. Pennati et al. [47] defined a scaling approach of human 

fetal cardiac and circulatory parameters in order to consider the increase of the fetal body size 

during human gestation. The adopted expression is the allometric equation shown in Eq. 6 and it 

describes the changes in the parameters as a function of the EFW: 

             
                                                                     

where   is the scaling factor and describes the effect of a change in body size,    is the variable 

under study which is scaled for the EFW,    is the reference arterial dimension of a specific EFW 

and GA,    is the EFW of the patient being studied in grams, and    is the reference EFW 

which is calculated as    
  

                                 [55]. 

It has been demonstrated that the contractile parameter    is lower in a fetus heart near term 

than in an adult heart, while the elastances      and      are higher. This means that the 
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isovolumic pressure generator constant increases during pregnancy and elastances decrease 

[55]. We extracted values of these three parameters from Pennati et al. [29], which are    = 40 

mmHg,       = 0.3 mmHg/ml and      = 3.0 mmHg/ml, corresponding to a fetus of 3 Kg. The 

scaling factors ( ) of the allometric equation (Eq. 6) for   ,      and      were 0.1, – 0.8 and – 

1.1 respectively, and were obtained from [55]. Regarding the ventricular resistance   , it 

undergoes the same behavior as the rest of the vessels’ resistive terms which are assumed to 

decrease when the body weight increases. Therefore, the initial value of    = 0.08 mmHg·s/ml, 

and the corresponding scaling factor is -1.0 [55]. Hence, the final adopted values are given in 

Table 4.  

Figure 10(a) shows the course of      during a cardiac cycle. The initial values considered for    

and the delay between the atrial and the ventricular systoles are 0.22 and 0.10 seconds, 

respectively. These two parameter values are going to be adjusted for the patient-specific 

calibration. On the other hand, in Figure 10(b), the elastance curve      is represented. 

 

Figure 10. a) Activation function of the fetal ventricles; b) Time-varying elastance of the fetal ventricles 

5.2.2) Aortic and pulmonary valves 

Cardiac valves are modeled with two components connected in series: an ideal diode that limits 

flow to one direction, and a non-linear resistor that describes the non-linear relationship 

accounting for the dissipative properties of the heart, as previously described (Figure 5(c)). Two 

custom blocks have been designed in Simscape, MATLAB, to implement these two components.  

Regarding the design of the diode, it was based on the mathematical model in [56], which 

accounts for a model that includes the heart and valves but using hydraulic instead of electric 

components. The diode’s behavior that enables one-way blood flow is characterized as follows: 

  {

     
      

                  

 
                                 

                                                               

where   is the current that simulates the valves’ flow,       is the voltage difference 

representing the pressure drop across them, and        is a small resistor, whose value is listed 

in Table 4.  

The non-linear relationship of cardiac valves is described by Yellin et al. [57], and again 

discussed by Pennati et al. [28,31] and by Shimizu [12], and it follows the next expression: 

(a) (b) 
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where        is a dissipative component that depends on the valvular diameter, thus it is 

computed following Eq. 1 that depends on the physical dimensions of each valve. Their length is 

1 mm and their diameters are shown in Table 3. 

Table 4. Parameter values used in the fetal heart model of this project 

PARAMETER VALUE 

   (mmHg) 39.078 

     (mmHg/ml) 3.877 

     (mmHg/ml) 0.362 

   (mmHg·s/ml) 0.101 

       (mmHg·s/ml) 0.001 

 
5.2.3) Systemic and pulmonary circulations 

The resistance, compliance and inductor components of the arterial segments, which are the 

ascending aorta, thoracic aorta, main pulmonary artery, left and right pulmonary arteries and DA, 

are set up following Eq. 1,2,3 described in section 2.2, respectively. Besides, the values of the 

two capacitors of the DA have been adjusted by dividing the value of a single capacitor by two.  

The physical dimensions of each vessel are required to compute the values of the previous 

electric components. These are calculated according to the specific GA of the fetus, as shown in 

Table 5. 

Table 5. Equations describing the vessel’s physical dimensions (length, diameter and E: Young’s modulus) as a 
function of gestational age in weeks for the 6 arterial segments included in the final lumped model 

VESSEL LENGTH (mm) DIAMETER (mm) E (g · cm-1 · s-2) 

Ascending aorta 
+ Aortic arch 

                  

                
                       (3.8 · 102 · GA2 + 4.7 · 103 · GA + 1.5 · 104) 

Main pulmonary 
artery 

                                    (3.8 · 102 · GA2 + 4.7 · 103 · GA + 1.5 · 104) 

Right pulmonary 
artery 

                                  (3.8 · 102 · GA2 + 4.7 · 103 · GA + 1.5 · 104) 

Left pulmonary 
artery 

                                  (3.8 · 102 · GA2 + 4.7 · 103 · GA + 1.5 · 104) 

Ductus 
arteriosus 

                
               

              
       (3.8 · 102 · GA2 + 4.7 · 103 · GA + 1.5 · 104) 

Thoracic aorta                                        (3.8 · 102 · GA2 + 4.7 · 103 · GA + 1.5 · 104) 

  

Once the physical properties were calculated according to the GA of the fetus, they were scaled 

using the allometric equation Eq. 6. For any anatomical linear quantity, like the human fetal 
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vessel lengths and diameters, a scaling factor (b) of 0.33 can be used to describe the changes 

occurring during pregnancy [47].  

With regard to the vascular beds, these consist in a resistor (  ), and a peripheral capacitor (  ) 

and resistor (  ). As for the   , it must equal the characteristic impedance of the vessel that is 

feeding the vascular bed in order to avoid wave reflections. Concerning the    and    of the 

systemic and pulmonary circulations, the initial values listed in Table 6, which were extracted 

from the previous models of BCNatal research group, were adopted. Right and left lungs were 

assumed to be identical, so they were given the same parameter values. In the next sections, we 

are going to discuss the calibration of these values.  

Table 6. Initial values of peripheral resistances and compliances 

PARAMETER VALUE 

       (mmHg·s/ml) 36.2369 

   (mmHg·s/ml) 4.0677 

       (ml/mmHg) 0.0516 

   (ml/mmHg) 0.0935 

 

5.2.4) Fetal heart model with VSD and PVS 

The VSD was modeled with a linear resistor that connects both ventricles. The model of the fetal 

CVS including the VSD is displayed in Figure 11. As discussed in [12], it is not necessary to use 

non-linear components in order to simulate a VSD. Therefore, the value of this resistance is 

calculated following the Eq. 1, using the size of the defect as the diameter. As for the length of 

VSD, it corresponds to the septal wall thickness. García-Otero et al. [58] constructed nomograms 

for different fetal cardiac dimensions and myocardial wall thicknesses. The corresponding 

regression equation against GA for the septal wall thickness is                , which 

results in a value of 4.151 mm for the VSD length. Finally, we have kept the value for the blood 

viscosity constant. 

Regarding the PVS, this has been simulated by reducing the diameter of the pulmonary valve 

from the 0D lumped model in healthy conditions.  

 
Figure 11. Equivalent electric circuit of a fetal heart with VSD. (QmV: mitral valve flow, QtV: tricuspid valve flow,      

U: isovolumic pressure generator, E: elastance, LV: left ventricle, RV: right ventricle, aV: aortic valve, pV: pulmonary 
valve, aAo: ascending aorta, tAo: thoracic aorta, s: systemic vasculature, pA: main pulmonary artery, lpA: left 

pulmonary artery, rpA: right pulmonary artery, LL: left lung, RL: right lung, DA/duct: ductus arteriosus) 
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5.3) Parametric analysis in healthy conditions 

Parametric sensitivity analysis allows us to examine how a model behaves as you vary one or 

more of its input parameters. In this project, multiple single parametric analyses were done to 

inspect the individual contribution of each selected model parameter to the whole system and 

evaluate its performance to mimic blood flow velocities and pressures in the fetal heart.  

The selected input parameters for the parametric analysis were: the four organ peripheral 

resistances and compliances (     ) of the systemic circulation and pulmonary circulation 

vascular beds, the ventricular contraction duration (  ), the delay between the atrial and the 

ventricular contraction (     ), and the diameters of both mitral and tricuspid valves 

(                  ). The initial values for the    and    of both pulmonary and systemic 

circulations, and the    and       have been just discussed in section 5.2. Regarding the mitral 

and tricuspid valve diameters, we have chosen different initial values instead of using those 

provided in Table 3. There is high variability in the clinical measurement of cardiac valve 

diameters, and its accuracy is influenced by different factors, such as image resolution, the 

echocardiographer performing the measurement, and even the specific type of echocardiographic 

equipment and imaging transducer used [59]. In this case, we finally determined that the values 

given for the atrioventricular valve diameters of the healthy patient (Table 3) were significantly 

different from those extracted from literature, which was likely to introduce some error in the 

model. Thus, we used the values given in [29], which were extracted from [60] by De Smedt et 

al., that is 9 and 9.3 mm for the mitral and tricuspid valves, respectively, corresponding to a fetus 

with a EFW of 3 Kg. Then, the allometric equation Eq. 6 with a scaling factor equal to 0.33 was 

used in order to scale both diameters to the EFW of the healthy patient (Table 3), resulting in 8.33 

and 8.61 mm for the mitral and tricuspid valves, respectively. The rest of the model parameters 

were set to their corresponding nominal value, provided in the previous sections. 

For each of the 8 selected parameters, a range of 10 possible values were defined, covering 

values either below and above its nominal value, providing that it is an appropriate range to 

include all the possible physiological values in healthy conditions. The minimum and maximum 

values for each parameter are shown in Table 7. In the case of Tv and delay parameters, the 

range has been defined taking into account that the expression             is fulfilled. 

Table 7. Minimum and maximum values for peripheral resistances and compliances, ventricular systolic time and 

time delay between atrial and ventricular systole, and diameters of atrioventricular valves 

PARAMETER 
VALUE  

PARAMETER 
VALUE 

Min. Max.  Min. Max. 

        (mmHg·s/ml) 2.416 72.474     (seconds) 0.11 0.352 

       (ml/mmHg) 0.001 0.206        (seconds) 0.05 0.23 

    (mmHg·s/ml) 0.407 12.203          (mm) 5.0 16.67 

   (ml/mmHg) 0.0006 0.125             (mm) 5.18 17.28 
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5.4) Calibration of the simplified model of the fetal heart in healthy conditions 

Following the sensitivity analysis that has enabled to understand and evaluate the individual 

contribution of a set of 8 parameters on the resulting pressure and flow waveforms, the next step 

is the calibration of the model using the clinical and Doppler data from the healthy control fetus 

described in section 5.1. The main goal of this section is to adjust the model parameters to fit the 

model-based velocity waveforms of the aorta (      ), main pulmonary artery (     ), and DA 

(   ), and the values of the different cardiac timings: FT, IVCT, ET and IVRT, to the measured 

ones (Table 3), as well as to ensure that the values of the systolic blood pressure (SBP), diastolic 

blood pressure (DBP) and mean blood pressure (MBP) are within the corresponding physiological 

values that are described by Struijk, P. C. et al. in [61], computed as follows:  

                                                                             

                                                                                       

                                                                                     

In the case of the SBP, DBP and MBP values corresponding to the presented healthy patient 

(Table 3), these are 52.70, 25.73 and 40.53 mmHg, respectively. With respect to MBP, this is 

computed following the equation:        ⁄          ⁄       [61]. 

The subset of 8 model parameters that were selected for the model calibration because they 

needed to be adjusted were: the pulmonary and systemic circulation vascular beds, the heart 

parameters Tv and delay, and the mitral and tricuspid valve diameters, as explained in section 

5.3.  

For a better performance of the optimization algorithm, the variation of the model parameters with 

respect to their nominal values was estimated. Optimization process was done using a 

constrained nonlinear optimization algorithm (surrogateopt function from MATLAB [62]) that 

minimizes an objective function denoted by J. The optimization algorithm iteratively varies the 

model parameters until the objective function reaches a minimum value. The initial values of the 

model parameters that had to be provided to the optimization algorithm were randomly chosen 

within a physiological range. The objective function was defined as the weighted sum of the 

relative errors between the model-based (denoted by ~) and the real variables, as shown in the 

following expression:  

    
 

 
 ( ∑      (     ̃)

               

    ∑     (   ̃)

                        

)         

where   indicates the three different locations of the fetal circulation where blood velocity was 

measured (aorta, pulmonary artery and DA), and   corresponds to the other six cardiac 

parameters (systolic, diastolic and mean blood pressures and cardiac timings) that had also been 

calculated or measured. The relative error of the blood velocities profiles was computed using the 

normalized root-mean-square error (NRMSE), while the relative error of the rest of single 

variables were computed using the root-mean-square error (RMSE).  
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5.5) Parametric analysis of the fetal heart model with VSD and PVS 

Once the model was calibrated under healthy conditions, we modeled two of the cardiac defects 

present in ToF: VSD and PVS. In section 5.2.4, the 0D lumped parameter model that includes 

both defects was described. In this section, two parametric analyses were performed in order to 

evaluate the effects of both defects on the fetal hemodynamics.  

Regarding the VSD, as it has been previously explained in section 5.2.4, this is modeled by a 

linear resistor that connects both left and right ventricles, and the value of this electric component 

was adjusted taking into account its physical dimensions (Eq. 1). The VSDs are often classified 

as small, if the diameter is ≤ 3 mm; medium, if the diameter ranges from 3 to 6 mm; and large, if 

the diameter is > 6 mm [63, 64]. Therefore, a range of 10 values from 1 to 10 mm corresponding 

to the VSD diameter was defined. 

With respect to the PVS, this was modeled by decreasing the value of the pulmonary valve 

diameter, which is required to compute the dissipative coefficient of the valve’s non-linear resistor 

that is consequently modified. Therefore, to study the effects of different degrees of PVS on fetal 

hemodynamics, a range of 8 decreasing factors from 0.9 to 0.2 with respect to its original size 

was defined. PVS severity is quantitatively assessed by the transpulmonary pressure gradient 

and the velocity flow curve across the pulmonary valve. The pressure gradient is derived from the 

velocity profile, using the simplified Bernoulli equation         
 , which has proven to be 

reliable thus it has good correlation with invasive measurement using cardiac catheterization [65]. 

American College of Cardiology/American Heart Association (ACC/AHA) published in 2006 the 

classification of PVS, in adults, in terms of the peak velocity and the peak gradient, as shown in 

Table 8 [66]. In the case of fetuses, we have not found literature giving specific values for the 

grading of PVS severity, although in [67] they use this classification for neonates with PVS. Then, 

in [68], Castor et al. demonstrated that the Doppler-derived pressure gradient and the peak 

Doppler velocities can be misleading in the assessment of PVS severity during fetal life, if used 

alone, and that they are useful for the identification of mild to moderate forms of stenosis but must 

be used with extreme discretion for more severe cases, since it was proven that they did not 

increase systematically in proportion to the severity of the stenosis. However, this table can 

provide a first insight into the hemodynamic changes in a fetal heart with PVS.  

Table 8. Grading of PVS severity 

 Mild Moderate Severe 

Peak velocity (m/s) <3 3 – 4 >4 

Peak gradient (mmHg) <36 36 – 64 >64 
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6) RESULTS AND DISCUSSION 

 

The results of the study are presented in this section, along with their corresponding discussion. 

Following the steps of the project that have already been explained, first the resulting plots of the 

different parametric analyses are exposed; then the results of the calibration of the 0D lumped 

model of the fetal heart are shown and, finally, an estimation of the effects of different VSD sizes 

and degree of PVS on fetal hemodynamics is depicted.  

6.1) Parametric analysis in healthy conditions  

6.1.1) Peripheral resistances and compliances of pulmonary and systemic vascular beds 

In Figure 12, it is shown the single parametric study of the variation of the peripheral compliance 

of the pulmonary circulation vascular bed (      ) in the healthy fetus (k is the changing factor 

that multiplies the parameter’s nominal value). The model-based pressure waveforms in left 

(Fig.12(a)) and right (Fig.12(b)) ventricles are plotted, as well as the velocity profiles in the aorta, 

pulmonary artery and DA (Fig.12(c,d,e)). The resulting plots of the variation of the systemic 

circulation vascular bed peripheral compliance (  ), and both the pulmonary and systemic 

circulation vascular bed peripheral resistances (      ,   ) are presented in Appendix A. 

 
Figure 12. Model-based waveforms resulting from the parametric study on the variation of the peripheral compliance 

of the pulmonary circulation vascular bed (      ): a) left ventricle and aorta pressure; b) right ventricle and 

pulmonary artery pressure; c) aorta velocity; d) pulmonary artery velocity; e) DA velocity 

(a) (b) 

(c) (d) (e) 
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The obtained results suggested that by increasing the value of    (both pulmonary and systemic 

circulation vascular bed compliances) (Fig.12(a,b) and Fig.A1(a,b)), the ventricular pressure 

decreases, which means that the SBP decreases too, but the DBP increases, causing the 

reduction of the pulse pressure (SBP minus DBP). Conversely, peak velocities of the aorta and 

pulmonary artery (Fig.12(c,d) and Fig.A1(c,d)) increase, showing a shorter ET, and a temporal 

delay that causes the increase of IVCT. Regarding the DA velocity, by decreasing the value of 

       (Fig.12(e)), a more physiological waveform is obtained but it presents an oscillatory 

behavior. On the contrary, the DA velocity achieves a better range of values by increasing the 

value of the systemic circulation vascular bed peripheral compliance (  ) (Fig.A1(e)). On the 

other hand, our results suggested that by increasing the value of    (both pulmonary and 

systemic circulation vascular bed resistances), the velocity profiles of the aorta and pulmonary 

artery suffer the same changes as with    (Fig.A2(c,d) and Fig.A3(c,d)). Inversely, the ventricular 

pressure and, consequently, SBP, both increase; as well as DBP, keeping constant the pulse 

pressure (Fig.A2(a,b) and Fig.A3(a,b)). With respect to the DA velocity (Fig.A2(e) and Fig.A3(e)), 

it is considerably modified by varying the value of   , though it does not achieve a physiological 

waveform. 

6.1.2) Ventricular activation timings  

Figure 13 shows the two resulting plots of the parametric study on ventricular activation timings in 

healthy conditions: duration of the ventricular contraction and delay between atrial and ventricular 

contraction (k is the changing factor that multiplies the parameter’s nominal value). The resulting 

plots of the elastance curve, the model-based pressure waveforms and the model-based velocity 

waveforms as a function of    and       are presented in Appendix B. 

 
Figure 13.  Model-based ventricular activation waveform resulting from the parametric study on the variation of: a) 

ventricular contraction duration (  ); b) delay between atrial and ventricular contraction (     ) 

The obtained results suggested that by increasing the value of   , the ventricular activation 

waveform (Fig.13(a)) widens as expected, as well as the elastance curve (Fig.B1(a)), which 

causes pressure waveforms of ventricles and arteries (Fig.B2(a,b)) to widen and decrease. Then, 

SBP decreases as well, whereas DBP increases, making the pulse pressure to decrease. 

Besides, it causes velocity waveforms of aorta and pulmonary artery (Fig.B2(c,d)) to widen, 

meaning a longer ET, and to have a temporal delay, which means a longer IVCT. Their peak 

(a) (b) 
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velocities decrease. As for the DA velocity (Fig.B2(e)), it takes fewer negative values by 

increasing   . On the other hand, by increasing the value of      , both the ventricular 

activation (Fig.13(b)) and elastance (Fig.B1(b)) curves are shifted to the right, which makes all 

model-based pressure (Fig.B3(a,b)) and velocity waveforms (Fig.B3(c,d,e)) to shift to the right as 

well. Thus, SBP and DBP do not change, and IVCT and ET become positive.  

6.1.3) Diameters of mitral and tricuspid valves   

Finally, Figure 14 shows the model-based pressure and velocity waveforms from the single 

parametric study on the variation of the mitral valve diameter (k is the changing factor that 

multiplies the parameter’s nominal value). The resulting plots showing the variation of the 

tricuspid valve diameter are presented in Appendix C. 

 

Figure 14. Model-based waveforms resulting from the parametric study on the variation of the mitral valve diameter: 
a) left ventricle and aorta pressure; b) right ventricle and pulmonary artery pressure; c) aorta velocity; d) pulmonary 

artery velocity; e) DA velocity 

The obtained results suggested that by increasing the value of both diameters, pressures of left 

and right ventricles (Fig.14(a,b) and Fig.C1(a,b)), and velocity profiles of aorta and pulmonary 

artery (Fig.14(c,d) and Fig.C1(c,d)) increase, reaching non-physiological values. The main 

difference between the variation that cause mitral and tricuspid diameters is the fact that the 

increase of the first one generates a greater change in the aorta velocity rather than in the 

pulmonary artery velocity, and vice versa. Concerning the DA velocity, by decreasing the mitral 

diameter (Fig.14(e)), it takes fewer negative values, as well as by increasing the value of the 

tricuspid diameter (Fig.C1(e)), although the waveforms obtained are not physiological.  

(a) (b) 

(c) (d) (e) 
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To summarize, these parametric analyses have proven that the implemented model configuration 

of the fetal heart is able to reproduce the blood flow velocities and pressures in healthy 

conditions, but the values of the 8 selected parameters must be calibrated in order to obtain 

realistic waveforms and values. It must be mentioned that the DA is the one that suffers more 

drastic changes in its velocity profile that do not correspond to the measured waveform when 

modifying the value of the different model parameters.  

6.2) Calibration of the simplified model of the fetal heart in healthy conditions  

The result of the fetal heart 0D lumped model calibration is presented in this section. Table 9 

displays the calibrated values of the model parameters obtained after running the optimization 

algorithm. Then, Figure 15 shows the model-based waveforms of the pressures in the left and 

right ventricles and arteries, and Figure 16 shows the measured (dashed black line) and the 

model-based (solid blue line) waveforms of the velocity profiles of the aorta, pulmonary artery and 

DA. Besides, Figure 17 presents the simulated cardiac timings, which correspond to the time 

intervals between the valves opening/closing. The measured and simulated values of the cardiac 

timings (FT, IVCT, ET and IVRT) and blood pressures (SBP, DBP and MBP), as described in 

section 5.4, are presented in Table 10, next to their relative error.  

Table 9. Initial and final values after calibration of the fetal heart 0D lumped model 

PARAMETER 
VALUE 

Initial Calibrated 

        (mmHg·s/ml) 36.2369 55.1042 

       (ml/mmHg) 0.0516 0.0260 

    (mmHg·s/ml) 4.0677 3.7320 

   (ml/mmHg) 0.0935 0.1827 

   (seconds) 0.22 0.319 

      (seconds) 0.1 0.139 

        (mm) 8.33 8.19 

           (mm) 8.61 8.08 
 

     

Figure 15. Model-based pressure waveforms of a) left ventricle and aorta, and b) right ventricle and pulmonary 
artery; after calibration of the fetal heart 0D lumped model 

(a) (b) 
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Figure 16. Measured and model-based velocity profiles of a) aortic valve, b) main pulmonary valve, and c) DA; after 

calibration of the fetal heart 0D lumped model 

 

Figure 17. Model-based velocity profiles of mitral and aortic valves, highlighting the different cardiac events of mitral 
and aortic valves opening/closing, which designate the four cardiac timings (from left to right): FT, IVCT, ET, IVRT 

(MV: mitral valve, AV: aortic valve) 

Table 10. Measured and modeled values after calibration of the fetal heart 0D lumped model, and its relative error 

PARAMETER 
VALUE 

Relative error 
Real Simulated 

FT (ms) 0.20 0.199 0.0005 

IVCT (ms) 0.035 0.036 0.0305 

ET (ms) 0.204 0.145 0.2877 

IVRT (ms) 0.02 0.078 2.8523 

SBP (mmHg) 52.70 55.96 0.0617 

DBP (mmHg) 25.73 35.47 0.3788 

MBP (mmHg) 40.53 42.30 0.0437 

Aortic valve velocity - - 0.1279 

Pulmonary valve velocity - - 0.1304 

DA velocity - - 0.0703 
 

The objective function, denoted by J, computed after executing the optimization algorithm 

described in section 5.4, which calculates the relative error between the model-based and the 
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real parameters, is 0.1257. This result state that the calibration process has been properly 

accomplished, since physiological model-based waveforms are achieved. Furthermore, the 

simulated values depicted in Table 10 correspond roughly to the real ones, showing a small 

relative error. Therefore, the measured Doppler waveforms of a fetus in healthy conditions could 

be reproduced using the designed model. The rest of the final plots of ventricular flow, ventricular 

pressure-volume relationship, and velocity profiles are presented in Appendix D. 

6.3) Evaluation of hemodynamic changes of cardiac defects in fetal 

circulation 

6.3.1) VSD size   

The main pathophysiologic mechanism of VSD is the shunt creation between the right and left 

ventricles [69]. In ToF, the shunted blood usually flows from the right side to the left one owing to 

the pulmonary obstruction (RVOTO) and higher pressure in the right ventricle, which causes 

poorly oxygenated blood to enter the systemic circulation where it mixes with oxygen-rich blood 

[14]. As described in section 5.5, the effects of VSD on the fetal hemodynamics have been 

assessed by defining a range of values that correspond to the VSD diameter. Therefore, in Figure 

18, the changes occurring in the left and right ventricles’ blood flow as a function of VSD size are 

shown. These results show that, as the VSD diameter increases which, consequently, causes the 

resistance that models this defect to decrease, the blood flow in the right ventricle decreases, 

while the blood flow in the left one increases, due to a higher pressure in the right ventricle. Thus, 

it allows to mimic the right-to-left shunt that occurs in ToF, which causes the overloading of the 

left ventricle volume and, subsequently, the reduction of the pulmonary circulation blood flow. 

 

Figure 18. Model-based blood flow in a) left and b) right ventricles; when there is VSD in the fetal heart 

In healthy conditions, there is no significant difference between left and right ventricular pressures 

of the human fetus [70], thus it is assumed that both ventricles operate at similar systemic 

pressures [71]. However, due to the presence of the VSD, the two ventricles can communicate in 

order to equalize their pressures, which was described by Wiputra et al. in 2018 [72]. Our results 

suggested this physiologic mechanism, as shown in Figure 19, so the right ventricle pressure 

slightly decreases, while the left one slightly increases in order to reach similar pressures, though 

the first one is always higher than the second one.  

(a) (b) 
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Figure 19. Model-based pressure in a) left and b) right ventricles; when there is VSD in the fetal heart 

6.3.2) PVS degree 

In ToF, severe PVS is caused by the reduction of the pulmonary valve diameter, leading to the 

obstruction of blood flow from the right ventricle to the pulmonary artery, which causes the right-

to-left shunt through the VSD [14]. Therefore, since the pulmonary outflow resistance is 

increased, ToF ventricles require more work done for systolic ejection [72]. The effects of PVS 

degree in fetal hemodynamics have been modeled by decreasing the pulmonary valve diameter 

which, consequently, causes the dissipative coefficient of the pulmonary valve’s non-linear 

resistor to increase. As described in section 5.5, quantitative evaluation of PVS severity is mainly 

based on the pressure gradient and the velocity profile across the pulmonary valve. Therefore, 

Table 11 and Figure 20 show the effects of PVS on pulmonary pressure gradient and velocity, 

respectively. These results suggested that the 0D lumped model makes an appropriate 

performance of the changes occurring in a ToF heart because, as the diameter of the cardiac 

valve decreases (increase of the valve stenosis), the pressure gradient increases, as well as the 

peak velocity in the pulmonary artery.  

Table 11. Pressure gradient across the pulmonary valve when there is PVS in the fetal heart 

Pulmonary valve diameter (mm) Pressure gradient (mmHg) 

6.7 (Control healthy patient) 3.22 

6.03 4.79 

5.36 7.37 

4.69 11.78 

4.02 19.63 

3.35 34.56 

2.68 67.03 

2.01 158.52 

1.34 538.95 

(a) (b) 



Biomedical Engineering 
Final Degree Project 

36 

 

Figure 20. Model-based velocity profile in the pulmonary artery when there is PVS in the fetal heart 

As discussed previously, PVS makes the pulmonary valve smaller, thus making harder for blood 

to flow out of the right ventricle into the pulmonary artery. Consequently, as the right ventricle 

tries to push blood through the valve, its pressure increases, which can eventually cause its 

hypertrophy (RVH) [14]. The increase of the right ventricular pressure as a consequence of the 

decrease of pulmonary valve diameter was also observed, as shown in Figure 21(a). On the other 

hand, it has been stated that RVOTO enables to keep pulmonary artery pressure normal or below 

normal [73], which accounts for the increase in the transpulmonary pressure gradient discussed 

above. Therefore, this has been observed as well, as illustrated in Figure 21(b). 

 

Figure 21. Model-based pressure when there is PVS in the fetal heart in: a) Right ventricle, b) Pulmonary artery  

Furthermore, in Figure 22(a), the relationship between pressure and volume in the right ventricle 

was plotted. What is important to mention here is the fact that, as blood finds harder to flow out of 

the right ventricle, its pressure increases but the volume does not change, that is the total right 

ventricular blood outflow remains constant. Figure 22(b) shows this pathophysiologic mechanism, 
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in which it can be seen that the maximum pulmonary artery blood flow decreases as the PVS 

degree increases but the velocity profile widens, thus confirming that it takes more time for blood 

to flow out of the right ventricle through the pulmonary valve.  

 

Figure 22. Model-based waveforms in the right ventricle when there is PVS in the fetal heart: a) Ventricular  
pressure-volume relationship, b) Ventricle blood flow (RV: right ventricle) 
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7) EXECUTION SCHEDULE 

 

In this section, all tasks required for the development of the project as well as the time that was 

dedicated for each one are described. In order to see it in an organized and easy-understanding 

way, we used different methods, such as Work Breakdown Structure (WBS) and Gantt diagrams.  

7.1) Tasks and time definition – WBS  

WBS is a very important step for the execution of any project. Its objective is to define every task 

that is required for the study by stacking them in subgroups and making the organization of the 

project easier. In Figure 23, the WBS of our project is represented.  

 
Figure 23. WBS of the project development 

Next, a brief explanation of each of the tasks defined in the WBS is presented, along with the 

definition of the time required to execute each one. Finally, the total hours dedicated to each 

phase is shown in Table 12.  

7.1.1) Bibliographic research   

7.1.1.1) Research on computational modeling of cardiovascular hemodynamics (2 weeks) 

The first step consisted in bibliographic research and analysis of the existent 

computational modeling techniques of cardiovascular dynamics, following the 

understanding of the difference between their dimensionalities. The importance of 

computational modeling in cardiovascular pathologies was comprehended.  

7.1.1.2) Research on 0D lumped modeling of cardiovascular hemodynamics (3 weeks) 

Then, bibliographic research and analysis of the 0D lumped parameter models was done, 

in order to understand the existent analogy between arterial system variables and electric 
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circuit components which are addressed a physiological meaning. The mathematical 

expressions and relationships of the 0D lumped model were defined.   

7.1.1.3) Research on 0D lumped models of the fetal heart (3 weeks) 

Bibliographic research and analysis of the existent fetal heart 0D lumped parameter 

models were done. Then, the different components the model includes, and the model 

parameters and values these require were described.  

7.1.1.4) Research on CHDs, specifically, ToF’s cardiac defects (2 weeks) 

Finally, we reviewed the main features of CHDs affecting fetuses worldwide and their 

influence in the fetal circulation. Then, the hemodynamic changes occurring in ToF hearts 

were analyzed, and we searched information of the four basic cardiac defects this 

condition causes.  

7.1.1.5) Research on previous papers published by BCNatal research group (3 weeks) 

The already existent 0D lumped models implemented by BCNatal research group were 

analyzed, in order to extract the most important information and data to use it to develop 

our final fetal heart model.  

7.1.1.6) Familiarization with 0D lumped modeling in MATLAB environment (4 weeks) 

To finish this stage, we familiarized, understood, and trained with 0D lumped models 

using Simulink, MATLAB, in order to design, implement and simulate the different 

electrical circuits that define the compartments in fetal circulation, such as arterial 

segments and vascular beds.   

7.1.2) Fetal heart model development and implementation 

7.1.2.1) Definition of the input variables of the fetal heart model (4 weeks) 

In this stage, first we specified the variables that constitute the fetal ventricles’ inputs in 

healthy conditions, for the patient’s specific GA. These include the blood velocity of the 

atrioventricular (both mitral and tricuspid) valves, the isovolumic pressure generator and 

the elastance functions. 

7.1.2.2) Definition of the electrical components of the fetal heart model (4 weeks) 

Then, we specified the components that compose the fetal heart, such as linear and non-

linear resistances, compliances, and a diode for the valves. This step required much 

attention and time due to the difficulty of reproducing the opening and closing of the 

valves, which generate a characteristic pressure waveform on the aorta and pulmonary 

artery. At the end, we integrated the different block diagrams of the fetal heart.    

7.1.2.3) Model extension with the vascular circulatory system (4 weeks) 

We defined the block diagrams that are included in the simplified version of the vascular 

circulation which were finally added to our previous fetal heart model. Then, the values of 

the included model parameters were specified. 
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7.1.2.4) Scaling of the model parameters’ values to the specific fetal EFW (2 weeks) 

Finally, some of the hemodynamic parameters included in the 0D lumped model were 

scaled considering the EFW of the specific studied fetus, and using previously published 

allometric equations.  

7.1.3) Parametric analysis of model parameters 

7.1.3.1) Definition of the studied model parameters and their values (3 weeks) 

The third phase started with an analysis of the parameters of the 0D lumped model of the 

fetal heart and circulation, and with the following specification of those parameters that 

have major relative importance on the model output. 

7.1.3.2) Performance of the different single parametric analysis (5 weeks) 

Lastly, the ranges of possible values of the chosen model parameters were defined, and 

their contribution on the model output was quantified. At the end, plots for each studied 

parameter were generated in order to enable its interpretation.  

7.1.4) Fetal heart model calibration and validation 

7.1.4.1) Definition of the calibrated model parameters (1 week) 

In the fourth stage of the project, first we specified the set of model parameters that 

required to be calibrated in order to guarantee the fitting between the model-based 

outcomes and the patient-specific measurements.  

7.1.4.2) Definition of the measured data that computes the error (1 week) 

Then, the clinical and Doppler data from the healthy control fetus that enables the 

adjustment of the model parameters to fit the computational outputs was also specified.  

7.1.4.3) Optimization algorithm’s implementation (6 weeks) 

The 0D lumped model of the fetal heart in healthy conditions was then calibrated, using 

an automatic optimization-based algorithm that was implemented in MATLAB, and which 

returned the values of the previously chosen set of model parameters that better fitted the 

model-based outcomes with the patient-specific data.  

7.1.4.4) Interpretation and revision of the results (6 weeks) 

Finally, revision and interpretation of the resulting plots and outcome values were done, 

following the correction of any parameter value required for the optimization process that 

might have caused large errors between the simulated outcomes and the real data. 

7.1.5) Evaluation of hemodynamic changes in cardiac defects    

7.1.5.1) Design of electric parameters that model the birth defects (2 weeks) 

The penultimate phase started with the design and development in MATLAB, Simulink, of 

the fetal heart model that included two of the birth defects occurring in ToF: VSD and 

PVS. As for the VSD, a new 0D lumped model was implemented including an additional 
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resistance, whereas with respect to PVS, the model in healthy conditions was used but 

modifying a parameter value.  

7.1.5.2) Parametric analysis of hemodynamic effects of birth defects (3 weeks) 

To conclude with this stage, the effects that the size of VSD and the grade of PVS cause 

to the hemodynamics in fetal circulation were estimated. Then, the simulated outcomes 

were interpreted, and it was observed these could be extrapolated to real cases.  

7.1.6) Writing of the project report    

7.1.6.1) Writing and revision of the first version of the report (10 weeks)  

The last stage of the project consisted in the writing of the project memory in order to 

describe its whole development. Then, different versions were reviewed and we 

corrected various mistakes. 

7.1.6.2) Writing of the final version of the report (4 weeks) 

To finish with the execution schedule, final writing of the project memory was performed, 

in which it was important to take into consideration the previous revisions and 

corrections. 

To summarize, the total amount of time that each of the six phases required to do this project is 

presented in the following table: 

Table 12. Summary of the total amount of hours required for the project development 

MAIN TASKS 
TOTAL DURATION 

(weeks) 

Bibliographic research 7 

Fetal heart 0D lumped model implementation 8 

Parametric analysis of model parameters 8 

Fetal heart model calibration and validation 9  

Evaluation of hemodynamic changes in ToF’s birth defects 4  

Writing of the project report  13 

7.2) Timing. Phases and milestones – Gantt diagram 

Gantt chart represents the time duration of the phases and activities defined in the WBS. Its main 

goal is to do a chronological analysis of the different tasks and schedule the project timings. 

Figure 24 shows the Gantt diagram of our project. As it can be observed, it starts in January 2021 

and finishes in January 2022, excluding both months of July and August. Thus, the project has 

lasted a total of 11 months, as shown in the figure below, dedicating 400 hours approximately. To 

conclude with this section, the six milestones that have been assigned along the evolution of the 

project development are placed at the end of each phase. 
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Figure 24. Gantt diagram of the final degree project 
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8) TECHNICAL VIABILITY 

 

In this section, a SWOT analysis is going to be examined, which is a strategic planning technique 

that allows the identification of the internal factors of the environment (strengths and weaknesses) 

as well as the external ones (opportunities and threats) that might affect the realization of the 

project, both positively and negatively. In this case, this analysis will be focused mostly on the 

decision of using a 0D lumped parameter model in order to simulate the hemodynamics of the 

fetal heart, and enable the estimation of the effects occurring in ToF disease.  

8.1) SWOT analysis  

In Table 13, there is a summary of the strengths, weaknesses, opportunities and threats that 

have been extracted from this final degree project, so that it can give an overview of the workflow 

that it has followed and help to identify which aspects have helped in its development and which 

have not. 

Table 13. SWOT analysis of the project 

 Positive factors Negative factors 

Internal 
environment 

STRENGHTS WEAKNESSES 

- Performance of patient-specific 
simulations in order to validate the 
fetal heart model. 

- Collaboration with different 
important institutions, such as 
Hospital Clínic de Barcelona. 

- Ease physician’s work in 
understanding of hemodynamic 
changes occurring in ToF. 

- Enable to extract data and 
information from previous studies 
of the same research group. 

- Lack of accuracy in the 
computational outcomes. Model-
based waveforms do not exactly 
reproduce the measured data. 

- More control patients in healthy 
conditions could have been used 
to validate the model.  

- Only two birth defects in ToF have 
been evaluated, and the model 
just accounts for the isolated birth 
defects without considering the 
simultaneity of all of them.  

External 
environment 

OPPORTUNITIES THREATS 

- 0D lumped parameter model is a 
promising tool for the study and 
management of fetal 
cardiovascular disorders. 

- It is the first model of the fetal 
heart that specifically studies 
ToF hemodynamic changes.  

- It can contribute to development 
of novel fetal interventional 
strategies. 

- 0D lumped parameter models do 
not include multi-dimensional 
flow effects. 

- There is limited published data 
on blood flow mechanics in fetal 
ToF and on remodeling of the 
disease.  

- More model parameters are 
required to be studied and 
corrected in order to understand 
the mechanism of the model.  
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9) ECONOMIC VIABILITY 

 

This section includes the estimation of all costs that are required for the development of this final 

degree project. It is useful in order to increase the probability of success of the project by 

detecting the different tasks that may affect and be prejudicial to its final results, as well as it 

enables to notice any sign that may suggest that it is better to change some of the required tasks. 

Therefore, we are going to first talk about the approximated economical budget of the project 

taking into consideration the resources that are needed and then, we are going to expose the 

cost relating to the devices, personnel, and dedicated hours. 

9.1) Estimation and analysis of costs and budgets 

The total economic costs of the project include the cost of developing the 0D lumped parameter 

model, which consists in the necessary equipment, and the salary of the workers. In Table 14, the 

material and the workers required to develop the project are reviewed.  

Regarding the required material to develop this project, it includes both software and hardware. 

The software needed is MATLAB and Simulink (2019b, The MathWorks Inc., Natick, MA). It is 

necessary to purchase a license in order to use it, and there are different licenses depending on 

its final use. Since this project has been developed as part of the bachelor’s degree, it has 

educational and academic research purposes. Therefore, we have used the student license that 

is intended for teachers and students at a degree-granting institution, such as Universitat de 

Barcelona, and that includes MATLAB, Simulink, and 10 of the most widely used add-on products 

for control systems, signal and image processing, statistics, optimization, and symbolic math. Its 

price is listed in Table 14, which is assumed by the Universitat de Barcelona.  

On the other hand, the hardware used in this final degree project is a computer that enables to 

download the software, develop the whole 0D lumped model, and perform the different 

simulations. A personal laptop has been used in this project, the estimated cost of which ranges 

from 500 to 5000 €, and it is also listed in Table 14. In addition, medical equipment from the 

hospital is required in order to collect the data from patients. Specifically, Doppler ultrasound has 

been used on different pregnant women, and the results have been provided by Hospital Clínic 

de Barcelona. The price of an ultrasound device is not much expensive, and it can vary from 

20000 to 65000 €.  

Concerning the expenses due to the technical staff working on this project, this consists in a 

biomedical engineering student, the project’s supervisor, and the project’s director, as defined in 

Table 14. The student is considered as a junior or beginner engineer, whose salary is 

approximately 15 €/h. As defined in section 7.2, this project has taken 400 hours. The supervisor 

of the project is a postdoctoral researcher and engineer, and the director is a fetal cardiologist in 

Hospital Clínic de Barcelona, both being part of BCNatal-FMRC. Their salary is estimated to be 

25 €/h and the dedicated hours have been 50 and 10, respectively.  
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As for the facilities that we have used during this project, this is just Hospital Clínic de Barcelona, 

from which the clinical and Doppler data has been extracted. The rest of the project has been 

performed remotely due to COVID-19 pandemic. Therefore, this does not present any additional 

cost to the final budget estimation.  

Table 14. Summary of total costs of this final degree project 

Item Units Unit cost Total cost 

MATLAB Student License 1 69 € 69 € 

Personal laptop 1 1.500 € 1.500 € 

Doppler ultrasound 1 65.000 € 65.000 € 

Biomedical engineering student 1 15 €/h 6.000 € 

Project’s supervisor 1 25 €/h 1.250 € 

Project’s director 1 25 €/h 250 € 

TOTAL   74.069 € 
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10) REGULATORY AND LEGAL ASPECTS 

 

In this section, different laws that are applicable to this final degree project, and to the acquisition 

of clinical personal data, are going to be displayed. There will be discussed some of the 

regulations from Spain and European Union regulations, as well as there are some international 

standards presented.  

10.1) Applicable law: norms and regulations  

First, the developed fetal heart 0D lumped parameter model requires clinical data from patients of 

Hospital Clínic de Barcelona for its design and validation. Therefore, it is important to keep patient 

privacy regulations up to date. In Spain, AEPD (Agencia Española de Protección de Datos) is the 

agency responsible for the compliance with data protection regulations in the treatment of health 

data. LOPDGDD (Ley Orgánica de Protección de Datos y de Garantía de Derechos Digitales) 

refers to the organic law of data protection in Spain, which was approved in December 2018, that 

determines the requirements of the companies that have to manipulate personal information such 

as text, images or audio data. The goal of this law is to protect the individual privacy and 

confidentiality and to regulate the processes of data transfer so as to guarantee their security 

[74]. Thus, the clinical data from pregnant women that was used in this project was anonymized. 

Concerning the acquisition of data using Doppler ultrasound, there are some standards in Spain 

for the use of ultrasound scanners, which are diagnostic medical equipment belonging to class II, 

meaning that they present a small degree of invasiveness and risk to the patient. The standards 

include UNE-EN 61157:2007, which regards the standard means for the reporting of the acoustic 

emissions of medical diagnostic ultrasonic equipment [75]; and UNE-EN 61266:1996, which 

presents the requirements for the performance of Doppler ultrasounds when detecting the fetal 

heartbeat [76]. At the European Union level, any medical device must comply with the CE 

marking, which is a mandatory certification given by the public administration that states that a 

product meets with the regulatory technical requirements to permit its commercialization. In this 

case, ultrasound equipment that was used to acquire the clinical data from Hospital Clínic de 

Barcelona respect those regulations and CE marking.  

Finally, ISOs (International Organization for Standardization) are international standards that 

ensure the quality, safety and efficiency of products. ISO 9001 (Quality certification) specifies the 

requirements that any company must comply so that there is a proper quality administration of the 

product that guarantees its efficiency and optimal service to clients [77]. Specifically in the case of 

ultrasounds, ISO 13379-1:2012 (Condition monitoring and diagnostics of machines – Data 

interpretation and diagnostics techniques) states the guidelines for the procedures that have to 

determine the condition of ultrasound scanners. Thus, these methods might advise when there is 

an anomalous behavior that may harm the outcomes [78].  
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11) CONCLUSIONS AND FUTURE LINES  

 

In this final degree project, we have designed and implemented a 0D lumped parameter model of 

the fetal heart in order to study the hemodynamic changes occurring in ToF disease, specifically, 

two of its four birth defects: VSD and PVS.  

Regarding the development of the whole project, first we reviewed the already existent 0D 

lumped models of the fetal circulation, taking particular interest in the previous studies performed 

by Garcia-Cañadilla et al. in BCNatal research group for the vascular circulatory system, and in 

the published papers by Pennati et al. for the fetal heart. After designing the electrical 

components of the fetal heart, and extending the model with a simplified version of the vascular 

circulation, the nominal values of all the model parameters were assigned and we scaled them 

according to the EFW of the healthy control fetus. Then, different parametric analyses were 

performed in order to quantify the contribution of the different parameters on the model outcomes. 

As we have discussed in section 6.1, these results suggested that the selected model parameters 

must be calibrated in healthy conditions so as our 0D lumped model can reproduce the behavior 

of the fetal heart. Moreover, we saw that the velocity profile of DA did not have a physiological 

waveform, meaning that the parameters modeling this arterial segment should be better adjusted. 

Then, the calibration of the proposed 0D lumped model in healthy conditions was performed so 

as to guarantee that the model simulations mimic the patient-specific measurements. A set of 

different parameters was calibrated using an optimization algorithm in MATLAB that gave the 

minimum possible error between the model-based and the real data. In this case, we saw that the 

model is able to reproduce the measured velocity profiles and blood pressures, with a total error, 

computed with the velocity profiles of aorta, main pulmonary artery and DA, and the values of the 

cardiac timings and blood pressures, of 0.1257. 

Finally, once the model was validated and a good approximation to the real hemodynamics of the 

fetal heart was ensured, the birth defects of VSD and PVS were modeled and the effects these 

cause to the fetal circulation were analyzed. The resulting parametric analyses evaluating the 

VSD size show that its increase cause the blood flow in the right ventricle to decrease while in the 

left ventricle increases, which means that our model is enable to mimic the right-to-left shunt, 

characteristic in ToF condition. Moreover, we also evaluated the ventricular pressures and we 

saw that the VSD cause them to equalize. On the other hand, when evaluating the effect of PVS 

degree on fetal hemodynamics, we could conclude that our 0D lumped model has also been able 

to simulate the hemodynamic effects occurring in the fetal heart. As the PVS degree increases, 

we have seen that the pressure gradient across the pulmonary valve increases, going from mild 

(<36 mmHg) to severe stenosis (>64 mmHg), following the classification of PVS severity. 

Simultaneously, the peak velocity of the pulmonary artery increases. Further, we also proved that 

the RVOTO causes the right ventricular pressure to increase much because it makes harder for 

blood to flow out of the chamber. Finally, the behavior of blood flow inside the ventricle was also 

evaluated, confirming that it needs more time in order to flow out from the ventricle.  
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Nevertheless, this fetal heart model presents some limitations that are going to be discussed. 

Regarding the design of the model of just the fetal heart, it must be mentioned that only the 

ventricles and arterial valves were included, thus leaving out the atria and atrioventricular valves, 

since we used the mitral and tricuspid blood flow as input for the model. In future works, these 

should be modeled as well in order to simulate the fetal heart hemodynamics more realistically, 

and be able to simulate problems related with the atria and atrioventricular valves. As for the 

calibration of the model, it was performed just using data from a single healthy patient. We 

propose to perform a calibration to capture also individuals’ variability as well as changes during 

gestation. Moreover, the calibration of the simplified model in healthy conditions was performed 

using the model-based velocity waveforms of the aorta, main pulmonary artery and DA, and the 

values of different cardiac variables, excluding the velocity profile of the pulmonary circulatory 

system, since real Doppler velocity data from the pulmonary circulation was not available. 

Although we have ensured that the model-based waveform of the pulmonary vascular bed 

reassemble the real velocity profile, it should be incorporated in the process in order to be more 

reliable. Regarding the nominal values that have been assigned to the cardiac parameters, these 

have been extracted from the literature or from previous projects of the same research group, for 

the specific GA of the healthy fetus. Ideally, these values should be generalized to be able to 

calculate them for any GA, like the equations that describe the physical dimensions of the 

vessels, so as to facilitate the study of any other fetus with different GA, and not just the one 

studied here. On the other hand, the 0D lumped models simulating some of the cardiac defects 

present in ToF have not been calibrated, which means that the accuracy and precision of the 

outcomes cannot be assured. Finally, regarding the modeling of VSD and PVS, a limitation of our 

0D lumped model is that it just accounts for the isolated heart defects without considering them 

simultaneously.  

Moreover, an important drawback considering the main aim of this project is the lack of literature 

and clinical data defining the different parameters of the fetal heart, as well as describing 

hemodynamic changes in fetuses with ToF. Therefore, knowledge of which could be very helpful 

in order to provide insight into the reliability of the final model-based outcomes extracted from the 

evaluation of the effects in hemodynamics of VSD and PVS. 

In conclusion, we have seen that the 0D lumped model of the fetal heart developed in this project 

is able to reproduce the real blood flow in an accurate way, although there are some important 

limitations that should be analyzed in order to improve its outcomes. Regarding the ToF heart, we 

have proven that the model can suggest conclusive approximations to the estimation of the 

effects in hemodynamics of VSD and PVS. Based on this, it is essential to make future research 

continuing the results of this study. 
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APPENDIX 

 

Appendix A – Parametric analysis in healthy conditions  

Peripheral resistances and compliances of pulmonary and systemic vascular beds 

Here, the resulting plots of the variation of the systemic circulation vascular bed peripheral 

compliance (  ), the pulmonary vascular bed peripheral resistance (      ), and the systemic 

vascular bed peripheral resistance (  ) are presented. 

 

Figure A1. Model-based waveforms resulting from the parametric study on the variation of the peripheral compliance 
of the systemic circulation vascular bed (  ): a) left ventricle and aorta pressure; b) right ventricle and pulmonary 

artery pressure; c) aorta velocity; d) pulmonary artery velocity; e) DA velocity 
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Figure A2. Model-based waveforms resulting from the parametric study on the variation of the peripheral resistance 

of the pulmonary circulation vascular bed (      ): a) left ventricle and aorta pressure; b) right ventricle and 

pulmonary artery pressure; c) aorta velocity; d) pulmonary artery velocity; e) DA velocity 
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Figure A3. Model-based waveforms resulting from the parametric study on the variation of the peripheral resistance 

of the systemic circulation vascular bed (  ): a) left ventricle and aorta pressure; b) right ventricle and pulmonary 
artery pressure; c) aorta velocity; d) pulmonary artery velocity; e) DA velocity 
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Appendix B – Parametric analysis in healthy conditions  

Ventricular activation timings 

Here, the resulting plots of the variation of the ventricular activation timings (duration of the 

ventricular contraction and delay between atrial and ventricular contraction) are presented. First, 

the two resulting plots of the elastance curve are shown and then, there are the model-based 

pressure and velocity waveforms. 

 

Figure B1. Model-based elastance waveform resulting from the parametric study on the variation of: a) ventricular 

contraction duration (  ); b) delay between atrial and ventricular contraction (     ) 

 

Figure B2. Model-based waveforms resulting from the parametric study on the variation of the ventricular contraction 

duration (  ): a) left ventricle and aorta pressure; b) right ventricle and pulmonary artery pressure; c) aorta velocity; 
d) pulmonary artery velocity; e) DA velocity 

(b) 

(c) (d) (e) 

(a) (b) 

(a) 
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Figure B3. Model-based waveforms resulting from the parametric study on the variation of the delay between atrial 

and ventricular contraction (     ): a) left ventricle and aorta pressure; b) right ventricle and pulmonary artery 
pressure; c) aorta velocity; d) pulmonary artery velocity; e) DA velocity 
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Appendix C – Parametric analysis in healthy conditions  

Diameters of mitral and tricuspid valves 

Here, the resulting plots of the variation of the tricuspid valve diameter are presented. 

 

Figure C1. Model-based waveforms resulting from the parametric study on the variation of the tricuspid valve 
diameter: a) left ventricle and aorta pressure; b) right ventricle and pulmonary artery pressure; c) aorta velocity;        

d) pulmonary artery velocity; e) DA velocity 
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Appendix D – Calibration of the simplified model of the fetal heart in healthy 

conditions 

In this section, the resulting plots of blood flow, velocity, pressure and volume of different 

segments of the fetal circulatory system are presented, after having performed the calibration of 

the fetal heart 0D lumped model. First, there is the blood flow of left and right ventricles (Fig.D1), 

then, the pressure-volume relationship of both ventricles is shown (Fig.D2) and, finally, the 

velocity profiles of both aortic and pulmonary valves (Fig.D3) and pulmonary circulatory system 

(Fig.D4) are depicted. 

 

Figure D1. Model-based blood flow in a) left and b) right ventricles, after calibration of the fetal heart 0D lumped 
model 

 

Figure D2.Model-based pressure-volume relationship of a) left and b) right ventricles, after calibration of the fetal 
heart 0D lumped model 

(a) (b) 

(a) (b) 
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Figure D3. Model-based velocity profile of aortic (solid line) and pulmonary (dashed line) valves, after calibration of 
the fetal heart 0D lumped model 

 

Figure D4. Model-based blood velocity profiles of the pulmonary circulatory system: a) left and b) right lungs, after 
calibration of the fetal heart 0D lumped model 

 

 

(a) (b) 


