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Abstract  

Aortic Coarctation (AoC) is one of the most difficult cardiac defects to diagnose before birth, 

occurring in 5-7% of congenital heart diseases. It consists of a narrowing of the distal aortic 

arch causing a decrease of blood flow. Prenatal diagnosis is important to reduce mortality 

and morbidity, given that an intervention is required in the first days after birth to ensure 

survival. However, false-positive and false-negative rates in prenatal diagnosis are high and 

the induced hemodynamic remodelling is not fully understood. The aim of this project was 

to understand and predict the hemodynamic remodelling in babies with AoC by means of 

imaging and computational modelling. Echocardiography data from 43 patients with AoC 

was analysed and compared to control data to describe the hemodynamic changes from fetal 

to neonatal life. Furthermore, a lumped model of the fetal circulation was implemented to 

further understand those hemodynamic changes by performing parametric studies to 

evaluate effects of ventricular disproportion with different degrees of AoC. As a result, the 

blood flow velocities in the aortic arch from control fetuses and fetuses with AoC were 

indistinguishable from each other. Ventricular disproportion was demonstrated by LV and 

RV relative amount of flows of 34-66% and 22-78% (p < 0.001) in earlier and late gestation 

respectively. Moreover, a maximum of 60% of narrowing of the aortic isthmus was observed 

for AoC. From the parametric study we observed that when simulating AoC, the addition of 

ventricular disproportion was essential to obtain realistic blood flow velocities in the aortic 

arch.  
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1. INTRODUCTION 
 

Aortic coarctation (AoC) is the seventh most common form of congenital heart disease 

(CHD), occurring in approximately 5-7 % of CHD patients [1,2]. It consists of a narrowing 

of the aortic arch at the level of the ductus arteriosus forming a shelf-like structure. There 

are different types and degrees of AoC depending on the location and the extent of the 

narrowing, as illustrated in Figure 1. The most common type of AoC is the one affecting the 

aortic isthmus, which is the segment between the left subclavian artery and the ductus 

arteriosus, and is called an isolated coarctation (Fig.1a) with or without hypoplasia of the 

transverse arch (Fig. 1b and c). The postductal case (Fig.1d), that the coarctation is placed in 

the lower thoracic or abdominal aorta, is rarely found.  

 

Figure 1. Types and degrees of aortic coarctation. (a-c) Preductal coarctation with the different possible presentations: (a) coarctation 
of the aortic isthmus, (b) coarctation of the aortic isthmus with hypoplastia of the distal transverse arch and, (c) coarctation of the 
isthmus with hypoplasia of the proximal and distal transverse arch. (d) Postductal coarctation. [3] 

 

The fetal circulation is different from the neonatal circulation. In fetal life (see Figure 2), 

there are three shunts which connect the systemic circulation with the pulmonary circulation, 

therefore, the cardiovascular system operates in parallel. One of those shunts is the ductus 

arteriosus which connects the main pulmonary artery with the aorta, thus allowing blood to 

bypass from the pulmonary to the systemic circulation. For this reason, fetuses with AoC 

can compensate the narrowing of the aortic arch by redistributing the blood across the ductus 

arteriosus. However, when the baby is born, the pulmonary vascular resistance plummets 

with the first breath and lung expansion and the systemic vascular resistance increases 

because of the loss of the placenta and the cut of the umbilical cord. Consequently, the three 

vascular shunts close and the parallel circulation becomes a serial circulation [4]. In babies 

born with AoC, the closing of the ductus arteriosus is detrimental since the coarctation 

blocks normal blood flow to the body and the left heart must take over pumping blood out 
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of the heart. If the condition is very severe, not enough oxygenated blood may be able to get 

through to the lower body. The extra work on the unprepared heart lead to acute heart failure 

and death if the coarctation remains untreated. The treatment consists on, first of all, 

administration of prostaglandin E1, an active compound which prevents the ductus 

arteriosus from closing. Then, when the baby is stabilized the coarctation is repaired by 

surgery, removing the stretched segment, or by balloon angioplasty, which consists of 

inflating a balloon into the narrowed area to expand the vessel [5].  Although the early 

mortality after surgical intervention is very low (around 2% in < 30 days) [6,7], the long-term 

prognosis has a relatively high morbidity. The most common late complications include: 

recoarctation, hypertension and/or aneurysms in the aorta or the cerebral circulation [8,9]. 

In addition, more than 50% of AoC cases are associated with other cardiac abnormalities 

such as bicuspid aortic valve, ventricular septal defect (VSD), aortic stenosis or part of Shone 

syndrome among others [10]. 

 

Figure 2. Fetal Circulation [11] 

 

Currently, AoC can be diagnosed prenatally with difficulty by ultrasound. Despite progress 

in fetal echocardiography [12], aortic coarctation is still one of the most difficult cardiac 

defects to detect prenatally [13,14]. Only 40% of the cases are detected in the prenatal stage 

[15,16], and only around 20-40% of those patients with a prenatal diagnosis of AoC are 

confirmed after birth [17], which leads to both high false-negative and false-positive rates. 

The reason is that the diagnosis relies on indirect, non-specific signs such as ventricular 

disproportion (with a smaller left ventricle compared to right ventricle), discrepancy of the 

great vessels (with a pulmonary artery diameter bigger than the aorta) and the evaluation of 



3 

 

the aortic arch (anatomic measurements and Doppler flow) [18,19,20]. In addition, the 

induced hemodynamic and structural remodelling in AoC is not fully understood and the 

ability to discriminate between true-positive and false-positive cases remains a challenge [21]. 

Early prenatal diagnosis is crucial to improve survival and reduce mortality and morbidity 

[22]. Therefore, there is a need to develop new technologies and understanding to improve 

prenatal diagnosis in order to plan the delivery at an appropriate centre and predict those 

who will require early intervention. 

Lumped models have been suggested a good approach for assessing and understanding 

hemodynamic changes in the circulation in a non-invasive manner. Lumped models are 

based on the analogy between fluid dynamics and electric circuits. For instance, the blood 

pressure is analogue to voltage, blood flow to current, and blood flow properties such as 

viscosity, inertia and compliance can be represented by resistors, inductors and capacitors 

respectively. In 2014, Garcia-Canadilla et al implemented the first patient-specific model of 

the whole fetal circulation to quantify blood flow redistribution in fetuses with intrauterine 

growth restriction and to estimate vascular properties that cannot be directly assessed from 

clinical measurements [23,24]. Later on, in 2017, Giménez proposed an improved version of 

the previous lumped model from [24] to assess the hemodynamic changes in fetal circulation 

caused by different aortic coarctation types and degrees [3]. However, they assessed the 

hemodynamic changes only during fetal life and did not compare directly to imaging data 

from actual patients. Regarding the modelling of the transition from fetal to neonatal 

circulation, in 2015 Yigit et al modelled the fetal-to-neonatal transition to evaluate the 

importance in the timing of the cord clamping procedure [25]. Furthermore, in 2018 

Sánchez-Posada also proposed a mathematical model of the human fetal and neonatal 

circulation to evaluate the hemodynamic changes in patients with pulmonary atresia [26]. 

However, those fetal circulation and neonatal models are simpler (not taking into account 

some important blood flow properties) than the fetal model proposed by Garcia-Canadilla 

[22, 23].  

The purpose of this project is to understand and predict the hemodynamic remodelling in 

babies with AoC by means of clinical imaging and computational modelling. To do so, the 

first step will be to evaluate echocardiographic data from a cohort of 129 patients with a 

prenatal diagnosis of suspicion of aortic coarctation and to describe the hemodynamic 

changes from fetal to neonatal circulation. Then, we will implement a lumped model of the 

fetal and neonatal circulation to perform different parametric studies. 
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2. METHODS 
 

2.1. Study population 
 

The clinical data used in this study was provided by two different hospital centres, Hospital 

Clínic and Hospital Sant Joan de Déu of Barcelona (Spain) and the Hospital for Sick Children 

(SickKids) of Toronto (Canada). The SickKids provided 129 patients from a single-centre 

retrospective cohort study with prenatal diagnosis of a suspicion of aortic coarctation from 

January 2005 to December 2015. 169 healthy fetuses recruited from 2015 to 2017 and 5 

healthy neonates from 2019 in Hospital Clínic were included as fetal and postnatal controls 

respectively. 

Patients with associated cardiac lesions that required postnatal surgical or catheter 

intervention (hypoplastic left heart syndrome, moderate or severe aortic stenosis and double 

outlet right ventricle), with chromosomal abnormalities related with cardiac abnormalities 

(Trisomy 13 and complex cases of Shone syndrome) or cases that underwent termination of 

pregnancy were excluded. Finally, all cases in which AoC was not confirmed postnatally 

(false-positive cases) were also excluded.  

All patients (there respective parents) signed an informed consent to be included in the 

respective studies.  

 

2.2. Echography data assessment 
 

Regarding the SickKids data, for 65 patients (61%) one fetal cardiac echocardiogram and the 

first post-natal echocardiogram were analysed. For the other 42 patients (39%), two fetal 

echocardiograms and the first postnatal echocardiogram were analysed. Therefore, a total of 

149 fetal and 107 postnatal echocardiograms were analysed. Regarding the fetal 

echocardiograms, 69 (46%) were performed during earlier gestation (18-33 weeks) and 80 

(54%) during late gestation (>34 weeks). 

For each patient, Doppler blood flow velocities from the left ventricle outflow tract (LVOT), 

right ventricle outflow tract (RVOT), transverse arch (TA), aortic isthmus (AoI), ductus 

arteriosus (DA), middle cerebral artery (MCA) and umbilical artery (UA) were evaluated 

prenatally. In addition, Doppler blood flow velocities from the LVOT, RVOT, TA, AoI, 

patent ductus arteriosus (PDA), descending aorta (dAo) and abdominal aorta (abAo) were 
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evaluated postnatally. In the postnatal echocardiograms two different types of Doppler could 

be found, Pulsed-Wave (PW) and Continuous-Wave (CW), which were analysed separately 

since in CW Doppler there is no spatial information. For that reason, in contrast to PW 

Doppler, the blood flow velocity profile obtained with CW Doppler is not from the specific 

region where you place the cursor, it is from all velocities occurring within the ultrasound 

line beam. The ultrasound line beam in the TA, AoI and dAo included the whole aortic arch 

(see Figure 3), thus, for those CW Dopplers, we assumed that the delineation corresponded 

the velocity trace in the coarctation, as it is the narrowest part and therefore the velocity will 

be maximal. Accordingly, CW Dopplers of the TA, AoI and dAo were analysed together as 

the velocity trace of the coarctation place (AoC place). Finally, for each fetal control patient, 

Doppler blood flow velocities from LVOT, RVOT, AoI, DA, MCA and UA were evaluated 

and for each postnatal control, Doppler blood flow velocities from LVOT, RVOT and AoI 

were also evaluated. 

 

 

Figure 3. CW Doppler image of the aortic arch from a 0 days neonate. 
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2.3. Delineation and analysis of the Doppler blood flow 

velocities 

 

In order to extract the Doppler blood flow velocity profiles, the Rocket Platform, a web-

based platform developed by the Universitat Pompeu Fabra, was used [27]. The workflow 

consists on: first uploading the images in DICOM format to the platform and selecting the 

ones to be delineated. Next, to select the heart beat which will be analysed and finally to 

delineate the Doppler velocity wave by following some indications: selecting the initial, 

maximum, mid-deceleration and cycle-end velocities and, if appropriated, adjusting the wave 

manually. Once all images have been delineated an image with the delineation and an excel 

file with all the information from the delineations is exported and ready to be used for data 

analysis. 

Subsequently, the delineated data from AoC cases was compared to data from controls by 

interquartile range (IQR) plots of the velocity profiles, and afterwards, they were also 

compared with the velocity profiles obtained from the simulations with the computational 

model. In addition, in order to analyse the ventricular disproportion, the relative amount of 

flow ejected by each ventricle was calculated and compared between the two fetal cohorts 

(controls and AoC cases). Furthermore, the measured aortic and pulmonary valve diameters 

from fetuses were also compared and a linear approximation of the diameter as a function 

of gestational age (GA) was calculated. Statistical analysis for the last two comparisons was 

performed through Student’s T-test and the analysis of covariance (ANCOVA) respectively. 

All the analyses were done with MATLAB (2019a, The MathWorks Inc., Natick, MA). 

 

2.4. Building the computational model 
 

2.4.1. Lumped model of the fetal circulation 
 

In this study, a previous lumped model of the fetal circulation [23] was used as a starting 

point. The model from Garcia-Canadilla et al consisted of 19 arterial segments, 12 vascular 

beds and 2 blood flow inputs: the aortic and pulmonary inflows. We improved the previous 

model by dividing the ascending aorta segment into 3 different segments: ascending aorta 

(aAo), proximal transverse arch (pTA) and distal transverse arch (dTA), as shown in Figure 
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4. Moreover, the new model of the ductus arteriosus was implemented by adding a non-

linear component as described by Pennati et al. [28].  

 

Figure 4. A schematic representation of the computational model composed of 20 arterial segments (blue lines), 1 shunt (green line), 
12 vascular beds (boxes) and 2 blood flow inputs. CA: Coronary Arteries, UB: Upper Body, B: Brain, L: Lungs, K: Kidneys, 
LB: Lower Body and P: Placenta. QRV and QLV: right and left ventricular outflows respectively, used as inputs. 

 

At the arterial segments, except the ductus arteriosus, were modelled as a capacitor in parallel 

with a resistor and an inductor in series, representing the arterial compliance, the local 

resistance of blood due to blood viscosity and the blood inertia respectively (see Figure 5a).  

The ductus arteriosus was modelled as an arterial segment with an additional variable resistor 

in series (see Figure 5b).  

The vascular beds consisted of a three-element Windkessel model, which included a 

resistance, representing the characteristic impedance of the feeding artery at high frequency, 

in parallel with a capacitor and with another resistor, representing the organ compliance and 

the organ resistance respectively (see Figure 5c). Each vascular bed was connected to ground 

as assuming their venous pressure as 0 mmHg. The values of the electrical components were 

calculated according to their physical dimensions and properties which depend on the GA 

and the estimated fetal weight (EFW) of the fetus under normal physiological conditions. 

Regarding the new arterial segments, the equation of the diameter of the dTA as a function 
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of GA was extracted from the literature [29]. The equation for the diameter of the AoI was 

derived from the dTA by applying Murray’s law (Eq. 1) [30]. Afterwards, in order to obey 

Murray’s law, the diameters of the aortic segments prior to the AoI (aAo, pTA and dTA) 

were calculated from AoI diameter equation and the equation of the diameter of the 

corresponding neck vessel (equations 2 to 4 respectively). The model was implemented in 

MATLAB (2019a, The MathWorks Inc., Natick, MA) using Simulink and Simscape library.  

 

(1) 𝐷𝑀
3 =  𝐷𝐷1

3 + 𝐷𝐷2
3  

 

Equation 1. Murray’s law. DM: diameter of the mother vessel, DD1 and DD2: diameter of the daughter vessels. 

 

(2) 𝐷𝑎𝐴𝑜 =  √𝐷𝐵𝐶𝑇
3 − 𝐷𝑝𝑇𝐴

33
 ,   (3) 𝐷𝑝𝑇𝐴 =  √𝐷𝐿𝐶𝐶𝐴

3 −  𝐷𝑑𝑇𝐴
33

 ,  (4)  𝐷𝑑𝑇𝐴 =  √𝐷𝐿𝑆𝐴
3 −  𝐷𝐴𝑜𝐼

33
   

 

Equation 2 to 4. (2) aAo diameter, BCT: brachiocephalic trunk; (3) pTA diameter, LCCA: left common carotid artery; and 
(4) dTA diameter, LSA: left subclavian artery. 

 

 

Figure 5. Equivalent electrical circuits for (a) arterial segments, (b) ductus arteriosus fetal shunt, and (c) vascular beds. 

 

 

2.4.2. Calibration and validation of the lumped model of the fetal circulation 

 

Patient-specific data from three fetal controls at three different GA from the cohort of 

Hospital Clínic were used to calibrate and validate the model under normal conditions during 

pregnancy. The first one with a GA of 21 weeks and EFW of 406 grams, the second one 

with a GA of 28 weeks and EFW of 1186 grams and the third one with a GA of 35.57 weeks 

and EFW of 2625 grams; thus, two from earlier gestation and one from late gestation. All 

the electrical components of the lumped model were fitted to those three patients, and 

afterwards an optimization algorithm was applied to calibrate it. The algorithm estimated a 
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set of parameters of the model for each patient by minimizing the relative error between the 

simulated and the clinical values of the specific patient [6]. 

In order to validate the lumped model, we performed a simulation for each patient under 

normal conditions (without AoC). The simulated blood flow velocities from the AoI, DA, 

MCA and UA were compared to the real blood flow velocities from the corresponding vessel 

and patient, and together with the IQR of the velocities from control fetuses calculated 

previously. Simulated velocity curves were calculated from the blood flow curves by dividing 

them by their corresponding cross-sectional area. 

 

2.4.3. Transition from fetal to postnatal circulation 
 

The computational model for the postnatal circulation was build following the physiological 

changes described before. 

The first step was to remove the placenta and the umbilical artery. To do so we set the 

resistance of the placenta vascular bed to infinity and the compliance close to 0; and for the 

umbilical artery, its radius was set to 0. 

The second step was to calculate the new vascular bed resistances and compliance for the 

lungs and for the lower body using the clinical data from the healthy babies. 

 

2.5. Modelling AoC 
 

In order to study the hemodynamic redistribution in AoC, the narrowing of the AoI was 

simulated by decreasing the radius of AoI. As the other segments of the aortic arch were 

derived from the AoI applying Murray’s law, by decreasing its radius, the radius of the dTA, 

pTA and aAo were also narrowed. Different degrees of narrowing were simulated and 

compared to real measurement from AoC clinical data to determine the most likely range of 

narrowing. The different degrees simulated were: 0% (healthy condition), 50%, 60%, 70%, 

80% and 90%, as shown in Figure 6.  
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Figure 6. Representation of the different degrees of narrowing simulated. 

 

Based on simulations of the different degrees of narrowing, we simulated AoC in the AoI 

with 50% of narrowing using the data from the same three patients used for validation, as 

input of the simulation. The simulated blood flow velocities from the pTA, dTA, AoI, DA, 

MCA and UA were compared to the IQR of the velocities from clinical data calculated 

previously. Moreover, the ventricular output pressure of both ventricles was estimated.  

 

2.6. Parametric study: hemodynamical assessment of AoC 

with different degrees of narrowing and ventricular 

disproportion 

 

As a consequence of the results of the previous simulation, a parametric study was performed 

in order to evaluate the hemodynamical changes when considering the ventricular 

disproportion observed in most of the AoC cases, beside different degrees of AoC (40-50-

60-70%). For this purpose, different ventricular disproportions were simulated by changing 

the relative amount of blood flow inputs of our model (QRV and QLV of Figure 4). Those 

changes were based on the clinical data analysed previously (Fig.10). Therefore, the relative 

amount of LV-RV flows simulated were: 45-55%, 35-65%, 30-70% and 25-75%, as shown 

in Figure 7. 

Again, the clinical data form the same three patients were used as inputs for the simulations. 

Blood flow and velocity curves from the pTA, dTA, AoI, DA, MCA and UA were analysed 

together with the ventricular output pressure of each ventricle.  
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Figure 7. Simulated LV and RV outflow proportions. 
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3. RESULTS 
 

3.1. Patient population  
 

The cohort study from the SickKids hospital was formed by a total of 129 patients who were 

diagnosed with suspected aortic coarctation. 12 patients were excluded for additional major 

cardiac anomalies, 3 for Trisomy 13 and 2 for Shone syndrome. Moreover, 4 cases underwent 

termination of pregnancy and a case with post-ductal AoC was also excluded. Thus, a total 

of 107 patients were analysed. From those 107 patients, AoC was confirmed postnatally in 

44 (41%). All 44 patients were started on Prostaglandin E1 infusion after birth and afterwards 

underwent an end-to-end anastomosis via a thoracotomy, except for one case, who 

underwent an aortic arch repair. The remaining 63 patients (59%) did not develop coarctation 

at initial assessment nor during subsequent follow up. Therefore, a total of 44 fetuses with 

confirmed AoC were finally included in the study for further analysis. A description of the 

number and percentage of patients with other cardiac defects are summarized in table 1. 

 Number of patients Percentage 

Hypoplastic aortic arch 30 68.18 % 

VSD  
moderate/large 6 13.64 % 

small 7 15.91% 

Secundum atrial 
septal defect 

moderate/large 7 15.91 % 

small 13 29.55 % 

Bicuspid aortic valve 21 47.73 % 

Table 1. Cardiac defects associated with the clinical data from AoC. 

 

3.2. Echocardiography assessment  
 

Because of different technical problems, not all the echocardiograms could be delineated 

with the Rocket platform. Therefore, a total of 30 echocardiograms from earlier gestation 

with a mean GA of 25.70 ± 5.07 weeks, 26 echocardiograms from late gestation with mean 

GA of 35.26 ± 1.35 weeks and 41 postnatal echocardiograms with mean GA at birth of 38.24 

± 1.49 and day of echography 0.40 ± 0.89 days, were delineated. On the other hand, a total 

of 122 echocardiograms from control fetuses from earlier gestation with a mean GA of 24.52 

± 4.42 weeks, 47 echocardiograms from late gestation control fetuses with a mean GA of 

37.81 ± 2.14 weeks and 5 postnatal echocardiograms with mean GA at birth of 37.35 ± 0.41 

weeks and day of echography 3.50 ± 1.73 days, were also delineated.  
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Some patients were also excluded because of aliasing, tachycardia during the echo (heart rate 

> 200 bpm) or lack of ECG in postnatal cases. Moreover, not all echocardiograms included 

all Doppler measurements. The total number of delineations of each Doppler measurement 

finally used for the analysis of the AoC group is summarized in table 2.  

Doppler 

measurement 

Earlier 

gestation 

Late 

gestation 

Doppler 

measurement 

Postnatal 

PW CW Total 

LVOT 25 23 LVOT 6 20 26 

RVOT 16 18 RVOT 4 21 25 

TA 16 15 TA 12 11 23 

AoI 12 12 AoI 6 3 9 

DA 11 9 PDA 21 13 34 

MCA 27 23 dAo 0 7 7 

UA 30 25 abAo 3 32 35 

Table 2. Number of Doppler measurements used for the analysis of AoC group.  

 

3.3. Imaging evaluation  
 

The IQR of the blood flow velocities from the delineated data of both groups (controls and 

AoC cases) analysed in MATLAB are shown in figures 8 and 9. Figure 8 shows the 

comparison between control data and AoC data at earlier gestation (18-33 weeks), late 

gestation (34-40 weeks) and postnatally. Figure 9 shows the comparison between Doppler 

velocity profiles at different places in only the AoC cases at the same developmental stages. 

On one hand, comparing controls with AoC in fetal life (Fig.8), no significant differences 

were observed. However, peak blood flow velocities in the AoI were higher in the AoC 

group both earlier and late gestation, and in the DA in late gestation. MCA velocity IQR was 

wider in AoC than controls, showing a greater variability in the AoC population. Some 

retrograde and bidirectional flow was observed in the TA and AoI in late gestation. Regarding 

the postnatal period, a delay in the ejection between RVOT and LVOT could be observed 

(Fig.8). In this period a small difference in the LVOT could be observed between controls 

and AoC group, with the blood flow velocity from the LVOT being higher in the AoC group. 

As expected, velocities in the AoC place and in the AoI were the highest in the AoC group, 

ranging values from 128 to 171cm/s, thus demonstrating the flow acceleration due to the 

narrowing. Moreover, TA and AoI wave shapes were fairly variable because of the different 

conformations that AoC can involve (discrete shelf, small part of the isthmus or a bigger 
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segment, hypoplasia of the arch…) as well as different stages of closure of the PDA. The 

direction of the flow on the PDA typically was right-to-left in systole and left-to-right in 

diastole, however some cases with left-to-right in systole and right-to-left in diastole or all 

left-to-right were also found. In control group there was not PDA as it was already closed. 

Finally, the diastolic flow of the abAo was absent or retrograde, demonstrating the existence 

of the PDA. On the other hand, comparing only AoC at the different stages (Fig.9), velocities 

increased as the fetus grows as expected. In the AoI, retrograde and bidirectional flow were 

observed at late gestation which became antegrade postnatally. Something similar could be 

observed in the TA. During late gestation, not only antegrade flow could be found, but also 

retrograde and bidirectional flow which became antegrade postnatally in most of the cases. 

Finally, the direction of the blood flow in the DA in fetal life was always right-to-left, as 

expected, while postnatally, it became right-to-left during systole in the majority of the AoC 

cases. 

 

Figure 8. Clinical data evaluation. IQR comparison of all velocity profiles between controls and AoC cases in different stages ((a) 
earlier gestation, (b) late gestation and (c) postnatally). Green: control data, red: AoC data.  
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Figure 9. Clinical data evaluation. IQR comparison of velocity profiles of AoC cases between the different stages (blue: earlier 
gestation, green: late gestation and red: postnatally). 

 

Regarding the ventricular disproportion, Figure 10 shows the relative amount of flow ejected 

by each ventricle for the two groups during fetal life (earlier and late gestation). A clear 

difference between controls and AoC relative amount of flow can be observed. At earlier 

gestation, the median LV-RV relative blood flows in controls was 49-51%, whereas in AoC 

it was 34-66% (p < 0.001). However, an overlap between the two groups (controls and AoC) 

was also present. At late gestation, the median LV-RV relative blood flows in controls was 

45-55%, whereas in AoC was 22-78% (p < 0.001), thus demonstrating a clear RV dominance 

during fetal life. 

 

 

Figure 10. Clinical data evaluation. Comparison of the relative amount of flow ejected by each ventricle between controls (blue) and 
AoC cases (red) in the different developmental stages, from right to left: earlier gestation (p<0.001) and late gestation (p<0.001). 
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Figure 11 shows the comparison between the diameters of the aortic and pulmonary valves 

in control fetuses and fetuses with AoC as a function of GA. Both p-values obtained from 

ANCOVA analysis were < 0.001. During the pregnancy a decrease in the diameter of the 

AoV and an increase in the diameter of the PV was observed, thus demonstrating the 

increasing disproportion between the LV and the RV.  

 

Figure 11. Comparison between (a) aortic valve (AoV) diameters and (b) pulmonary valve (PV) diameters in control fetuses 
(blue) and fetuses with AoC. (AoV p-value<0.001; PV p-value<0.001) 

 

3.4. Validation of the computational model 
 

The comparison between measured and simulated patient-specific velocity profiles in the 

AoI, DA, MCA and UA from three controls at three different GA (a-c), together with the 

IQR from all control data is shown in Figure 12. The shape of the simulated DA was slightly 

different in all three cases compared to the IQR from controls, with the simulated systolic 

blood flow velocity flatter than the measured one. Simulated UA blood flow velocity was 

quite underestimated at 21 weeks of GA.  
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Figure 12. Comparison between simulated (blue line) and measured (red line) blood flow velocities and together with the IQR of 
all blood flow velocities from control fetuses (green range), in normal conditions and different GA: (a) 21 weeks, (b) 28 weeks and 
(c) 35.57 weeks. 
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3.5. Assessment of AoC degree  
 

Figure 13 displays the ultrasound measurements of the diameters of the aAo, dTA and AoI 

in patients with AoC plot as a function of GA and together with the theoretical normal values 

obtained from the literature (blue line) [29]. Furthermore, the plots of the different degrees 

of narrowing applied to the AoI are also displayed (range of narrowing: 50-90%). A 

narrowing bigger than 60% exceeded the AoI measurements. Therefore, the maximum 

narrowing considered in the subsequent parametric analysis was 70% in order to amplify the 

range and evaluate an extreme. 

 

 

Figure 13. Comparison of the diameter of the aorta in different segments (from left to right: aAo, pTA, dTA and AoI) between 
ultrasound measurements in AoC patients (red crosses) and literature data (lines) applying different degrees of narrowing in the 
AoI. 

 

Figure 14 shows the blood flow velocity of the pTA, dTA, AoI, MCA and UA from two 

simulations: 0% of narrowing (normal conditions) and 50% of narrowing, in the different 

GA and together with IQR from controls and AoC cases. In the three GA (a-c) the simulated 

blood flow velocity from the AoI exceeded the IQR from the AoI. Some other blood flow 

velocities from the dTA and MCA were also higher than the corresponding IQR.  
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Figure 14. Simulated blood flow velocities in normal conditions (0% of narrowing, blue line) and with an AoC of 50% of narrowing 
(red line); together with the IQR of all blood flow velocities from control fetuses (green range) and fetuses with AoC (red range), in 
different GA: (a) 21 weeks, (b) 28 weeks and (c) 35.57 weeks. 
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3.6. Parametric study of AoC degree and ventricular 

disproportion  

 

The results of the parametric study are represented in figures 15 and 16. Figure 15 shows the 

simulated blood flow velocity profiles against the different degrees of AoC together with the 

IQR velocities from controls and AoC cases for the different ventricular proportions in the 

three different GA. During all pregnancy (Fig.15a-b) the blood flow velocity profiles behaved 

similar versus the variation of the degree of AoC and LV-RV percentages. Both pTA and 

dTA blood flow velocities increased with AoC degree and decreased with ventricular 

disproportion. Despite this, when the AoC degree reached 70% of narrowing, the blood flow 

velocity in the pTA and dTA start decreasing. The AoI blood flow velocity behaved similar, 

increasing with the degree of AoC narrowing and decreasing with ventricular disproportion, 

but more pronounced. Moreover, with increasing ventricular disproportion the diastolic 

blood flow velocity from the AoI also increased considerably. From ventricular 

disproportion of 30-70%, there was some systolic retrograde blood flow in the AoI in GA 

21 weeks (a from Fig.15). In the case of the DA blood flow velocity, it increased with 

ventricular disproportion, so that more flow crossed from the right to the left circulation. 

However, it only increased with AoC degree in the case of non-disproportion (45%-55%). 

The MCA blood flow velocity behaved similar as the TA and the AoI, increasing with AoC 

degree and decreasing with ventricular disproportion. The UA blood flow velocity did not 

change neither with AoC degree nor ventricular disproportion, except in GA 35 weeks where 

the UA blood flow velocity tiny decreased with AoC degree. Comparing the simulations with 

the IQR of the velocities from measured data, the closest simulation for each GA (a-c) were 

the ones with a LV-RV percentage of 30-70% in GA 21 and 28 weeks and 25-75% in GA 

35 weeks. Lastly, in all three GA, the output pressure from the LV and the RV increased and 

decreased respectively with AoC degree. When ventricular disproportion was simulated, both 

output pressures got closer to the output pressures simulated under normal conditions (0% 

of narrowing). 

 



21 

 

 

Figure 15. Blood flow velocities in pTA, dTA, AoI, DA, MCA and UA and LV and RV output pressure against different 
degrees of AoC (0%, 40%, 50%, 60% and 70%) and different ventricular proportions (LV-RV% from top to bottom: 45-
55%, 35-65%, 30-70% and 25-75%) in different GA: (a) 21 weeks, (b) 28 weeks and (c) 35.57 weeks.  
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The simulated blood flow profiles in all three GA are shown in Figure 16 (a-c). In general, it 

could be seen that all blood flows increased with GA. As expected, the blood flow across 

the aortic arch decreased with ventricular disproportion and also with AoC degree. The DA 

flow did not change with AoC degree, except for the non-disproportion (45-55%) case in 

which it slightly increased with AoC degree. However, an increase with ventricular 

disproportion could be seen in all cases. Moreover, it could be observed also that when 

increasing the degree of AoC, the MCA flow also increased and with increasing ventricular 

disproportion this increment was normalized. Finally, the UA flow did not change neither 

with AoC degree nor ventricular disproportion. 
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Figure 16. Blood flow in pTA, dTA, AoI, DA, MCA and UA against different degrees of AoC (0%, 40%, 50%, 60% and 
70%) and different ventricular proportions (LV-RV% from top to bottom: 45-55%, 35-65%, 30-70% and 25-75%) in different 
GA: (a) 21 weeks, (b) 28 weeks and (c) 35.57 weeks. 
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4. DISCUSSION 
 

AoC is one of the CHD most difficult to diagnose prenatally. In order to improve the 

prenatal diagnosis, we aimed to understand the hemodynamical changes in fetuses with AoC. 

To do so, we analysed and compared ultrasound data from fetal and neonatal patients with 

and without AoC. Furthermore, we implement a lumped model of the fetal circulation to 

perform simulations with different degrees of narrowing and ventricular disproportion. 

Regarding the clinical data analysis, the IQR of the blood flow velocity from fetal controls 

and AoC were indistinguishable from each other, thus demonstrating the difficulty to find 

specific biomarkers to differentiate those fetuses with AoC in a prenatal stage. Some changes 

in the velocity profiles between late gestation and postnatal life such as retrograde flow in 

the TA and/or AoI or PDA may be difficult to predict as too many physiological changes 

are occurring during the transition from fetal to neonatal period, such as the expansion of 

the lungs that leads to a colossal decrease in pulmonary resistance and an increase in the 

lower body resistance as a consequence of the removal of the placenta. According to the 

general behaviour, the PDA in healthy neonates closes during the first 24-48 hours of life. 

During those hours the direction of the blood flow is usually left-to-right unless the 

pulmonary resistance is still high, then it is bidirectional or right-to-left [31]. In the postnatal 

control group, there was not PDA as the echocardiogram was performed after 48 hours. In 

contrast, in the group of AoC, all patients had the PDA present since Prostaglandins E1 were 

administrated immediately after birth not to allow the PDA to constrict. In this group, the 

blood flow direction in PDA was, in general, bidirectional. We hypothesized that one of the 

reasons is the fact that the first postnatal echocardiogram was done, on average, during the 

first 12 hours of life, so that the pulmonary resistance could be still high. 

The relative amount of flow calculated from the clinical data agreed with literature [3] and 

demonstrated the RV dominance during all GA range (18 to 40 weeks). Despite this, we saw 

an overlap during the earlier gestation (18 to 33 weeks), which could be as a result of errors 

in the measurements of the valve diameter and also because both valves were simulated as 

perfect circles. 

Both LVOT and RVOT blood flow velocities from the AoC group were not significantly 

different from the ones from the control group (see Figure 8), suggesting that to have the 

same velocity but with higher disproportion in the amount of flow, valve sizes must be 
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different (see Figure 11). Therefore, we can conclude that the ventricular disproportion is 

related to a remodelling in the valve size. 

Concerning the results of the simulations from the fetal lumped model implemented, firstly, 

we saw that the model outputs agreed reasonably with the clinical data (Fig.12). However, 

some improvements are still needed, like the model of the lung circulation and DA 

properties, since the simulated blood flow velocity within the DA was not in accordance with 

measured blood flow velocities. Secondly, when comparing the measured and the simulated 

AoI diameters in AoC (Fig.13), we can conclude that the maximum narrowing observed 

clinically is about 60%. In addition, in accordance with Murray’s law, the diameters of the 

aAo, pTA and dTA relate to the AoI diameter. Therefore, to properly model AoC, the 

diameters of the aortic segments mentioned before had to be also decreased when decreasing 

the diameter of the AoI. Since the diameters obtained were in agreement with measured AoC 

diameters (Fig.13), we can conclude that AoC implies a general hypoplasia of the left side 

structures.  

Regarding the first simulation performed (Fig.14), it can be demonstrated that without 

considering ventricular disproportion, the blood flow velocity profiles from the AoI reached 

unrealistic values, thus demonstrating that some additional hemodynamic remodelling takes 

place under AoC. As a consequence, a parametric study was performed in order to evaluate 

the effect of the ventricular disproportion in different degrees of AoC. From Figure 15, we 

observed that adding some imbalance in the amount of flow ejected by each ventricle we 

were able to get rid of the unrealistic values obtained in the first simulation since 

incrementing the ventricular disproportion, less flow went through the aortic vessels and the 

velocities across the aortic arch decreased. Consequently, in order to not vary considerably 

the blood flow velocities from the aortic arch, incrementing the degree of AoC, the 

ventricular disproportion should also increase.  

Another observation was the non-variation in the blood flow from the UA against ventricular 

disproportion and AoC degree (Fig.16). This invariance was caused by the parallel circulation 

thanks to the DA, which increased its blood flow when decreasing the amount of flow 

ejected by the LV because of the ventricular disproportion. Besides, the blood flow across 

the aortic segments was reduced as expected, since on one hand narrowing the aortic arch, 

less blood was able to cross it, and on the other hand when increasing the ventricular 

disproportion, less blood was ejected to the left circulation. Consequently, the MCA blood 
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flow increased with AoC degree, but adding ventricular disproportion returned it to normal 

values.  

This study presents some limitations. First of all, concerning the postnatal model, we were 

not able to completely optimise the model due to lack of time and patient-specific data from 

postnatal controls. Secondly, acquiring some ultrasound measurements (diameter and 

Dopplers) properly is challenging, thus there could be errors in measuring diameters and, 

because of the position or movement of the fetus, some Doppler traces could have some 

errors as well. Specifically, TA diameters and Doppler measurements could not be correlated, 

i.e. the Doppler may be taken at the pTA and diameter in the dTA or vice versa, and 

Dopplers of TA, DA and AoI could be easily confused because there are very close together 

anatomically. In addition, as the data was from a retrospective study, some Dopplers were 

not acquired in the best angle and quite a few Dopplers per echocardiogram were missing 

besides the echocardiograms which were not possible to be delineated with the Rocket 

platform. Table 3 shows the percentage of Dopplers used respect to the total number of 

available echocardiograms. 

Doppler 

measurement 

Earlier 

gestation 

Late 

gestation 

Doppler 

measurement 
Postnatal 

LVOT 64% 68% LVOT 59% 

RVOT 41% 53% RVOT 57% 

TA 41% 44% TA 52% 

AoI 31% 35% AoI 20% 

DA 28% 26% PDA 77% 

MCA 69% 68% dAo 16% 

UA 77% 74% abAo 80% 

Table 3. Percentage of Doppler measurements used in the present study respect to the total number of available echocardiograms. 

 

4.1. Future work 
 

First, to improve the reliability of the lumped model we would like to improve the fitting of 

the DA. Second, to finish building and validating the postnatal model with patient-specific 

data from postnatal controls. Third, it could be interesting to compare also the results 

obtained in this study with those cases that were diagnosed with a possible AoC in fetal life 

but where it was ruled out postnatally, as it would strengthen the data. Afterwards, applying 
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machine learning methods would be a good approach to see whether it is possible to find 

clusters of different populations or patterns. In the same line, besides measured data, the 

lumped model could be used to generate big data, i.e. creating random patients with different 

presentations of AoC, thus a lot of more data would be able to be used in machine learning 

in order to be able to predict whether it will be AoC or not.  
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5. CONCLUSION 
 

In this thesis, we proposed a fetal and neonatal hemodynamic assessment of aortic 

coarctation by means of ultrasound data analysis and implementation of a lumped model. 

Combining both approaches has given to this project a deep understanding on what an AoC 

involves. We have been able to implement a lumped model of the fetal circulation which, in 

general, agrees with the analysed clinical data. Furthermore, we can conclude that in fetal life, 

the narrowing of the aortic segment does not exceed 60%. Moreover, no relevant differences 

were seen between blood flow velocities from control fetuses and fetuses with AoC, thus 

demonstrating the difficulty in diagnosing prenatally AoC by echocardiography and the need 

to keep working to improve it. With this project, we demonstrate that a lumped model could 

be a good approach to improve the prenatal diagnosis, as we have been able to reproduce 

the blood flow hemodynamics in different presentations of the disease. However, the work 

should continue in order to, applying machine learning methods, be able to predict whether 

it will be a true AoC or not.  
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