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Lay Abstract 

Coarctation of the aorta is a congenital narrowing of the proximal descending aorta which 

coexists with other cardiovascular diseases. Although accurate and early 

diagnosis of coarctation hinges on blood flow quantification, proper diagnostic methods 

for coarctation still lack because fluid-dynamics methods that can be used for accurate 

flow quantification are not well developed yet. We developed an image-based patient-

specific computational framework that can quantify hemodynamics in patients with 

coarctation. Moreover, we investigated the impact of coarctation coexisting with other 

diseases and its interventions on hemodynamics to answer clinical questions. 
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Abstract 

Effective diagnosis of COA hinges on quantifications of the global hemodynamics (heart 

function metrics and workload), and the local hemodynamics (3-dimensional flow 

dynamics in COA). In this study, we developed an image-based framework that can 

quantify local and global hemodynamics for COA diagnosis. The proposed framework 

uses lattice Boltzmann method and lumped-parameter modeling that only needs routine 

non-invasive clinical patient data. The computational framework was validated against 

clinical cardiac catheterization data and Doppler echocardiographic measurements. 

One of the complicating factors of COA is its common association with mixed valvular 

diseases (MVD), which include varying combinations of aortic and mitral valve 

pathologies. Treatment strategies for these patients are quite unclear and differ from 

patient to patient. In order to evaluate risk factors and create guidelines for intervention 

aimed at minimizing the progression of cardiovascular disease, the impact of COA and 

MVD on aortic fluid dynamics in patients with COA and MVD was investigated in this 

thesis. Our results show that interaction of MVD with COA fluid dynamics may amplify 

adverse hemodynamic effects especially downstream of COA and may contribute to 

speed up the progression of the disease. The results suggest that some more aggressive 

surgical approaches may be required as regularly chosen current surgical techniques may 

not be optimal for patients with both COA and MVD. 
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The appropriate surgical technique for COA repair often remains unclear for adult 

patients. Extra-anatomical bypass grafting has been recommended in some of the COA 

cases. To effectively evaluate risk status and create guidelines for intervention, precise 

quantification of aortic fluid dynamics and hemodynamics is required. We used a patient-

specific numerical framework to investigate the impact of bypass grafts on aortic fluid 

dynamics in patients with COA. This study can partially explain the complications 

associated in patients with COA who underwent bypass grafting. 
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1.1  Isolated coarctation of the aorta 

Coarctation of the aorta (COA) is a congenital narrowing of the isthmus zone, the section 

of the descending aorta distal to the left subclavian artery. The disease is characterized by 

stenosis in the proximal descending thoracic aorta. COA is one of the most common 

congenital heart defects, accounting for 5-8% of congenital heart diseases (CHD) cases 

with a reported prevalence of 3-4/10000 live births1. 

COA can be simple (i.e., isolated defect) or complex (i.e., associated with other cardiac 

defects). In most cases, COA is associated with other cardiovascular defects, including 

ventricular septal defect2, persistent ductus arteriosus3,4, and most commonly, valvular 

diseases5.  

Despite advancements in interventional and surgical techniques, patients with coarctation 

interventions and surgeries require close monitoring because of acute post-surgical 

complications, including hypertension, aortic dilation, re-coarctation, aneurysm and 

rupture6.  

1.2 Associated cardiovascular anomalies with coarctation of the aorta. 

COA is not always isolated and is primarily associated with several congenital diseases 

and other cardiovascular anomalies. The most common anomalies coinciding with COA 

is the bicuspid aortic valve, but ventricular septal defect and persistent ductus arteriosus 
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also occur together with COA. Moreover, COA also occurs in almost 35% of female 

patients with Turner’s syndrome which is a genetic disorder7. 

1.2.1 Valvular heart disease 

Bicuspid aortic valve (BAV) is the most common associated defect with COA, occurring 

in approximately 60-85% of patients with COA5. Several subtypes of BAV and systems 

of classification of BAV have been described based on leaflet morphology and aortic 

valve shape8,9. Patients with concomitant COA and BAV are at increased risk of 

developing complications such as ascending aorta dilatation, aortic valve stenosis and 

aortic valve regurgitation1. Aortic regurgitation (AR) and aortic stenosis (AS) are seen in 

4% and 5-17% of COA cases, respectively5. Furthermore, Association of COA and mitral 

valve abnormalities are also frequently found, most commonly mitral regurgitation (MR) 

in 4% of cases, but mitral stenosis (MS) is also prevalent5.  

 

Figure 1-1. Bicuspid Aortic Valve (BAV). (A) Transesophageal short-axis view of BAV. 

(B) 3D Transesophageal view of BAV10. 
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1.2.2 Ventricular septal defect 

Ventricular septal defect (VSD) is a defect in the ventricular septum between the right 

and left ventricle. Large VSDs must be detected early and treated; otherwise, it may result 

in cyanosis, limitation of physical capacity, and a high risk of mortality2,11. The 

association of CoA with VSD in neonates is common and it may range from 6.2-14.8% 

depending on the studied population6. 

 

Figure 1-2. Echocardiogram of ventricular septal defect pointed by the arrows. LA is the 

left atrium, LV is the left ventricle, RV is the right ventricle, and Ao is the aortic valve11. 

 

1.2.3 Persistent ductus arteriosus 

Persistent ductus arteriosus (PDA) is a vascular structure opening that connects the 

proximal descending aorta to the roof of the main pulmonary artery. The ductus arteriosus 

typically closes spontaneously early after birth. However, after the first few weeks of life, 

the persistence of ductal patency is abnormal12. PDA may lead to pulmonary hypertension 

followed by right-sided heart failure3,4. PDA is most frequently associated with aortic 
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coarctation. The association of PDA and COA may range from 11.5-20.6% depending on 

the studied population6. 

 

Figure 1-3. Echocardiograms of persistent ductus arteriosus (PDA). (A) 2D high 

parasternal short-axis view of PDA. DAO is the descending aorta and MPA is the main 

pulmonary artery. (B) Color Doppler image in the same view as A12. 

1.3 Long-term complications from coarctation of the aorta 

Although operative repair for aortic coarctation has been performed since 194413, 

survivors have decreased life expectancy and many late life-threatening cardiovascular 

complications. Late cardiovascular complications after operative repair of COA, 

including aneurysm, aortic dilatation14, hypertension15,16, left ventricular hypertrophy17, 

and recoarctation18, still pose significant risks to the patients’ health. 
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1.3.1 Aneurysm 

The most common cause of death in COA is aneurysm and rupture of the aorta19. An 

aneurysm, classified by its location in the cardiovascular system, refers to a weakening of 

an artery wall that creates a bulge or distention. Almost 9% of patients develop aortic 

aneurysms late after the COA surgical repair (flap aortoplasty (17%), patch 

angioplasty (14%), bypass graft repair (6%) or end-to-end anastomosis (3%)). 

 

Figure 1-4. Computed tomographic angiogram of a postoperative aneurysm of the left 

subclavian artery20. 

 

1.3.2 Aortic dilation 

Aortic dilation is a severe vascular pathology that may occur in patients with COA, 

especially in the presence of BAV21,22. The aorta is considered pathologically dilated if 

the diameters of the ascending aorta and the aortic root exceed the norms for a given age, 

https://www.sciencedirect.com/topics/nursing-and-health-professions/aortic-aneurysm
https://www.sciencedirect.com/topics/nursing-and-health-professions/aortic-aneurysm
https://www.sciencedirect.com/topics/medicine-and-dentistry/patch-angioplasty
https://www.sciencedirect.com/topics/medicine-and-dentistry/patch-angioplasty
https://www.sciencedirect.com/topics/medicine-and-dentistry/end-to-end-anastomosis
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gender, and body size23. Aortic dilation may end up with life-threatening complications 

such as aortic rupture and dissection14.  

1.3.3 Hypertension 

Hypertension affects more than one billion adults worldwide, and it is a significant risk 

factor for many cardiovascular diseases24. Hypertension is a common long-term 

complication associated with COA, ranging from 25-68% depending on diagnostic 

method and studied population15,16. Early postoperative control of hypertension protects 

the aortic anastomosis, reduces the risk of an aneurysm formation, and alleviates post-

coarctation syndrome. Hence, mean arterial pressure should be maintained in the normal 

range depending on the patient’s age25.  

1.3.4 Left ventricular hypertrophy. 

Left ventricular hypertrophy, is a condition in which the muscle wall of heart's left 

pumping chamber becomes thickened and may not pump efficiently. Left ventricular 

hypertrophy may also be a physiological response to exercise training26. 

COA imposes significant afterload on the left ventricular muscle, which results in 

increased wall stress and compensatory ventricular hypertrophy17,27. The patients with 

repaired COA are at risk of increased Left ventricular hypertrophy due to impairment of 

vascular mechanics and abnormal blood pressure regulation28. 
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Figure 1-5. Magnetic Resonance Imaging (MRI) images of different patterns of left 

ventricular hypertrophy (LVH) compared to a patient without LVH29. 

1.3.5 Recoarctation 

Recoarctation, one of the most common complications of COA surgery, is a term used to 

describe the narrowing of the same coarctation site after the surgical correction18. 

Recoarctation can be due to several mechanisms, such as thrombus formation at the 

suture line and incomplete initial repair. The prevalence of recoarctation is approximately 

31% of the patients18. However, not all recoarctations are considered clinically 

significant. Common symptoms of recoarctation are increased arm-to-leg blood pressure 

drop, increased upper body high blood pressure, and weak femoral pulses. Reintervention 

may be needed when the catheter-measured pressure gradient over the recoarctation site is 

greater than or equal to 20 mmHg30. 
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1.4  Coarctation of the aorta diagnosis 

1.4.1 Arm-to-leg blood pressure difference measured by 

sphygmomanometer 

Arm-to-leg blood pressure difference measured by sphygmomanometer may provide 

helpful information regarding the existence of aortic obstruction. Although there is no 

specific guideline on measuring arm-to-leg systolic pressure gradient in whom COA is 

suspected, several studies suggested that the reduction of ≥20 mmHg in arm-to-leg 

systolic pressure gradient may be considered a probable risk factor31. Several reports have 

also shown that arm-to-leg blood pressure difference may not accurately represent the 

hemodynamic severity of the stenosis32. 

1.4.2 Cardiac catheterization 

Cardiac catheterization is the gold standard in assessing the pressure gradient across the 

coarctation site. Coarctation is classically defined as a catheterization-measured peak 

drop greater than 20 mmHg. Due to recent advances in non-invasive diagnosis 

techniques, cardiac catheterization is used more frequently in the setting of intervention 

than diagnosis33. 
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1.4.3 Doppler echocardiography 

Echocardiography has been used successfully to assess the morphology and 

hemodynamic severity of COA. Instantaneous peak trans-coarctation pressure gradients 

can be estimated by calculating the maximal velocity across the coarctation in the 

suprasternal view (V1) and the velocity in the abdominal aorta in the subcostal view (V2) 

and the correlation with the Bernoulli equation as follows33: 

  (1) 

Although due to its non-invasive, radiation-free, and low-cost nature, doppler 

echocardiography is currently preferred to assess coarctation severity, several theoretical 

and technical limitations may contribute to unavoidable sources of inaccuracy. The source 

of inaccuracy is first because of the improper use of the Bernoulli equation as the 

Bernoulli equation is applicable only to flow along a streamline, and it is not valid for 

non-steady or turbulent flow33. The other source of inaccuracy comes from the Doppler 

beam’s misalignment with flow direction, resulting in velocity underestimation. 

Furthermore, low-quality images of echocardiography cause difficulties in determining 

the throat diameter of the coarctation and velocity measurement33.  

1.4.4 Computed tomographic angiography  

Computed tomographic angiography (CTA) uses ionizing radiation and intravenous 

contrast to obtain intracardiac and extracardiac data with very high spatial resolution34. 

CTA provides invaluable information in diagnosing COA severity and managing patients 
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with COA. CT imaging does not produce significant artifacts due to metallic objects, 

making CT imaging an excellent utility for arch imaging in patients with prior stent 

implantation. However, the exposure to ionizing radiation, the reaction potential to 

contrast material and the inability to provide hemodynamic information, such as peak 

pressure gradient, are the primary drawbacks for CT imaging. 

1.4.5 Magnetic resonance imaging 

Magnetic resonance imaging (MRI) is one of the preferred non-invasive advanced 

imaging techniques for patients with COA. Like CTA, MRI provides high image 

resolution. However, unlike CTA, MRI does not include any exposure to ionizing 

radiation making it the method of choice for initial evaluation of aortic coarctation before 

repair and stent implant. MRI images are susceptible to metallic artifacts than CT, and 

hence it is not a promising modality of choice in patients with pre-existing stents in the 

region of interest33. 

1.4.6 Phase-contrast MRI 

Phase-contrast magnetic resonance imaging (PC-MRI) is a specific magnetic resonance 

imaging type used primarily to determine flow velocities.  Standard 2D PC-MRI was 

introduced in the late 1980s to enable through-plane assessment of moving fluids in 

magnetic resonance imaging (MRI). Since then, the development of 2D PC MRI has 

allowed the acquisition of a time-resolved three-dimensional velocity encoding, a 
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technique known as 4D (3D coordinates plus time) flow MRI. 4D flow MRI has made it 

possible to assess in-vivo hemodynamic velocity profiles non-invasively. After some 

improvements, including more powerful graphic processing units, lighter datasets, and 

cloud-based post-processing, this technique has gradually entered the field of clinical 

practice35. 

  

Figure 1-6. Coarctation imaging. (A) 3D CTA of a discrete distal coarctation. (B) 2D and 

coloured Doppler echocardiogram of a distal COA36. (C) PC-MRI of the proximal 

descending aorta (PDAo) and the distal descending aorta (DDAo)37. 
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1.5 Current treatments for coarctation 

Treatments for coarctation have developed considerably over the years and include 

surgical repair and catheter-based repair treatments. Treatment of choice mainly depends 

on the patient’s age at the time of diagnosis and the severity of COA38. 

1.5.1 Surgical repair 

Surgical intervention for coarctation of the aorta was first described in 194413. Since the 

initial description of the surgical repair of COA, several successful surgical treatments, 

including end-to-end anastomosis, subclavian flap aortoplasty, patch aortoplasty, and 

bypass graft, have been proposed39. 

1.5.1.1 Resection with end-to-end anastomosis 

In this procedure, the stenotic segment of the aorta is resected via open lateral 

thoracotomy surgery, and the two ends of the aorta are then anastomosed together. The 

incidence of re-coarctation in a direct end-to-end anastomosis is relatively high with 

reported incidence rates of 41% to 51%, and it is not commonly used nowadays40. A 

modification of the classic end-to-end anastomosis (EEA) is called extended EEA. 

Extended EEA involves end-to-side anastomosis of the aortic arch more proximally along 

its lesser curvature. It provides superior relief from the various levels of obstruction in 

COA. The extended EEA relatively has low re-coarctation incidence33. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 1-7. Surgical approaches to repair COA: (a) extended end-to-end anastomosis for 

repair coarctation of the aorta, (b) patch aortoplasty for the repair of coarctation, and (c) 

left subclavian flap aortoplasty for the repair of coarctation (d) Bypass graft surgery33. 

1.5.1.2 Patch aortoplasty 

The patch aortoplasty surgery was introduced in 195741. In this technique, the aorta is 

opened longitudinally through the coarctation region and extending to the left subclavian 

artery. Then, an elliptic woven Dacron patch is inserted to expand the diameter of the 

lumen. This operation had a significantly lower recoarctation rate than classic end-to-end 

anastomosis, ranging from 5-12%. Although patch aortoplasty led to a reduction in re-

coarctation, it was met with a high incidence of aneurysmal formation41.  



Ph.D. Thesis, Reza Sadeghi                        McMaster University, Mechanical Engineering 

15 

 

1.5.1.3 Left subclavian flap aortoplasty 

Another surgical procedure which was developed for the management of COA is left 

subclavian flap aortoplasty. Subclavian flap aortoplasty consists of dividing the left 

subclavian artery and folding down the subclavian artery flap over the aortic narrowing 

region. Although the COA repair by subclavian flap aortoplasty carries the disadvantage 

of impaired blood supply to the left arm42, the recurrence rate is lower than with patch 

aortoplasty43. 

1.5.1.4 Bypass grafting 

Although vascular surgeons currently use previous surgical treatments, they still rely on 

bypass graft procedures when other surgeries are unfeasible. When performing bypass 

grafting, proximally, the prosthetic conduit is anastomosed to the ascending aorta or the 

subclavian artery, distally the conduit is attached to the descending aorta40,44,45. Bypass 

graft surgery leaves the stenosed aorta in situ, but is able to divert blood around the area 

of coarctation and provide adequate blood flow to the distal aorta40. While extra-anatomic 

bypass can be performed with low risk46, some adverse cases do exist and include 

prosthetic graft pseudoaneurysm, intimal hyperplasia and potential recoarctation, all of 

which may require reoperation47-53. 

1.5.2 catheter-based repair 

During the ensuing four decades, surgical repair techniques remained the only treatment 

for COA. In the late 1970s, interventional catheter-based techniques were introduced as 
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an alternative to surgical repair procedures54. Since then, transcatheter interventions have 

become increasingly popular and emerge as the treatment of choice amongst clinicians. 

Transcatheter options include simple balloon angioplasty and angioplasty followed by 

stenting. While these catheter-based techniques offer minimally invasive treatments, 

reduced hospitalization time and promising outcomes, the needs for re-intervention and 

likelihood for recoarctation are their potential limitations33. 

 

(a)  

 

(b)  

Figure 1-8. Catheter-based interventional approaches to repair COA: (a) Balloon 

angioplasty, (b) Stent placement33. 

1.5.2.1 Balloon angioplasty 

Balloon angioplasty, first performed as early as 198255, is the first treatment of COA to 

stabilize newborns and infants who cannot receive immediate surgery56. A catheter wire 

is introduced into the femoral artery percutaneously and is positioned across the aortic 

coarctation region. Then, the balloon is inflated to widen a narrow part of the aorta. 

Balloon angioplasty stretches the target lesion; however, it may be followed by a tear of 

the intima, early and late retraction of the lesion, resulting in recurrence of the narrowing, 

dissection, pseudoaneurysm, and rupture57. 
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1.5.2.2 Stent placement 

The use of stent implantation, the other catheter-based technique for repairing COA, 

began in the 1990s58. Stents were introduced to overcome the shortcomings of balloon 

dilation in the balloon angioplasty technique by expanding and scaffolding the target 

region to avoid recurrent stenosis and recoil intima cells. Therefore, stenting may result in 

fewer aneurysms and ruptures. However, it has some shortcomings, including vascular 

trauma at the sheath insertion point, wall hyperplasia, and damaging the vessel57.  

1.6 Computational modelling of coarctation of the aorta 

1.6.1 Numerical Modelling of the Cardiovascular System 

In recent years, high fidelity multiscale cardiovascular modelling frameworks are 

becoming a powerful tool in cardiovascular research, medical device design, surgical 

planning and interventional procedures59,60. Despite ongoing advances in imaging 

techniques and non-invasive flow measurements, it remains challenging to acquire 

accurate in-vivo data and fully understand a patient’s condition.  

High spatial resolution imaging modalities such as three-dimensional magnetic resonance 

imaging (3D-MRI) and computed tomography (CT) provide a wealth of information on 

the morphology of aorta and echocardiography and Four-dimensional MRI (4D-MRI) 

enables measurement of the velocity field. However, neither of the aforementioned 

imaging techniques can provide data on the pressure along the aorta region nor have 
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sufficient spatial resolution to accurately calculate velocity gradient and the wall shear 

stress (WSS)61. The lack of capacity to accurately compute these influential 

hemodynamic parameters may result in unreliable interpretation of the data62. 

Computational fluid dynamics (CFD) with individualized inputs (e.g., patient’s geometry 

from imaging modalities and flow measurement from ultrasound or 4D flow MRI) can 

yield high temporal and spatial resolution data on critical physiological parameters, such 

as velocity, velocity gradient, pressure, vorticity, and wall shear stress, which can aid to 

the clinicians’ decision making61. In addition, the computational models could be 

predictive tools in such a way as to parametrically investigate the hemodynamics impact 

of various treatments or visually test specific parameters on the progression of 

diseases61,63. The following sections summarize the literature review on assumptions 

made to model blood flow in healthy aorta and aorta with coarctation.  

1.6.2 Geometrical representation of the COA anatomy 

One of the most critical aspects of COA is the morphology of the aorta and coarctation 

region64. Luminal diameter of the aorta, the whole length of the aorta, aortic arch 

curvature, and diameter of the aortic lumen at the coarctation site play essential roles in 

the flow behaviour at the coarctation site65. Furthermore, the inclusion or exclusion of the 

other arteries that branch off the aorta (subclavian, carotids, renal, etc.) and the effects of 

downstream vasculature are essential on flow patterns. Two fundamental approaches have 

been adopted in the modelling of aortic flow: (1) the use of patient-specific geometries66 
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(2) the use of idealized geometries, which is most appropriate for parametric studies67,68. 

Due to the skepticism of the clinicians, idealized models are rare in the literature, and 

most COA models in the literature are ‘patient-specific’ in which the geometry domain is 

derived from clinical imaging data of a given patient. 

To reconstruct 3D patient-specific geometries, thresholds are applied to a stack of 2D 

images to separate the vessel section of interest. The geometry is typically smoothened, 

and the domain boundaries are trimmed. In several studies, the trimming step includes 

removing the supraoptic branches69,70 and visceral arteries71,72 for simplicity. However, 

such simplifications limit the utility of the patient-specific modelling approach. For 

instance, approximately 15% of ascending aorta flow enters the supra-aortic branches and 

removing these branches alters the local hemodynamics73.  

Some studies have shown that small virtual changes in geometry might be expected to 

influence the predicted flow characteristics considerably74. However, the influence of 

image reconstruction accuracy on numerical results has not, to the author’s knowledge, 

been reported in detail75. 

To wrap it up, from a purely morphological point of view, fewer simplifications and 

omissions of smaller arteries will lead to a better representation of the hemodynamics in 

the geometry of interest. However, proper boundary conditions must be applied for each 

additional branch included in the model, making the model more sophisticated. 
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1.6.3 Boundary conditions  

Given the complexity of the fluid dynamics of blood flow, a realistic full patient-specific 

numerical model of the entire cardiovascular system is prohibitively computationally 

expensive even though some studies consider a large proportion of entire vasculature76-78. 

The appropriate selection of boundary conditions in computational models is an essential 

component of producing realistic results. The appropriate application of boundary 

conditions in computational models of the aorta plays a crucial role in translating 

numerical blood flow models into the clinical context. Accurate data from specific 

patients at all the domain boundaries is often unavailable, and thus several reasonable 

assumptions must be made. 

The most common wall boundary condition for modelling the aorta is an impenetrable 

boundary with a no-slip condition. Hence, the motion of the vessels is not included, and 

blood movement does not impact the movement of the wall79. This assumption is justified 

by the slight in-plane movement of wall motion at several locations across the descending 

aorta. In addition, arterial stiffening is a common long-term symptom among COA 

patients, and aortic rigidness is observed during aging80. Although several studies 

investigated fluid-structure interaction of aorta81,82, it seems that an accurate patient-

specific compliant wall model plays an essential role in the flow pattern prediction. On 

the other hand, many researchers found it reasonable to avoid computational expensive 

FSI modelling due to its large degree of freedom83,84. 
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In the majority of COA simulations, the inflow boundary condition is frequently applied 

via a uniform or time and/or spatially varying velocity curve (flat, plug, parabolic or 

Womersley profile shaped)85-89 derived from PC-MRI or via a lumped parameter 

modelling description of the heart coupled to the inlet boundary84,90. Some studies have 

shown that more realistic inlet conditions, including secondary flow features and valve 

morphology, are essential to capture local flow features85,91. On the other hand, others 

believe this impact is small in the downstream aorta and memory of inlet condition 

eventually will be lost downstream due to the substantial geometrical-driven flow92. 

The most common approaches for applying the BCs at the system outlets (branched 

arteries and the ascending aorta) are constant pressure (usually zero) and ‘flow 

splitting’92. A conventional zero pressure condition was assigned in most studies as 

incompressible flows only dictated by the local pressure gradient at the descending aorta 

outlet73. An alternative option is to prescribe generic pressure waves from other 

studies73,93. Another common boundary condition is based on hydraulic-electrical 

analogue circuits. In this method, called zero-dimensional modelling or lumped parameter 

modelling, the compliant and resistive aspects of the vasculature components are 

modelled with electrical circuits. 0D models are integrated with 3D domain outlet 

boundaries to provide a dynamic representation of the influence of the downstream 

vasculature76,84,94,95. 
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1.6.4 Fluid Modelling 

Blood exhibits shear thinning, viscoelastic, and thixotropic non-Newtonian properties92. 

Several studies have indicated the importance of including shear-thinning non-Newtonian 

characteristics in patient-specific modelling96-98. However, the majority of blood flow 

simulations assume that the fluid is Newtonian73,99. Several classic and numerical 

resources report that it is reasonable to assume that the fluid in large arteries (e.g., aorta, 

carotid) is Newtonian because the flow in larger arteries primarily is driven by high shear 

rates and non-Newtonian contribution is negligible compared to other modelling 

uncertainties79,100. 

Another critical issue in modelling blood flow in the aorta is whether to model the fluid as 

laminar, transitional, or turbulent flow. Whereas laminar flow is deterministic, when flow 

becomes turbulent, random fluctuations in velocity occur, and turbulent eddies form and 

dissipate energy in the flow. The state of turbulence is often described in terms of 

Reynold’s number (Re), which is the ratio of inertial forces to viscous forces. In steady 

pipe flow, the transition to turbulence occurs at a critical Reynold’s number. Several CFD 

studies report critical Reynolds values in the range of 2700–15000101,102. Some studies 

use the laminar model by the justification that Reynolds numbers in laminar flow are up 

to 3700, and some refer to classic text that states arterial flow is always laminar102. 

However, some recent studies have shown that although blood flow is generally laminar 

in the whole cardiac cycle, the transitional and turbulent flow has been observed in either 

healthy aorta or COA cases73. A wide range of approaches, including direct numerical 
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simulations (DNS)103,104, Large-eddy simulations (LES)84,105-109 and Reynolds-Averaged 

Navier-Stokes (RANS)67,110-112 were adopted to model and resolve the aortic flow.  

Typically, computational models rely on solving the Navier Stokes equation. There are 

excellent references on quantifying blood flow in the aorta using 3-D conventional CFD 

methods based on the discretization of Navier–Stokes’s equations (finite difference 

method103, finite volume method105,106,113, finite element method72,83,88, etc.). An alternate 

to traditional numerical discretization schemes for NS solvers is the lattice Boltzmann 

method. The fluid is viewed as a population of particles, and these particles can move in 

discrete directions between lattice points. Due to the capability of LBM in handling 

complex geometries and performing efficiently on parallel architectures, it is becoming 

popular in modelling vascular flow60,114. Lattice Boltzmann method is recently used for 

modelling blood flow in patients with coarctation of the aorta90,104,115. 

1.7 Objectives of the thesis 

The present research’s aims and objectives are as follows:  

Aim 1: To develop an innovative computationally fast and imaging-based framework for 

COA diagnosis that uses lattice Boltzmann method and lumped-parameter modeling that 

is solely based on routine non-invasive clinical patient data.  

Aim 2: To validate the proposed framework against clinical cardiac catheterization data, 

calculations using the conventional finite-volume method, clinical Doppler 

echocardiographic measurements and 4D flow MRI measurements. 



Ph.D. Thesis, Reza Sadeghi                        McMaster University, Mechanical Engineering 

24 

 

Aim 3: To investigate the impact of COA and associated mixed valvular diseases (MVD; 

various combinations of aortic and mitral valvular pathologies) on local and global 

hemodynamics and as a result effectively evaluate risk status and create guidelines for 

intervention aimed at minimizing the progression of cardiovascular disease in patients 

with MVD and COA. 

Aim 4: To investigate the impact of COA and MVD on aortic fluid dynamics in patients 

with COA and MVD and assess the presence and the severity of the MVD on progression 

of the disease and irregular flow patterns at the COA region. 

Aim 5: To investigate the impact of bypass grafts on aortic fluid dynamics in patients 

with COA and provide insights into possible reasons for graft failure. 

1.8 Thesis organization 

Chapter 1: “Introduction and literature review”. This chapter provides a general 

introduction to the research by describing aortic coarctation in detail. In addition, clinical 

imaging modalities, invasive diagnostic methods, and treatments for COA are also 

assessed in terms of their advantages and shortcomings. This chapter also describes the 

background and reviews literature on patient-specific numerical modelling with a focus 

on COA. Finally, detailed research objectives and the outline of this thesis will be 

described. 

Chapter 2: “Personalized intervention cardiology with transcatheter aortic valve 

replacement made possible with a non-invasive monitoring and diagnostic framework”. 
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This chapter encompasses the development of new non-invasive methods that can 

quantify local and global hemodynamics for diagnosis of aortic coarctation. This 

computationally fast framework uses Lattice Boltzmann method and lumped-parameter 

modeling that only rely on routine non-invasive clinical patient data. Our findings 

position this framework as a promising new non-invasive diagnostic tool that can provide 

diagnostic analyses not possible with conventional diagnostic methods. The proposed 

framework was validated against clinical Doppler echocardiographic measurements, 

cardiac catheterization data, and calculations using the conventional finite-volume 

method. It is shown that the framework can provide diagnostic information that is needed 

to assess patient risk and clinical outcomes. 

Chapter 3: “Risk quantification in patients with coarctation, requires evaluation of 

severity of mixed valvular disease and coarctation”. In this chapter, we used our 

framework to investigate the impact of COA and mixed valvular diseases (MVD) on 

aortic fluid dynamics in patients with COA and MVD. The proposed patient-specific 

computational-mechanics framework integrates the local hemodynamics with the global 

circulatory cardiovascular system using the Lattice Boltzmann method along with lumped 

parameter modeling. The computational framework was also validated against clinical 

cardiac catheterization data and Four-dimensional flow magnetic resonance imaging data. 

The severity and presence of MVD on the evaluation of risks in patients with COA were 

investigated in this chapter as well. 
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Chapter 4: “Reducing morbidity and mortality in patients with coarctation requires 

systematic differentiation of impacts of mixed valvular disease on coarctation 

hemodynamics”. In this chapter, it was shown that interaction of MVD and COA may 

amplify irregular flow patterns downstream of COA and contribute to speed up the 

progression of the disease. Since treatment strategies for patients with COA and MVD are 

quite unclear and differ on an individualized basis, we used our patient-specific numerical 

framework to investigate the effects of MVD on COA in terms of both local and global 

hemodynamic. 

Chapter 5: “Impact of extra-anatomical bypass on coarctation hemodynamics using 

patient-specific lumped parameter and Lattice Boltzmann modeling”.  In this chapter, we 

investigated the impact of bypass grafts on aortic fluid dynamics in three patients with 

COA. Our non-invasive patient-specific framework was used to quantify blood flow 

through artery bypass grafts. Our results can provide insights into possible reasons for 

graft failure. 

Chapter 6: “Conclusion and future works”. This chapter draws together the important 

findings from each of the previous chapters. Moreover, some new exploratory lines of 

research for future work were offered. 
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2.1 Abstract 

Coarctation of the aorta (COA) is a congenital narrowing of the proximal descending 

aorta. Although accurate and early diagnosis of COA hinges on blood flow quantification, 

proper diagnostic methods for COA are still lacking because fluid-dynamics methods that 

can be used for accurate flow quantification are not well developed yet. Most importantly, 

COA and the heart interact with each other and because the heart resides in a complex 

vascular network that imposes boundary conditions on its function, accurate diagnosis 

relies on quantifications of the global hemodynamics (heart-function metrics) as well as 

the local hemodynamics (detailed information of the blood flow dynamics in COA). In 

this study, to enable the development of new non-invasive methods that can quantify local 

and global hemodynamics for COA diagnosis, we developed an innovative fast 

computational-mechanics and imaging-based framework that uses Lattice Boltzmann 

method and lumped-parameter modeling that only need routine non-invasive clinical 

patient data. We used clinical data of patients with COA to validate the proposed 

framework and to demonstrate its abilities to provide new diagnostic analyses not 

possible with conventional diagnostic methods. We validated this framework against 

clinical cardiac catheterization data, calculations using the conventional finite-volume 

method and clinical Doppler echocardiographic measurements. The diagnostic 

information, that the framework can provide, is vitally needed to improve clinical 

outcomes, to assess patient risk and to plan treatment. 
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2.2 Introduction 

Coarctation of the aorta (COA) is a congenital narrowing of the proximal descending 

aorta. The hemodynamic severity and clinical manifestations of COA vary from 

asymptomatic mild narrowing of the aortic isthmus to severe obstruction associated with 

cardiac defects, congestive heart failure and shock in the neonatal period, persistent 

hypertension and aortic dissection1. Not all patients are symptomatic but with disease 

progression in severity, 60% of adults over 40 with uncorrected COA develop heart 

failure and 75% of them die by the age of 50, and 90% of them die by the age of 602. 

Indeed, despite advancements in interventional/surgical techniques, the long-term 

morbidity and subsequent mortality of patients with COA remain high in comparison with 

the general population3,4. 

“Cardiology is flow”5 and therefore the essential sources of COA morbidity can be 

explained on the basis of adverse hemodynamics: abnormal biomechanical forces, 

abnormal flow patterns - that  often characterized by disturbed and turbulent flow- and in 

some cases by an increase in the heart workload that leads to the development and 

progression of cardiovascular diseases5-8. Flow quantification can be greatly useful for 

accurate and early diagnosis, but we still lack proper diagnostic methods for many 

cardiovascular diseases6,9, including COA, because the fluid-dynamics methods that can 

be used as engines of new diagnostic tools are not well developed yet. In this research we 

contributed to advancing computational mechanics as a powerful means to augment 
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clinical measurements and medical imaging to create novel diagnostic methods for COA 

at no risk to the patient6,7.  

The heart resides in a sophisticated vascular network whose loads impose boundary 

conditions on the heart function6,7,10-12 . Effective diagnosis of COA hinges on: (1) 

quantifications of the global hemodynamics (heart function metrics, e.g., left ventricle 

workload and instantaneous pressure), and (2) quantifications of the local hemodynamics 

(detailed information of the 3-D flow dynamics in COA). However, there is no method to 

invasively or noninvasively quantify the heart workload (global hemodynamics) while 

providing contribution breakdown of each component of the cardiovascular system. 

Moreover, current diagnostic methods cannot quantify details of the flow dynamics of the 

circulatory system (local hemodynamics). Although all of these can provide valuable 

information about the patient’s state of cardiac deterioration and heart recovery, currently, 

clinical decisions are largely made based on the anatomy using medical imaging9.  

A clinically-useful computational diagnostic framework that can quantify both local and 

global hemodynamics for patients with coarctation should satisfy the following 3 

requirements:  

(1) The local fluid dynamics is influenced by the conditions downstream and 

upstream of coarctation. Therefore, in addition to performing the 3-D blood flow 

calculations in the patient-specific geometry, imposing accurate patient-specific 

flow and pressure boundary conditions is critically important for a computational 

diagnostic framework. This not only gives patient-specific flow and pressure 
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conditions to the local flow but also enables providing diagnostic information 

about the global circulatory physiology. The patient-specific boundary conditions 

should be obtained non-invasively in each patient because obtaining them 

invasively (e.g., with catheterization) contradicts the whole purpose of the 

computational framework.   

(2) To reliably augment the current clinical diagnostics capabilities with 

calculations of blood flow through COA, the computational diagnostic framework 

should be fast enough to provide results in a matter of minutes rather than days.  

(3) The computational framework should provide valid results to be considered as a 

reliable diagnostic tool. Upon development of a computational diagnostic 

framework, its results should be validated against clinical data that include data 

obtained using cardiac catheterization, Doppler echocardiography and magnetic 

resonance imaging. Cardiac catheterization is used as the clinical gold standard to 

evaluate pressure and flow through heart and circulatory system, but it can only 

provide access to the blood flow and pressure in very limited regions. Doppler 

echocardiography is the most versatile tool to evaluate local hemodynamics and 

has a high temporal resolution, but it has limited spatial access through chest. 

Phase-contrast magnetic resonance imaging can provide local flow, but it is not 

possible for many patients with implanted devices. As each of these modalities 

have their own limitations, a multi-modality validation of the computational 

framework would be required. 
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There have been attempts for quantifying blood flow through COA (local hemodynamics) 

using conventional macroscopic numerical methods based on the discretization of 

Navier–Stokes equations (finite difference method, finite volume method, finite element 

method, etc.) 11,13-20. None of these models can satisfy Requirement #2 above because the 

conventional methods need days of calculations and therefore, they are not feasible for 

clinical diagnosis. Furthermore, many of these models were restricted to low Reynolds 

numbers. None of these models satisfy Requirement #3: most were not validated while 

some were only partially validated. Most of these studies do not satisfy Requirement #1 

as they do not have patient-specific boundary conditions. Among all, three studies15,20,21 

coupled blood-flow calculations with lumped-parameter modelling to impose boundary 

conditions on the calculations. However, the lumped-parameter models either were not 

patient specific or needed information from blood-flow measurements using MRI that is 

not available in all clinics and is not feasible in patients with implanted devices.  

Recently, Lattice Boltzmann method (LBM), rooted in mesoscopic kinetic equations22, 

has been developed as a powerful and fast technique for accurate simulations of fluid 

flow. Since the birth of LBM, there has been an increasing popularity of this method as 

an alternative to computationally intensive conventional methods for fluid dynamics 

simulations23 because of its simplicity, handling of complex flow phenomena, efficient 

executions24 and the fact that LBM equations can be solved locally and explicitly, and 

they are intrinsically parallelizable25. These promising features have motivated 

researches to use LBM as the method of choice for computational cardiology26-29. Few 

studies used LBM for the investigation of local hemodynamics of COA without 
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considering any global effects. Although these studies showed effectiveness of LBM for 

flow analysis, their aim was not developing a diagnosis tool, so they did not satisfy 

requirements #1 and #3 above 26,30,31.  

In this paper, using LBM and lumped parameter modeling (LPM), we developed an 

innovative fast computational-mechanics and imaging-based framework that can 

eventually, upon further development and validation, work as the main component of new 

diagnostic methods for COA. This computationally fast framework enables (1) 

quantifying details of 3-D fluid dynamics through the aorta and COA (local 

hemodynamics); (2) quantifying heart function metrics, e.g., left ventricle (LV) workload 

and instantaneous LV pressure (global hemodynamics). Currently, none of the above 

metrics can be obtained noninvasively in patients and when invasive procedures are 

undertaken, the collected metrics cannot be as complete as the results that the proposed 

framework can provide. Our LPM uses a limited number of input parameters all of which 

can be reliably measured using Doppler echocardiography and a sphygmomanometer 

with no risks to the patient and thus will make effective and personalized diagnosis 

possible. Note that the proposed method does not need any catheter data as input 

parameters of the model. We used clinical data of 3 patients with COA in both pre and 

post intervention states not only to validate the proposed framework but also to 

demonstrate its diagnostic abilities by providing novel analyses and interpretations of 

clinical data. The validation was done against clinical cardiac catheterization data, 

calculations using the conventional finite-volume method and clinical Doppler 

echocardiographic measurements. To the best of our knowledge, this is the first study that 
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couple LBM and LPM and satisfies all 3 requirements for developing a clinically-

effective computational diagnostic framework to quantify both local and global 

hemodynamics in patients with COA in both pre and post intervention states. 

 

 
Figure 2-1. Reconstructed geometry and simulation domain. We used CT images from 

patients to segment and reconstruct the 3D geometries of the complete aorta. These 3-D 

geometries were used for investigating hemodynamic using computational fluid 

dynamics. Local flow dynamics is greatly influenced by upstream and downstream flow 

conditions that are absent in the flow simulation domain. A lumped-parameter model 

simulates the function of the left side of the heart. Time-dependent inlet flow and outlet 

pressure at descending aorta position were obtained from lumped parameter modeling and 

applied as the transient boundary conditions. Boundary conditions of the aortic branches 

were adjusted to match the flow distribution. This Figure was prepared completely by R. 

Sadeghi (First author of this manuscript). 
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Table 2-1. Computation time. Computation time on 24 Intel X5650@2.67GHz cores for 

both LBM and FVM simulations for all patients investigated in this study in both pre and 

post intervention states. FVM (OpenFOAM) solver was based on the PISOFOAM 

method and dynamicEqn LES model, with the minimum resolution of 6.0× 10 −5 (m) and 

the temporal resolution of 5.0 × 10 −4 (s). 

Cases 
Wall time 

LBM FVM 

Benchmark   

Patient #1 

Pre-Intervention   

Post-

Intervention   

Patient #2 

Pre-Intervention   

Post-

Intervention   

Patient #3 

Pre-Intervention   

Post-

Intervention   

Note: “D”: day, “H”: hour, “M”: Minute. 

2.3 Methods 

We developed a fast computational fluid dynamics framework to simulate local and 

global hemodynamics in patients with COA in both pre- and post-intervention states 

(Figure 2-1, schematic diagram). This framework is based on lumped parameter modeling 

11,32,33 and 3-D LBM (LES, Smagorinsky subgrid scale model) as implemented in the 

open-source OpenLB library 34 with some supplements as explained below. Table 2-1 

compares the computation time for LBM and finite volume method (FVM) in similar 

patients and shows that days of calculations were shortened to few hours of calculation 

using our framework. Calculations of this computational fluid dynamics framework were  
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Figure 2-2. Validation against catheter data. Catheter data and results of lumped 

parameter modeling (aorta and LV pressures and workloads) in Patient No. 1. 
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validated against clinical cardiac catheterization data (Figure 2-2), LES calculations using 

conventional finite-volume method (Figures 2-3 and 2-4) and Doppler echocardiographic 

measurements (Figure 2-5). 

2.3.1 Lattice Boltzmann Method (LBM) 

The blood flow is mostly laminar in healthy vascular system, while under 

pathophysiological conditions the blood flow becomes turbulent distally. Approaches 

based on the Reynolds-averaged Navier Stokes (RANS) equations are the most prevalent 

to model but with noticeable limitations to model pulsatile flows 35. Direct numerical 

simulations (DNS) tax computing resources and are restricted to low Reynolds numbers. 

Large eddy simulation (LES) approach, which sits between DNS and RANS, is a 

technique well suited for the computational modeling of turbulent vascular flows with a 

high potential in modeling the physiological low-Reynolds transitional flows 11. Although 

the conventional LES has allowed turbulent modeling, it is still computationally 

expensive. To compensate this, here we used a rather fast 3-D LBM-based computational 

fluid dynamics approach using LES (Smagorinsky subgrid scale model) to simulate blood 

flow through the vascular system. 
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Figure 2-3. Velocity comparison. Velocity at different cross sections of the aorta, 

simulated using lattice Boltzmann method (LBM) and finite volume method (FVM).  

❖ Governing equations  

The simplest form of LBM equations is based on Bhatnagar-Gross-Krook 

(BGK) approximation with single relaxation time 36. The discretized form of Boltzmann 

equation based on BGK approximation is as follows 37:  

  (1) 

For BGK-LBM model with  velocities, a set of distribution functions 

 is defined on each lattice node ( ). ,   and  are relaxation 

time, discrete time and Maxwell-Boltzmann equilibrium distribution function, 

respectively. Note that subscript  depends on the number of lattice vectors.  
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The LBM follows DxQy reference in which x and y are number of dimensions and 

number of particle velocities, respectively. In this study, we considered D3Q19, referred to 

the three-dimensional nineteen-velocity model, to simulate blood flow across the aorta 

(Figure 2-6, Panel A). The discrete velocity vectors in D3Q19 is as follows 38: 

= 

 

(2

) 

 

For the lattice speed of sound , Maxwell–Boltzmann distribution function ( ) 

is defined as follows 39: 

 

(3) 

In Equation (3),  is velocity,  is the weighting coefficients which is given by 

,  and  for D3Q19 model,  is the discrete 

velocity vector in α  direction (α= 0, …, 18) and  is the lattice density.    

In this study, a multi-relaxation time (MRT) LBM-based model was implemented to 

overcome some defects of BGK model such as fixed ratio of kinematic and bulk 

viscosities as well as fixed Prandtl number which cause instabilities at high Reynolds 

numbers 40. In this regard, Equation (1) was modified to Equation (4) considering MRT 

scheme as follows: 

  (4) 
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where,  and   indicate vectors of moments and their equilibrium 

functions.  and  are the transform matrix and collision matrix, respectively.  

Mappings between moment and distribution functions were performed by linear 

transformation as follows: 

and  (5) 

The Equilibrium distribution function must satisfy conservation of mass and momentum 

41. Therefore, mass and momentum were conserved by Equations (6) and (7), 

respectively:  

 

(6) 

 (7) 

The transformation matrix M for D3Q19 is defined as the following:  

 (8) 
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The corresponding macroscopic moments vector are: 

 

(9) 

Diagonal matrix  in Equation (4) is defined as follows: 

 

(10) 

where  is physical viscosity and ( ) is equilibrium moments matrix, as shown below:  

 

(11) 

The equilibrium moments in Equation (11) were obtained as follows: 

  (12) 

, (13) 

  (14) 

 , (15) 

 , (16) 
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 , (17) 

The momentum  was defined as follows: 

  (18) 

❖ Lattice Boltzmann method & Large Eddy simulation  

In this study, turbulent modeling was performed via Large Eddy Simulation employing 

Smagorinsky subgrid scale model. The physical viscosity is a superposition of the 

molecular kinematic viscosity ( ) and turbulent viscosity ( ), related to the length 

scale or lattice size ( ). Collision time ( ) was therefore changed as the following 42: 

  (19) 

The molecular and turbulent collision time in equation (19) were obtained as the 

following:  

  (20) 

  (21) 

 and  are Smagorinsky constant and second-order moment of the non-equilibrium 

term of the distribution functions, respectively. Total viscosity, , is given as 42: 

  (22) 

❖ Modeling surface curvature near the wall of complex geometries  

An interpolated bounce-back scheme proposed by Bouzidi et al. 43 was used to treat 

boundaries of inclined and complicated geometries. In this technique, for evaluating the 

post-propagation state of a fluid node A next to a curved solid wall, the distribution 

function (Figure 2-6, Panel B) was defined as: 
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  (23) 

where  is the post-collision and post-propagation state of the distribution 

function at point  and time ( ) and  is the value of distribution function after a 

collision and before propagation state of the fluid node. The factor  is the normalized 

distance from the wall which equals to   (Figure 2-6, Panel B, schematic diagram for 

one dimensional problem). 

❖ Wall shear stress 

Wall shear stress (WSS) is a frictional force induced by fluid moving along a solid wall. 

The total stress tensor for the fluid is as the following: 

  (24) 

where ,  and  are pressure, Kronecker symbol and contribution from the viscous 

force. The stress on boundary surface element with normal vector  is . The wall 

stress vector  is computed as: 

  (25) 
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Figure 2-4. Wall shear stress comparison. Wall shear stress (WSS) through the aorta, 

simulated using LBM and FVM. 

The total stress  can be replaced by , since the projection of normal stress  on 

the tangential plane is zero. For a Newtonian fluid, the viscouse stress is proportional to 

the strain rate tensor ( ) 44,45: 

  (26) 
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where (u,v,w) and  are velocity components in three-dimensional coordinates and 

constant dynamic viscosity, respectively 46.  

To supplement OpenLB calculations, we used finite difference method to compute WSS 

as follows. The derivatives of the velocity field and consequently the nine WSS tensor 

components (Equation 26) were computed using a first-order accuracy finite difference 

scheme. When estimating a smooth curved boundary by a series of staircases, the LBM 

captures the coarseness of this approximation and indeed generates a flow field different 

from the one produced by a smooth boundary. However, such a difference mainly 

impacts the thin layer close to the boundary because the roughness of the staircase wall 

can be considered smooth at a distance far enough from the boundary. Measurements of 

the WSS should be performed at the borders of this boundary layer, and not on cells 

which directly represent the aorta wall. To improve the accuracy of the WSS, we 

computed the velocity gradient and normal vectors (Equation 26) at a few lattice nodes 

away from the aorta wall, as proposed by the staircase approximation of boundaries 

method46 (Figure 2-4). Additionally, we calculated WSS using the distribution function, 

as customarily done in LBM studies, and observed negligible differences with the WSS 

calculated with the above described method.  

❖ Model properties & Boundary conditions 

Blood was assumed to be a Newtonian and incompressible fluid with dynamic viscosity 

of 0.0035 Pa·s and density of 1050 kg/m3. Aortic local flow dynamics is greatly 

influenced by upstream and downstream flow conditions and the correct choice of 
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boundary conditions is crucial as it chiefly affects the accuracy of the flow simulations. A 

lumped-parameter model (Figure 2-1; see below for details of the lumped parameter 

model), simulated the function of the left side of the heart was used to impose the time-

dependent inlet flow at the ascending aorta position and the outlet pressure at the 

descending aorta position. We assumed that the flow at the inlet has a Poiseuille flow 

profile and the time-dependent flow rate obtained from the lumped-parameter model was 

used to scale this profile to realize this time-varying inlet boundary condition26,27,47. The 

inlet velocity boundary condition in lattice Boltzmann was implemented using the method 

suggested by Skordos47, which uses a second-order finite difference scheme to compute 

the velocity gradient at the boundary nodes and extrapolates the pressure distribution at 

the inlet from bulk nodes48. Furthermore, in order to avoid pressure fluctuation artifacts at 

the inlet, a sinusoidal smooth start-up phase was used to the initiate the simulation and 

smoothly increase velocity from zero initial conition26,27. The total flow rate going to the 

branches was calculated using the lumped-parameter model and was distributed to the 

branches based on their relative cross-sectional areas at the inlet of each branch. Note our 

lumped parameter model used a limited number of input parameters that all can be 

reliably measured using Doppler echocardiography and a sphygmomanometer. The 

lumped parameter model does not need catheter data as input parameters to the model. 

No-slip boundary condition was applied at the solid walls as described above (Section: 

Modeling surface curvature near the wall of complex geometries). The aortic wall was 

treated as a rigid wall as Jin et al. 49 and Keshavarz-Motamed et al. 11,16,33 showed 

that rigid-wall assumption for the aorta is reasonable and as patients with COA are 



Ph.D. Thesis, Reza Sadeghi                        McMaster University, Mechanical Engineering 

47 

 

usually hypertensive and characterized by reduced compliance and elevated stiffness in 

both proximal and distal aorta , e.g., 50-52.   

❖ Reconstructed geometries in patients with coarctation  

We used CT images for patients with coarctation of the aorta to segment and reconstruct 

the 3D geometries of the complete aorta including ascending aorta, aortic branches and 

descending aorta using ITK-SNAP (version 3.8.0-BETA), a 3-D image processing and 

model generation software package (Figure 2-1). These 3-D reconstructions were 

voxelized into multiblocks. Blocks were distributed between computer processor units in 

order to parallelize the simulation. 

❖ Numerical strategy 

Multiple relaxation time (MRT) LBM-based model was coupled with Smagorinsky 

turbulent model in order to stabilize complex turbulent fluid flow across the domain. For 

treating complex geometry, we utilized second order accuracy method proposed by 

Bouzidi et al. 43. In order to suppress the undesired pressure fluctuation, a smooth startup 

phase was added to the inlet velocity condition. For turbulent modelling, Large Eddy 

Smagorinsky subgrid-scale model with constant  was applied 42. Mesh 

independency was judged by two criteria: velocity and wall shear stress. Mesh definition 

was considered acceptable if no significant differences (lower than 5%) between 

successive mesh refinements were noticed in both wall shear stress and  velocity fields.  
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Figure 2-5. Validation against Doppler echocardiography. Doppler echocardiography data 

and results of the computational framework (based on LPM and LBM) in Patients No. 1 

to 3 in pre and post intervention states. 
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Figure 2-6. Modeling complex geometries in LBM. (a) Geometry of D3Q19 discrete 

velocity model with lattice vectors of  (Equation 2); (b) Details of bounce-back 

interpolation scheme (Here A and E are fluid nodes, B is solid nodes and D represents the 

location of an interpolated population): (I) The wall-node  is closer to the fluid-node  

than to the solid-node  ( ). In this case, interpolations are required to construct 

post collision state at node D. We constructed the unknown quantities at node A from 

particles population at node D that will travel to node A after bouncing back off the wall. 

(II) The wall-node  is closer to the solid-node  than to the fluid-node  ( ). In 

this case, endpoint of propagation state (node D) lies between the boundary node (A) and 

the wall node (C) and the information of the particle leaving node A and arriving node D 

will be used to compute the unknown quantities at node A 43,74,75.  

The non-dimensional wall distance 
+y was less than 1, which ensured that the near-wall 

resolution was fine enough, and turbulence effects were resolved accurately. 
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2.3.2 Lumped parameter model 

We developed a patient-specific lumped-parameter model, described in details elsewhere 

11,16,32,33, that considers interactions of the aortic valve, LV, COA and arterial system to 

estimate the flow and pressure through circulatory system as well as the LV function non-

invasively (Figure 2-1, schematic diagram; Table 2-2, parameters used in the model) in 

both pre and post intervention conditions. The model used a limited number of input 

parameters that can be reliably measured using Doppler echocardiography and a 

sphygmomanometer. Doppler echocardiography-based parameters (e.g., stroke volume, 

heart rate, ejection time, ascending aorta area, aortic valve effective orifice area and aortic 

regurgitation effective orifice area) were measured in the parasternal long axis, 

parasternal short axis, apical two-chamber, apical four-chamber, and apical five-chamber 

views of the heart. Other input parameters of the model were systolic and diastolic blood 

pressures measured using a sphygmomanometer. Note that the proposed method does not 

need any catheter data as input parameters to the model. The model and sub-models have 

already been used and validated against in vivo cardiac catheterization and in vivo MRI 

data 11,16,32,33.  

❖ Heart-arterial model 

The ventricle was filled by a normalized physiological mitral flow waveform adjusted for 

the required stroke volume. Coupling between LV pressure and volume was performed 

through a time varying elastance E(t), a measure of cardiac muscle stiffness. 
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(27) 

where PLV(t), V(t) and V0 are left ventricular time-varying pressure, time-varying volume 

and unloaded volume, respectively. The amplitude of E(t) was normalized with respect to 

maximal elastance Emax, i.e., the slope of the end-systolic pressure-volume relation, 

giving EN(tN)=E(t)/Emax. Time was normalized with respect to the time to reach peak 

elastance, TEmax (tN=t/TEmax). These normalized time-varying elastance curves EN(tN) have 

similar shapes in the normal human heart under numerous inotropic conditions or in 

affected human hearts irrespective of disease etiology. 

 

              

(28) 

This normalized curve can be described mathematically, and therefore, if EN(tN) is given, 

the relation between PLV(t) and V(t) can be concluded for any LV.  

❖ Modeling aortic valve 

Aortic valve was modeled using the following net pressure gradient formulation across 

the aortic valve during the LV ejection: 

 

(29) 

 
(30) 

where , , A ,   and Q are the valvular energy loss coefficient, the aortic 

valve effective orifice area, ascending aorta cross sectional area, the fluid density and the 

transvalvular flow rate, respectively.  
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❖ Modeling aortic valve regurgitation  

Aortic regurgitation (AR) was modeled using the following formulation. AR pressure 

gradient is the difference between aortic pressure and LV pressure during diastole.  

 

(31) 

 
(32) 

where ,  and  are regurgitation energy loss coefficient, regurgitant 

effective orifice area and LVOT area, respectively.  

❖ Modeling coarctation of the aorta  

The characteristics of the arterial system are important when modeling COA as only a 

portion of total flow rate will cross the COA.  To consider this, two parallel branches 

were considered: (1) the first branch simulates the flow towards the upper body, or the 

flow bypassing the COA (including aortic arch arteries and potential collaterals); (2) a 

second branch simulates the flow crossing COA and directed towards descending aorta. 

This branch includes a resistance for the proximal descending aorta, and a time-varying 

resistance and an inductance which together represent the trans-coarctation net pressure 

gradient induced by the COA: 

 

(33) 
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(34) 

where , , ,  and  are the energy loss coefficient of the COA, the 

effective orifice area of the COA, aortic cross-sectional area downstream of the COA, the 

fluid density and the trans-coarctation flow rate, respectively. The energy loss coefficient 

is then described in terms of the aortic cross section just downstream of the COA and the 

effective orifice area of the COA.  

❖ Determining arterial compliance and peripheral resistance  

The total systemic resistance was computed as the quotient of the average brachial 

pressure and the cardiac output. This total systemic resistance represents the electrical 

equivalent resistance for all resistances in the current model. Because what the left 

ventricle faces is the total systemic resistance and not the individual resistances, we 

considered the aortic resistance, aoR , and systemic vein resistance, SVR , as constants and 

adjusted the systemic artery resistance, SAR , according to the obtained total systemic 

resistance.  

For each degree of hypertension, we fit the predicted pulse pressure to the actual pulse 

pressure (known by arm cuff sphygmomanometer) obtained from clinical study by 

adjusting compliances (proximal COA (Cao) and systemic (CSAC)). Therefore, compliance 

adjustment was done by a simple trial and error for each degree of hypertension.  
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Table 2-2. Summarized cardiovascular parameters used in the lumped parameter 

modeling to simulate all cases. 
 

Description Abbreviation Value 
COA and valve parameters   

Effective orifice area EOA From echocardiography data 

Energy loss coefficient ELCo 
EOAA

AEOA

−

)(  

From echocardiography data 

Variable resistance Rcoa, Rav and Rar 
Q

CoEL

22

  

Inductance  Lcoa, Lav and Lar 

CoE

πρ

L

2  

Systematic circulation parameters   

Aortic resistance Rao 0.05 mmHg.s.mL-1

 
Aortic compliance  Cao Initial value: 0.5 mL/mmHg 

Adjust for each degree  
of hypertension 

 (Proximal COA compliance)
 

Systemic vein resistance   RSV 0.05 mmHg.s.mL-1

 
Systemic arteries and veins compliance CSAC Initial value: 2 mL/mmHg

 
Adjust for each degree  

of hypertension  
(Systemic compliance)

 
systemic arteries resistance  
(including arteries, arterioles and 
capillaries)  

RSA 0.8 mmHg.s.mL-1

 
Adjust according to the 

calculated total systemic 
resistance

 
Proximal descending aorta resistance Rpda 0.05 mmHg·s·mL-1 

Upper body resistance Rub Adjusted to have 15% of total 
flow rate in healthy case 

Output condition   

Central venous pressure PCV0 4 mmHg 

Input condition   

Mitral valve mean flow rate  Qmv From echocardiography data 

Other   

Constant blood density  1050 kg/m3 

Heart rate HR From echocardiography data 

Duration of cardiac cycle T From echocardiography data 

➢ Computational algorithm 

A lumped parameter model developed and described in detail elsewhere (7,17,55) was 

analyzed numerically by creating and solving a system of ordinary differential equations 

in Matlab Simscape (MathWorks, Inc.), enhanced by adding additional codes to meet 
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demands of cardiac model in circuit. A Fourier series representation of an experimental 

normalized elastance curve for human adults was used to generate a signal to be fed into 

the main program. Simulations start at the onset of isovolumic contraction. Left ventricle 

volume, V(t), is calculated using left ventricle pressure, PLV, and time varying elastance 

values. PLV used in the beginning of calculation is the initial value assumed across the 

variable capacitor and is automatically adjusted later by system of equations as solution 

advances. Left ventricle flow rate subsequently was calculated as time derivative of left 

ventricle volume. Matlab’s ode23t trapezoidal rule variable-step solver was used to solve 

system of differential equations with initial time step of 0.1 milliseconds. The 

convergence residual criterion was set to 10-5 and initial voltages and currents of 

capacitors and inductors set to zero. 

2.3.3 Study population 

Three patients with COA who underwent intervention at St. Joseph's Healthcare and 

Hamilton Health Sciences (Hamilton, ON, Canada) and Massachusetts General Hospital 

(Boston, MA, USA) 11 were retrospectively considered. The protocols were reviewed and 

approved by the Institutional Review Boards of each institution as follows: the Hamilton 

Integrated Research Ethics Board (HiREB) of Hamilton Health Sciences and St. Joseph’s 

Healthcare, both affiliated to McMaster University and the Ethics Committee of 

Massachusetts General Hospital. Informed consents were obtained from human 

participants. All methods and measurements were performed in accordance with the 
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relevant guidelines and regulations including guidelines of the American College of 

Cardiology and American Heart Association.  

2.4 Results 

❖ Validation 

Pressure waveforms: The beat-to-beat pressure calculations of LPM were compared 

with cardiac catheter pressure measurements in patients investigated in this study. Results 

of our LPM show good qualitative agreements with cardiac catheter measurements in 

terms of both shape of the waveform, and specific wave features such as the amplitude 

and the timing of the systolic peak in the aorta (See Figure 2-2 for an example). Note 

cardiac catheterization is a gold standard in clinics to evaluate hemodynamics, e.g., 

pressures through the heart and circulatory system. The calculations done by LPM had an 

average root mean square (RMS) error of 8.6 mmHg in the aorta pressures of the 3 

patients in both pre and post intervention states. Moreover, the LPM and its sub models 

already were validated against in vivo cardiac catheterization in patients with COA 

(N=34) 11. 

Velocity field: Figure 2-3 compares examples of the simulated velocity contours 

calculated using LBM and FVM at different cross sections upstream and downstream of 

the COA. The results show very good qualitative agreements between LBM and FVM 

simulation results in all cases. Figure 2-3 also shows that the velocity profiles calculated 

using LBM and FVM methods along a diameter upstream and downstream of the COA 

are in good quantitative agreements with root mean square (RMS) errors between 0.201 
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and 0.311 m/s. Figure 2-4 shows good quantitative and qualitative agreements between 

the instantaneous WSS calculated using the two methods with RMS errors of 3.23 

dyn/cm2 and 2.69 dyn/cm2 for sections A-A and B-B, respectively. Most importantly, the 

simulated peak velocities downstream of the COA correlated well with Doppler 

echocardiographic measurements in all 3 patients in both pre and post intervention states 

with a maximum relative error of 10% (Figure 2-5). The good agreements between results 

calculated using LBM with the ones calculated using FVM and measured using Doppler 

echocardiography permit us to accept LBM results with confidence to investigate other 

flow features. 

❖ Aorta fluid dynamics (local hemodynamics) 

The presence of the COA modified substantially the flow dynamics and vortical structure 

in the aorta. As the flow exited the COA, the fluid cannot immediately change direction 

and followed the steep curvature to reattach to the descending aorta wall (Figures 2-7 to 

2-9). Indeed, the disturbed flow resulting from COA detached from the walls and 

developed into a high-speed and eccentric jet with maximal velocities of: 2.45 ,7.5 and 

1.47 m/s, creating transitional to turbulent flow downstream of COA with maximum 

Reynolds numbers of 8400, 13846 and 6203 in Patients No. 1 to 3, respectively (Figures 

2-7 to 2-9). Following intervention, the flow pattern was smooth with a relatively low 

magnitude and more attached to the wall with maximum velocities of: 2.84, 1.4 and 1.05 

m/s and maximum Reynolds numbers of 9737, 5908 and 4431 in Patients No. 1 to 3, 

respectively (Figures 2-8 & 2-9). In patient No. 1, post intervention, the stent was 
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deployed with mild residual stenosis due to malapposition of the stent proximal to the 

COA (Figure 2-7). This could partly explain why the flow pattern was not improved 

substantially by intervention. 

In order to investigate the onset of instability and the intensity of fluctuations in the fluid 

flow environment, we specifically elected the turbulent kinetic energy (TKE), which is 

derived using fluctuating components of the velocities and is a sum of the normal 

fluctuating stresses. Both TKE contours and volumetric integration of TKE during cardiac 

cycle were reduced in Patients No. 2 and 3 (Figures 2-8 and 2-9) while they were not 

improved in Patient No. 1 (Figure 2-7) by intervention. Note that volumetric integration 

of TKE during the cardiac cycle can quantify the level of fluctuations in the flow field 

through the aorta. In Patients No. 2 & 3 (pre intervention), the strong jet due to the 

presence of the COA generated high fluctuations in the flow field as evident from the high 

magnitudes of TKE. This adverse condition was alleviated by intervention (Patient No. 2: 

peak TKE in pre intervention = 1150 N/m2, peak TKE in post intervention = 820 N/m2, 

29% decrease; Patient No. 3: peak TKE in pre intervention = 440 N/m2, peak TKE in post 

intervention = 290 N/m2, 34% decrease). In Patient No. 1, TKE didn’t reduce and didn’t 

improve by intervention (peak TKE in pre intervention = 890 N/m2, peak TKE in post 

intervention = 920 N/m2, 3% increase).  



Ph.D. Thesis, Reza Sadeghi                        McMaster University, Mechanical Engineering 

59 

 

 
Figure 2-7. Flow modeling in Patient No. 1. Computed velocity magnitude, turbulent 

kinetic energy (TKE) and time-averaged wall shear stress (TAWSS) using the 

computational framework (based on LPM and LBM) in pre and post intervention states in 

Patient No. 1. Patient No. 1 underwent intravascular stent intervention to correct the 

coarctation. Post intervention, the stent was deployed with residual stenosis due to 

malapposition of the stent proximal to the coarctation. Angiography post dilatation did 

not reveal a dissection or extravasation of contrast. The patient tolerated the procedure 

well without complication. The total shear stress exerted on the wall throughout the 
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cardiac cycle was evaluated using the time-averaged wall shear stress (TAWSS) which is 

obtained as . Here, T and  are the cardiac cycle period and 

instantaneous wall shear stress, respectively. Turbulent kinetic energy can be computed as 

 Here u, v, w and ρ correspond to the three components of 

the instantaneous velocity vector and density, respectively. The bar and prime denote the 

ensemble averaged and fluctuating components, respectively.  

 

Such flow alterations contributed to elevated wall shear stress mainly at the neck of the 

COA as well as distal to the COA; the total shear stress exerted on the aorta wall was 

evaluated using time-averaged wall shear stress (TAWSS). Local perturbation in shear 

stress exposes endothelial cells to high shear stress which affects vessel distensibility and 

compliance and potentially lead to vascular diseases 53. Heterogeneous changes in WSS 

indices occurred both proximal and distal to the coarctation region prone to 

atherosclerotic plaque development 54,55 which may lead to aortic wall complications such 

as rupture, aneurysm and aortic dissection 56-59. Similar to TKE, TAWSS was reduced 

modestly by intervention in Patients No. 2 and 3 (Figures 2-8 and 2-9), moving the flow 

slightly farther from pure oscillatory to more stable domains (Patient No. 2: peak TAWSS 

in pre intervention = 197 dyn/cm2, peak TAWSS in post intervention = 21 dyn/cm2, 89% 

decrease; Patient No. 3: peak TAWSS in pre intervention = 46 dyn/cm2, peak TAWSS in 

post intervention = 13 dyn/cm2, 71% decrease). However, TAWSS was not improved and 

rose in Patient No. 1 following the intervention: elevated TAWSS is noticed at COA 

region and downstream of the COA (Figure 2-7; peak TAWSS in pre intervention = 31 

dyn/cm2, peak TAWSS in post intervention = 49 dyn/cm2, 58% increase).  
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Figure 2-8. Flow modeling in Patient No. 2. Computed velocity magnitude, turbulent 

kinetic energy and time-averaged wall shear stress using the computational framework 

(based on LPM and LBM) in pre and post intervention states in Patient No. 2. Patient No. 

2 underwent intravascular stent intervention to correct the coarctation which was 

coexisted with a major aneurysm downstream of the coarctation. Post intervention, the 

stent was successfully deployed without residual stenosis. Angiography and pressure 

measurement confirmed stent expansion with no extravasation, contrast staining or 

hemodynamic instability. There was no evidence of aneurysm. The patient tolerated the 

procedure well without complication. 
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Figure 2-9. Flow modeling in Patient No. 3. Computed velocity magnitude, turbulent 

kinetic energy and time-averaged wall shear stress using the computational framework 

(based on LPM and LBM) in pre and post intervention states in Patient No. 3. Patient No. 

3 underwent bypass grafting intervention to correct the coarctation. The patient tolerated 

the procedure well without complication and the intervention was performed successfully. 
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In addition to shear stress, the arterial vessel is subjected to another major hemodynamic 

force, pressure. Presence of COA induces an increase in the pressure drops at the neck of 

the COA in pre intervention states in all three patients (see Figure 2-2 for one example, 

Patient No. 1). This is very important since wall expansion, compression and collapse are 

caused by high pressure drops in the COA. Moreover, the pressure drops introduced by 

the presence of the COA must be compensated by the left ventricle, this in turn can lead 

to heart failure. Such high-pressure drops were reduced by intervention in all 3 patients, 

documented by catheter measurements as well LPM simulations (see Figure 2-2 for one 

example, Patient No. 1).  

❖ LV fluid dynamics (Global hemodynamics)  

LV stroke work represents the energy that the ventricle delivers to the blood during 

ejection and is an effective metric of LV load and clinical state. In Patients No. 2 & 3, LV 

workload and peak LV pressure were reduced following the intervention: Patient No. 2: 

LV workload: by 23% & LV peak pressure: by 8%; Patient No. 3: LV workload: by 16% 

& LV peak pressure: by 13%) (Table 2-3). However, in Patient No. 1, the modest 

reduction of the pressure drop was not accompanied by reduction in LV function 

parameters: LV workload and peak LV pressure were increased by 15% and 7.3%, 

respectively (Table 2-3). Our results reveal that though pre-intervention COA increases 

the burden on the left ventricle with augmented flow resistance, post-intervention the LV 

load does not improve as introducing a stent reduces the arterial systemic compliance, in 

fact increasing LV load. Percutaneous stenting of the aorta in Patient No. 1, therefore, had 

limited efficacy in reducing myocardial stress.  
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Table 2-3. Heart-function metrics in Patients No. 1 to 3. LV workloads and LV peak 

pressures resulted from lumped parameter modeling in Patients No. 1 to 3.  
 

Cases 

LV workload LV peak 

pressure 

(J) (mmHg) 

Patient #1 

 Pre-

Intervention 
1.086 127.5 

Post-

Intervention 
1.249 136.8 

Patient #2 

 Pre-

Intervention 
1.51 148.4 

Post-

Intervention 
1.16 136 

Patient #3 

 Pre-

Intervention 
1.42 137 

Post-

Intervention 
1.19 119 

 

 

2.5 Discussion 

Quantification of the complex flow in COA plays an essential role in accurate and early 

diagnosis which may help the clinician optimize the planned interventions but we still 

lack proper diagnostic methods for COA in clinics because the fluid-dynamics methods 

that can be used as engines of new diagnostic tools are not well developed yet. Currently, 

clinical decisions are largely made based on the anatomy 9. To augment anatomical 

information, clinics relies largely on data obtained by cardiac catheterization to evaluate 
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pressure and flow through heart and circulatory system but this is invasive, expensive, 

and high risk and therefore not practical for diagnosis in routine daily clinical practice or 

serial follow-up examinations 60,61. Most importantly, cardiac catheterization only 

provides access to the blood pressure in very limited regions rather than details of the 

physiological pulsatile flow and pressures throughout the heart and the circulatory 

system. Phase-contrast magnetic resonance imaging can provide 3-D velocity field but it 

has poor temporal resolution 62-64, is costly, lengthy and not possible for many patients 

with implanted devices. Doppler echocardiography (DE) is potentially the most versatile 

tool for hemodynamics diagnosis 65-67. Although there are some promising 2-D Doppler 

echocardiography methods 68-71, 2-D velocity field does not represent 3-D velocity field. 

On the other hand, existing 3-D Doppler echocardiography techniques suffer from low 

temporal resolution and there is no 3-D Doppler ultrasound to precisely quantify velocity 

field. Recent advances in DE velocity measurements are: (1) Echo-PIV is an adaptation of 

Particle Image Velocimetry (PIV) for computing flow velocity by tracking speckles often 

enhanced with contrast agents (microbubbles) 69-71. Echo-PIV is promising but depending 

on the acquisition frame rate, high velocities can be underestimated 72, which has 

implications for diagnosis. In addition, the contrast agent must constantly and 

homogeneously fill the field to avoid both saturated and dark areas. These may hinder 

routine clinical application of the method 73.(2) Colour-Doppler vector flow mapping 

(VFM) permits calculation of the velocity field without contrast agents through colour DE 

68. Colour DE is fast and routinely used in clinics 73 but it cannot measure velocity in the 

direction perpendicular to the beam.  
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In this study, we developed an innovative fast computational-mechanics and imaging-

based framework, using turbulent LBM and LPM, that can eventually, upon further 

development and validation, function as the main component of new diagnostic methods 

for complex lesions such as COA. Our proposed framework can investigate and quantify 

effects of COA on both local and global hemodynamics. The diagnostic information, that 

the framework can provide, is vitally needed to improve clinical outcomes, to assess 

patient risk and to plan treatment. 

2.6 Limitations 

This study was performed on 3 patients with COA in both pre and post intervention states 

(6 cases). Future studies must consider further validation of the computational framework 

in a larger population of COA patients. However, our results in this study demonstrate the 

ability of the framework to track changes in both cardiac, and vascular states before and 

after intervention. We also observed good agreements between the velocity fields 

calculated by our proposed framework and the MRI-measured velocity fields (in progress 

for our other study). These observations made us more confident that the limitation in the 

number of patients in this study does not affect our conclusions. Moreover, we 

implemented a novel approach to improve the accuracy of computing WSS in LBM 

models 46. However, there is room for improving WSS calculations in LBM to be more 

comparable to those calculated using finite-volume based methods which we will 

consider in future studies.   
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3.1 Abstract 

The optimal course of intervention for patients with coexisting coarctation of the aorta 

(COA) and mixed valvular disease (combinations of aortic and mitral valve pathologies, 

MVD) is an area of contention and uncertainty. To effectively evaluate risk status and 

create guidelines for intervention aimed at minimizing the progression of cardiovascular 

disease, precise diagnostic information, which hinges on the quantification of aortic fluid 

dynamics, is required. For this purpose, we developed an innovative patient-specific 

computational-mechanics framework that integrates the local hemodynamics with the 

global circulatory cardiovascular system using the 3-D Lattice Boltzmann method along 

with lumped parameter modeling to investigate the impact of COA and MVD on aortic 

fluid dynamics in patients with COA and MVD. The computational framework was 

validated against clinical cardiac catheterization data and Four-dimensional flow 

magnetic resonance imaging. Our results demonstrate that MVD interacts with COA fluid 

dynamics, amplifying irregular flow patterns especially downstream of COA and may 

contribute to speed up the progression of the disease. More specifically, aortic 

regurgitation and mitral regurgitation, when coexistent with COA, substantially lead to 

significant progression of the disease at the COA region. We concluded that not only the 

severity of the COA, but also the presence and the severity of the MVD should be 

considered in the evaluation of risks in patients with COA. The results suggest that some 

more aggressive surgical approaches may be required as regularly chosen current surgical 

techniques may not be optimal for patients with both COA and MVD. 
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3.2 Introduction 

Coarctation of the aorta (COA) is among the most common congenital heart defects 

(CHD), accounting for 5-8% of CHD cases with an estimated incidence of 3-4/10000 live 

births 1-4. COA was originally considered a simple lesion consisting of an isolated 

narrowing of the aortic isthmus, however, it is now recognized to be a general 

arteriopathy with increased mortality even after a clinically “successful” repair 5-8. A 

complicating factor of COA is its common association with mixed valvular diseases 

(MVD), which include varying combinations of aortic and mitral valve pathologies. 

Bicuspid aortic valve (BAV) is the most prevalent MVD in patients with COA, occurring 

in 60-85% of cases 7-10. Additionally, aortic regurgitation (AR) and aortic stenosis (AS) 

are seen in 4% and 5-17% of COA cases, respectively 9,10. Mitral valve abnormalities are 

also frequently found alongside COA, most commonly mitral regurgitation (MR) in 4% 

of cases, but mitral stenosis (MS) is also prevalent 9-11. The discovery of Shone’s 

Complex, a tetralogy including COA and MVDs, suggests a strong link between the 

developmental origins of COA and MVDs 2,3,12.  
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Although COA is readily diagnosed and interventional and surgical treatments are 

employed, argument and uncertainty persist when COA coexists with MVD as the 

hemodynamic abnormalities of one lesion often amplify or mask the presence of the other 

12-14. The current clinical definition for a severe COA, warranting interventional therapy, 

is a 20 mmHg transcoarctation pressure gradient 15,16.  Even with an uncomplicated COA, 

the validity of using this transcoarctation  pressure gradient threshold to classify the 

degree of COA has been questioned as it relies on few data, and may be an 

oversimplification of complex hemodynamic and vascular changes3,17. Furthermore, the 

impact of MVD on this gradient has yet to be quantified and may further complicate 

clinical diagnosis17,18. The optimal course of intervention for a patient with coexisting 

MVD and COA is an area of contention and uncertainty. Conventionally, surgery has 

been performed in a two-stage operation, repairing the COA prior to the MVD. This 

decreases the risk of poorly perfusing the lower-body, allows the myocardium to recover 

between operations, and has better intraoperative visibility 19,20. However, there is 

increasing support for a one-stage operation as it can avoid overloading the heart and is 

associated with less trauma, reducing the post-operative ICU stay, while remaining as 

safe as conventional two-stage operations 19,21,22. Ultimately, the choice of intervention is 

at the discretion of the health-care team, and is independently evaluated for each patient 

based on their anatomy and risk-factors 23,24. An elucidation of the interplay between 

valvular pathologies and COA can provide clinically-relevant insight into how to best 

manage patients, both regarding the optimal timing of intervention, and the best strategy 

for minimizing post-operative complications and morbidity 22.  
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The essential sources of cardiovascular mortality and morbidity can be explained on the 

basis of adverse hemodynamics: abnormal biomechanical forces and flow patterns, 

leading to the development and progression of cardiovascular disease 7,25-28.  To 

effectively evaluate risk status and create guidelines for intervention aimed at minimizing 

the progression of cardiovascular disease, precise diagnostic information, which hinges 

on the quantification of aortic fluid dynamics (e.g., details of the instantaneous 3-D flow), 

is required. A patient-specific computational or experimental diagnostic framework that 

can quantify hemodynamics in patients with coarctation should satisfy the following 2 

requirements:  

(1) The local fluid dynamics is influenced by the conditions downstream and 

upstream of coarctation. Therefore, in addition to performing the 3-D blood flow 

calculations in the patient-specific geometry, imposing accurate patient-specific 

flow and pressure boundary conditions is critically important for a patient-specific 

diagnostic framework. This not only gives patient-specific flow and pressure 

conditions to the local flow but also enables providing diagnostic information 

about the global circulatory physiology. The patient-specific boundary conditions 

should be obtained non-invasively in each patient because obtaining them 

invasively (e.g., with catheterization) contradicts the whole purpose of the 

computational framework.   

(2) The patient-specific diagnostic framework should provide valid results to be 

considered as a reliable diagnostic tool. Upon development of a computational 
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diagnostic framework, its results should be validated against clinical data that 

include data obtained using cardiac catheterization, Doppler echocardiography 

and magnetic resonance imaging. Cardiac catheterization is used as the clinical 

gold standard to evaluate pressure and flow through heart and circulatory system, 

but it can only provide access to the blood flow and pressure in very limited 

regions. Doppler echocardiography is the most versatile tool to evaluate local 

hemodynamics and has a high temporal resolution, but it has limited spatial access 

through chest. Phase-contrast magnetic resonance imaging can provide local flow, 

but it is not possible for many patients with implanted devices. As each of these 

modalities have their own limitations, a multi-modality validation of the 

computational framework would be required. 

 

There have been important attempts for quantifying blood flow through isolated COA 

(without mixed valvular diseases) computationally17,28-36 and experimentally32,37,38. None 

of these models satisfy Requirement #2: most were not validated while some were only 

partially validated28-31,33-36. Most of these studies do not satisfy Requirement #1 as they do 

not have patient-specific boundary conditions. Among all, few studies17,28,31,33,34 coupled 

blood-flow calculations with lumped-parameter modelling to impose boundary conditions 

on the calculations28. However, there is no (computational or experimental) study on 

investigating the effects of MVD on COA hemodynamics. 
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In this study, we developed an innovative patient-specific, image-based, computational-

mechanics framework that integrates the local hemodynamics with the global circulatory 

cardiovascular system using the 3-D Lattice Boltzmann method (LBM) along with 

Doppler-based lumped parameter modeling (LPM) to investigate the impact of COA and 

MVD on aortic fluid dynamics in 3 patients with COA and MVD. The developed 

computational framework was validated against clinical cardiac catheterization data and 

Four-dimensional flow magnetic resonance imaging (4-D flow MRI). To the best of our 

knowledge, this is the first study that investigates the effects of MVD on COA 

hemodynamics.  

3.3 Material and Method 

We developed a patient-specific image-based computational fluid dynamics framework to 

simulate the hemodynamics in patients with COA and MVD (Figure 1, Panel A). This 

framework is based on a Doppler-based lumped parameter modeling17,39 and 3-D lattice 

Boltzmann method28 (LBM; large eddy simulation, Smagorinsky subgrid scale model), 

implemented in the open-source OpenLB library with some supplements as explained in 

Lattice Boltzmann method section. Calculations of this computational fluid dynamics 

framework were validated against 4-D flow MRI measurements (Figure 1, Panel B, 

schematic diagram; Figures 2 and 3, validation).  
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(b) 
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Figure 3-1 Reconstructed geometry and simulation domain. (a) In this study, we 

developed a patient-specific, imaged-based, computational-mechanics framework that 

dynamically couples the local hemodynamics with the global circulatory cardiovascular 

system to investigate the impact of COA and MVD on both local and global 

hemodynamics in these patients. We used CT images from patients to segment and 

reconstruct the 3D geometries of the complete aorta. These 3-D geometries were used for 

investigating hemodynamic using computational fluid dynamics. Local flow dynamics is 

greatly influenced by upstream and downstream flow conditions that are absent in the 

flow simulation domain. A lumped-parameter model simulates the function of the left 

side of the heart28. Time-dependent inlet flow at ascending aorta and outlet pressure at 

descending aorta position were obtained from lumped parameter modeling and applied as 

boundary conditions. Boundary conditions of the aortic branches were adjusted to match 

the flow distribution. (b) We compared 4-D flow MRI data and results of our 

computational framework. The 3-D geometry of the complete aorta was reconstructed 

using MRI images and the entire volume of Down-sampled LBM data was smoothed34,35 

(see Four-dimensional flow magnetic resonance imaging (4-D flow MRI section for more 

details). 

 

3.3.1 Study population 

Deidentified and anonymous patients with COA and MVD at Stephenson Cardiac 

Imaging Centre, Libin Cardiovascular Institute of Alberta (Calgary, AB, Canada) and St. 

Joseph's Healthcare (Hamilton, ON, Canada) were considered. Informed consent was 

obtained from all participants. The selections were done by operators blinded to the 

objectives and contents of this study at each institution and the protocols were reviewed 

and approved by the Institutional Review Boards of each institution (Hamilton Integrated 

Research Ethics Board and Libin Cardiovascular Institute of Alberta Ethics Board). All 

methods and measurements were performed in accordance with relevant guidelines and 

regulations including guidelines of the American College of Cardiology and American 

Heart Association. Moreover, the Doppler echocardiography (DE) metrics were measured 
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using OsiriX imaging software (version 8.0.2; Pixmeo, Switzerland) in patients as the 

inputs for our lumped parameter model. In addition. the lumped parameter model uses the 

brachial systolic and diastolic pressure measurements from the sphygmomanometer. 

Computed tomography (CT) data was collected including images and documented 

reports. CT images were segmented and the 3-D geometries of the complete aorta in 

patients were reconstructed to be used for our computational model.  

3.3.2 Four-dimensional flow magnetic resonance imaging (4-D flow 

MRI) 

Four-dimensional flow magnetic resonance imaging (4-D flow MRI) is a recent 

development of phase-contrast MRI (PC-MRI) with the capability of comprehensive 

blood flow assessment in three spatial dimensions over the cardiac cycle17. 4-D flow MRI 

provides visualization of the vascular territory of interest and allows for the estimation of 

hemodynamic biomarkers such as wall shear forces17 and pressure gradients 40,41. 

Additionally, 4-D flow MRI provides comprehensive information regarding complex 

flow patterns in vascular diseases42. In this study, acquisition of 4-D flow MRI data in 

patients with COA and valvular diseases was performed (Figure 1, Panel B, data 

acquisition and analysis workflow of 4-D flow MRI) by standard Cartesian 4-D flow 

sequence using 1.5T MRI scanners (Philips Achieva; Philips Medical Systems, Best, the 

Netherlands). Electrocardiogram gating synchronized and diaphragm navigator gated 4-D 

flow MRI were performed during free breathing. Acquisition parameters were as follows: 
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spatial resolution of (1.97–2.62, 1.97–2.62, 2.5–4 mm3), temporal resolution of 36–40 ms. 

Velocity encoding was set to the range (1.5–4.5 m/s), the total scan time for each 

measurement varied from 8 to 15 min. All 4-D flow data was corrected for multiple 

sources of phase offset errors and noises such as velocity aliasing, Maxwell terms, and 

eddy currents using an in-house MATLAB-based code (MathWorks, Inc.). Data 

smoothing algorithm proposed by Garcia43,44 was used to eliminate random errors of the 

velocity vectors. Garcia43,44 proposed a fully automated smoothing procedure based on a 

penalized least squares approach that allows fast smoothing of the data and can replace 

spurious or missing vectors with the smoothed one.  

The 3-D segmentation of thoracic aorta geometry and orifice shape of the bicuspid valve 

was performed by ITK-SNAP (Yushkevich et al., 2006; http://www.itksnap.org) and an 

in-house MATLAB-based code. Fusion 3-D (Autodesk, Inc) and Meshmixer (Autodesk, 

Inc) were used to smooth the geometry and fix the defects. Finally, the Stereolithography 

(STL) format of the geometry (domain) was extracted for our computational simulation. 

Time-varying flow velocity information extracted from patient-specific 4D flow MRI 

data was imposed at the inlet and outlets of each LBM computational model. To study the 

effect of resolution and comparing LBM to 4D flow MRI velocity fields on identical 

grids, we down sampled the high-resolution LBM velocities into PC-MRI resolution by 

linear interpolation of LBM velocity on MRI sub grid. Moreover, Down-sampled LBM 

data subjected to an imitation of the smoothing inherent in the 4D flow MRI measurement 

to have the closest LBM approximation to the 4D flow MRI data. The down-sampling 

and smoothing procedures are schematically shown in Figure 1 (Panel B). 
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Velocity field extracted from 4D flow MRI measurements was smoothed through a 

multidimensional spline smoothing technique proposed by Garcia43,44. The algorithm 

deals with occurrences of missing and outlying values and eliminates random errors 

automatically. The mathematics behind algorithm structure is based on penalized least 

squares approach that allows fast smoothing of the data and can replace spurious or 

missing vectors with the smoothed one. The algorithm allows fast unsupervised 

smoothing that combines the use of the discrete cosine transform (DCT) and the 

generalized cross-validation score. Garcia’s algorithm was compared with conventional 

methods, including the normalized median test, and experimental raw PIV velocity fields 

and it was shown that it can easily deal with a large amount of missing data and reduce 

the experimental noise while keeping the most important characteristics of a dataset43 (see 

Supplementary material, Appendix A1, for more information on the smoothing 

algorithm). 

In the current study, to investigate the effect of resolution and to compare LBM and 4D 

flow MRI velocity fields on identical grids, we down sampled the high-resolution LBM 

velocity fields by linear interpolation on the 4D flow MRI grid. The down-sampling and 

smoothing procedures are schematically shown in Figure 1 (Panel B). 

3.3.3 Lattice Boltzmann Method (LBM) 

Blood flow in a healthy vascular system is mostly laminar, however, blood flood becomes 

distally turbulent under pathophysiological conditions. We used a 3-D LBM-based 
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computational fluid dynamics approach using Large eddy simulations (LES, Smagorinsky 

subgrid scale model) to simulate blood flow through the aorta. LES is well suited for 

computational modeling of turbulent vascular flows with a high potential in modeling the 

physiological low-Reynolds transitional flows17,28. 

❖ Governing equations  

All details about governing equations were presented in Supplementary Material 

(Appendix A2). 

❖ Lattice Boltzmann method & Large Eddy simulation  

Details about turbulent modeling were described in Supplementary material (Appendix 

A2). 

❖ Modeling surface curvature near the wall of complex geometries  

In order to treat boundaries of inclined and complicated geometry, an interpolated 

bounce-back scheme proposed by Bouzidi et al. 45 was used. For evaluating the post-

propagation state of fluid node A next to a curved solid wall, the distribution function 

used for this technique 28 was defined as: 

  (1) 

where  is the post-collision and post-propagation state of the distribution 

function at the point  and time ( ).  is the value of the distribution function after a 
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collision and before propagation state of the fluid node; the factor  is the normalized 

distance from the wall 28. 

❖ Wall shear stress 

Wall shear stress (WSS) is the frictional force induced by fluid moving along a solid wall. 

The total stress tensor for the fluid is as follows: 

  (2) 

where ,  and  are pressure, Kronecker symbol and contribution from the viscous 

force, respectively.  is the stress on the boundary surface element with normal vector 

. The wall stress vector, , is computed as: 

  (3) 

Since the projection of normal stress  on the tangential plane is zero, the total stress 

 can be replaced by . For a Newtonian fluid, the viscouse stress is proportional to the 

strain rate tensor ( ) 46,47 and strain rate tensor is as follows: 

 

(4) 

where  is second order non equilibrium moment and can be computed locally from the 

particle distribution functions. 

❖ Model properties & Boundary conditions 
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Aortic local flow dynamics are greatly influenced by upstream and downstream flow 

conditions which must be accounted for. Additionally, the proper choice of boundary 

conditions is crucial as they influence the accuracy of flow simulations. Blood was 

assumed to be a Newtonian and incompressible fluid with dynamic viscosity of 0.0035 

Pa·s and density of 1050 kg/m3. A lumped-parameter model (Figure 1) simulated the 

function of the left side of the heart in the presence of COA and MVD and was used to 

impose the time-dependent inlet flow at the ascending portion of the aorta along with the 

outlet pressure at the descending portion of the aorta. The time-dependent flow rate 

obtained from the lumped-parameter model was used to scale this profile in order to 

observe this time-varying inlet boundary condition (Figure 1). The inlet velocity 

boundary condition in lattice Boltzmann was implemented using the method suggested by 

Skordos48 which uses a second-order finite difference scheme to compute the velocity 

gradient of the boundary nodes and extrapolates the pressure distribution at the inlet from 

bulk nodes49. Furthermore, a sinusoidal smooth start-up phase was used to the initiate the 

simulation and smoothly increase velocity from zero, the initial condition, in order to 

avoid pressure fluctuation artifacts at the inlet 50,51. The total flow rate headed to the 

branches was calculated using the lumped-parameter model and then distributed to the 

branches based on the relative cross-sectional area of each branch at the inlet. Note: our 

lumped parameter model used a limited number of input parameters that can all be 

reliably measured using Doppler echocardiography and a sphygmomanometer. The no-

slip boundary condition was applied at the solid walls as described above (Section: 

Modeling surface curvature near the wall of complex geometries). The arterial wall was 
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treated as solid and rigid. This can be justified by: 1) Jin et al. (2003) showed that rigid 

wall assumption for the aorta is realistic. Their results showed that the overall behavior 

for wall shear stress at each point is similar for the rigid and elastic walls with average 

root mean squared error of 1.23%52. Furthermore, their velocity distribution, computed in 

both elastic and rigid models, showed very strong agreement with MRI velocity 

measurements; 2) patients with COA do not have elastic aorta - they are highly 

hypertensive and characterized by highly reduced compliance and elevated stiffness index 

in both proximal and distal aorta53-57. 3) Keshavarz-Motamed et al. (2013) showed that 

there is very good agreement between numerical simulations, including rigid wall, and 

MRI velocity measurements, which includes elastic aorta, justified rigid wall as a quite 

well assumption32. 4) Keshavarz-Motamed et al. (2016) showed that there are very good 

agreements between numerical simulations, including rigid wall, and clinical Doppler 

echocardiography velocity measurements in 34 patients with coarctation (68 cases) in 

both pre and post intervention, which includes elastic aorta, justified rigid wall as a very 

well assumption17. Similar results were concluded by Sadeghi et al. (2020)28 – there were 

very good agreements between computational results including rigid wall and clinical 

Doppler echocardiography velocity measurements in patient’s aorta.  

❖ Reconstructed geometries in patients with coarctation  

3D geometries of the complete aorta including ascending aorta, aortic branches and 

descending aorta were reconstructed from segmented CT images of patients using ITK-
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SNAP (version 3.8.0-BETA), a 3-D image processing and model generation software 

package (Figure 1). 

❖ Numerical strategy 

Multiple and single relaxation time LBM-based model were coupled with Smagorinsky’s 

turbulent model in order to stabilize complex turbulent fluid flow across the domain. For 

treating complex geometry, we utilized the second order accuracy method proposed by 

Bouzidi et al. 45. A smooth start-up phase was added to the inlet velocity condition to 

suppress the undesired pressure fluctuation. For turbulent modelling, Large Eddy 

Smagorinsky subgrid-scale model with constant  was applied 58. Mesh sensitivity 

analysis was performed for maximum velocity and pressure drop at the coarctation of the 

aorta region (Table 1). Mesh definition was considered acceptable if no significant 

differences (lower than 2%) existed between successive mesh refinements in both 

quantities. The physical time step in this study was as low as 1.5  and physical lattice 

height adjacent to the wall was as low as   to ensure that it is within the viscous 

sublayer.  

3.3.4 Lumped parameter model 

Our developed lumped-parameter model includes several sub-models allowing for the 

analysis of complex coarctation disease when coexistent with other valvular, vascular and 

ventricular disease including: 1) left atrium, 2) left ventricle, 3) aortic valve, 4) mitral 

valve, 5) coarctation of the aorta, 6) systemic circulation, and 7) pulmonary circulation 
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(Figure 1) 17,39. This paper reports an innovative method to integrate the parameter-

estimation algorithm, the lumped -parameter model and non-invasive clinical Doppler 

echocardiography and sphygmomanometer measurements to make a patient-specific, in 

silico model of the cardiovascular system17,39. The algorithm uses the following input 

parameters that all can be reliably measured using Doppler echocardiography: forward 

left ventricular outflow tract stroke volume, heart rate, ejection time, ascending aorta area, 

left ventricular outflow tract area, aortic valve effective orifice area, mitral valve effective 

orifice area, COA severity and grading of aortic and mitral valves regurgitation severity. 

Other input parameters of the model are systolic and diastolic blood pressures measured 

using sphygmomanometers. The calculations of the lumped-parameter model were 

validated against cardiac catheterization data (the instantaneous pressures in the aorta and 

LV) in patients with complex valvular, ventricular and vascular diseases with substantial 

inter- and intra-patient variability with a wide range of disease (N=49)39. The model has 

already been validated against in vivo cardiac catheterization in patients with coarctation 

(N=40)17,28, some sub-models have been validated against in vivo MRI data (N=57)17 and 

in vivo Doppler echocardiography59,60. In addition, some of the sub-models of C3VD-

CMF have been used previously18,37,38,61-65. 

❖ Cardiac-arterial model  

1) Left Ventricle 

LV pressure and volume were coupled using a time varying elastance E(t), a measure of 

cardiac muscle stiffness. 



Ph.D. Thesis, Reza Sadeghi                        McMaster University, Mechanical Engineering 

92 

 

 

          (5) 

where , , and 0V  are the LV time-varying pressure, time-varying volume, and 

unloaded volume, respectively.  

In order to generate a signal to model LV elastance, a double Hill function representation 

of a normalized elastance curve for human adults was used 66,67. This elastance curve has 

similar shapes in the normal human heart with various inotropic conditions or diseased 

human hearts despite the presence of differences with regard to the etiology of 

cardiovascular diseases39,68,69. As explained by Keshavarz-Motamed 39, to represent the 

normalized elastance function of the LV, we observed that among summation of Gaussian 

functions 70,71, Boltzmann Distribution 72, and double Hill function 66,67, the latter 

provided the most physiologically accurate results for the pressure, flow, and volume 

waveforms. The double Hill function which is a cooperative process 73, as physiologically 

expected from myocyte recruitment during preload. The double-Hill LV time-varying 

elastance curves (E) is as follows 66,67: 

 

        (6) 

 

(7) 

where ,  , , , ,  and   are elastane normalization, ascending time 

translation, descending time translation, ascending gradient, descending gradient, 
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minimum elastance and maximum elastance, respectively (see Table 2). A double Hill 

function was deemed necessary to model the contraction and relaxation in the heart 

chambers: in equation 6, the first term in brackets corresponds to the contraction of the 

chamber and the second term in brackets corresponds to the relaxation of the chamber.  

, , ,  govern the time translation and gradient of the elastance function, 

respectively: (1)  and  are parameters that are functions of the cardiac cycle duration 

(T) and are calculated in each patient using the equations provided in Table 2; (2) ,  

are constant for all patients (see Table 2 for more details). Parameter values used for the 

elastance function were adapted from 68,74-82 to obtain physiologically realistic waveforms 

for pressure, volume, and flow that can be found in Table 2.  

2) Left Atrium 

LA pressure and volume were coupled using time varying elastance E(t), following the 

same method described above for the LV model, and thus the elastance function used for 

LA is defined in equations 6 and 7 as well 66,67 (Table 2). Additionally, a phase lag was 

used in the LA elastance function to account for the relative onset of contractions between 

LA and LV 67. Specifically, LV contraction was initiated at T = 0, and LA contraction 

was introduced at 0.85 T 67, resulting in a time delay of 0.15 T.   

❖ Modeling heart valves 

1) Aortic valve 
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The aortic valve was modeled using the net pressure gradient formulation  through 

the aortic valve. This formulation explains the instantaneous net pressure gradient across 

the aortic valve as a function of the instantaneous flow rate and the energy loss coefficient 

which links the LV pressure to the ascending aorta pressure as follows17,18,39 :  

 

(8) 

and 

 

(9) 

where , , ,  and  are the valvular energy loss coefficient, the 

effective orifice area, ascending aorta cross sectional area, fluid density and transvalvular 

flow rate, respectively. 

2) Aortic regurgitation  

Aortic regurgitation (AR) was modeled using the same analytical formulation as the 

aortic valve and is as follows17,39,83 :  

 
 (10) 

and 

 

(11) 
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where  ,  and  are regurgitation energy loss coefficient, regurgitant 

effective orifice area and LVOT area, respectively. The AR pressure gradient is 

calculated as the difference between aorta pressure and LV pressure during diastole. 

3) Mitral valve 

The mitral valve (MV) was modeled using the analytical formulation for the net pressure 

gradient ( ) across the MV during LA ejection39,84. Density remains constant and 

viscous effects are disregarded as this formulation expresses the instantaneous net 

pressure gradient across the LA and vena contracta as an unsteady, incompressible and 

inviscid flow.  was expressed as a function of , ,  and , where 

they represent the density of fluid, transvalvular flow rate, effective orifice area and 

inertance, respectively39. In this formulation (equation 12), the pressure recovery 

phenomenon was ignored as the effect is insignificant due to the large volume of the LV 

84. 

 
(12) 

4) Mitral regurgitation 

Mitral regurgitation (MR) was modeled using the following equation39,84. The MR 

pressure gradient is calculated as the difference between mitral pressure and LA pressure 

during systole. 
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(13) 

where  is MR effective orifice area. 

❖ Modeling coarctation of the aorta  

The characteristics of the arterial system are important when modeling COA as only a 

portion of total flow rate will cross the COA.  To consider this, two parallel branches 

were considered: (1) the first branch simulates the flow towards the upper body, or the 

flow bypassing the COA (including aortic arch arteries and potential collaterals); (2) a 

second branch simulates the flow crossing COA and directed towards the descending 

aorta. This branch includes a resistance for the proximal descending aorta, and a time-

varying resistance and an inductance which together represent the trans-coarctation net 

pressure gradient induced by the COA17: 

 

(14) 

 
(15) 

where , , ,  and  are the energy loss coefficient of the COA, the 

effective orifice area of the COA, aortic cross-sectional area downstream of the COA, the 

fluid density and the trans-coarctation flow rate, respectively.  

❖ Pulmonary flow 
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The pulmonary valve flow waveform was simulated by a rectified sine curve with 

duration  and amplitude QMPV as follows: 

, t ≤ tee ;   , tee < t ≤ T (16) 

where QMPV, tee and T are mean flow rate of the pulmonary valve, end-ejection time and 

cardiac cycle duration, respectively. Forward left ventricular outflow tract stroke volume 

(Forward LVOT-SV) was the sole input flow condition in this study. Indeed, the mean 

flow rate of the pulmonary valve (QMPV) was optimized so that the lump-parameter 

algorithm replicates the measured Forward LVOT-SV. 

❖ Computational algorithm 

The lumped-parameter model was analyzed numerically by creating and solving a system 

of ordinary differential equations in Matlab Simscape (MathWorks, Inc.), supplemented 

by additional functions written in Matlab and Simscape. Matlab’s ode23t trapezoidal rule 

variable-step solver was used to solve the system of differential equations with an initial 

time step of 0.1 milliseconds. The convergence residual criterion was set to 10-6. Initial 

voltages and currents of capacitors and inductors were set to zero. The model ran for 

numerous cycles (~ 150) to reach a steady state before starting the response optimization 

process described below. Simulations started at the onset of isovolumic contraction. The 

instantaneous LV volume, V(t), was calculated using the time varying elastance and LV 

pressure, PLV. Subsequently, the LV flow rate was calculated as the time derivative of the 

instantaneous LV volume. The same approach was used to obtain the left-atrial volume, 
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pressure and flow rate. PLV was initially calculated using the initial values of the model 

input parameters from Table 2. The Forward LVOT-SV was calculated using the lumped-

parameter model and then fitted to the one measured by Doppler echocardiography by 

optimizing QMPV. Finally, for each patient RSA, CSAC, and Cao were optimized to fit the 

aortic pressure from the model to the patient systolic and diastolic pressures measured 

using a sphygmomanometer. Blood was assumed to be a Newtonian and incompressible 

fluid with the dynamic viscosity of 0.0035 Pa·s and density of 1050 kg/m3. 

❖ Input parameters and patient-specific parameter estimation 

Details about lumped parameter algorithm input parameters were described in 

Supplementary Material (Appendix A3). 

❖ Patient-specific response optimization 

The parameters of the model are listed in Table 2. Some of the parameters were 

considered constant based on previous studies in the literature or shown in the rationale 

below and their values reported in Table 2. Additionally, the parameters that were 

measured in each patient can also be found in Table 2. In order to correctly simulate the 

conditions of the body for each patient, as described below, four parameters of the model 

were optimized so that the lumped-parameter model reproduced the physiological 

measurements performed in the patient. Simulink Design Optimization toolbox was used 

to optimize the response of the lumped-parameter model using the trust region reflective 

algorithm implemented in Matlab fmincon function. The response optimization was 

performed in two sequential automatic steps with tolerances of 10-6.  
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The mean flow rate of the pulmonary valve, QMPV, could not be reliably measured using 

Doppler echocardiography. However, since Forward LVOT-SV can be measured reliably 

using Doppler echocardiography, in the first step of optimization, QMPV was optimized to 

minimize the error between the Forward LVOT-SV calculated by the lumped-parameter 

model and the one measured in each patient.  

Physiologically, arterial hypertension is determined by two factors: the degree of 

reduction in the caliber of small arteries or arterioles, and the extent of reduction in the 

systemic arteries and veins compliance, CSAC, and aortic compliance, Cao. While the 

former is ensued by an increase in the systemic arteries resistance, RSA, and the mean 

blood pressure, the latter results in an increase in the pulse pressure (systolic minus 

diastolic blood pressure). Therefore, in the second step of optimization, RSA, CSAC, and 

Cao were optimized so that maximum and minimum values of aortic pressure were 

respectively equal to the systolic and diastolic pressures measured using a 

sphygmomanometer in each patient. Since the left ventricle faces the total systemic 

resistance and not the individual resistances, and the systemic arteries resistance, , is 

one order of magnitude greater than the aortic resistance, , systemic vein resistance, 

, and proximal descending aorta resistance, , for the sake of simplicity we 

considered ,  and  as constants and optimized  as the main contributor of 

the total systemic resistance in each patient17,39,59,85.  
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Table 3-1. Grid sensitivity analysis. Velocity comparisons for different mesh resolutions 

in patient #2. We observed less than 2% variation in the maximum error in our mesh 

sensitivity study in the entire velocity domain for all 3 patients investigated in this study. 

Name Cell 1 Cell 2 Cell 3 Cell 4 (actual case) Cell 5 

Number of fluid 

cells 
0.35 million 2.82 million 9.53 million 76.24 million 180.73 million 

Peak pressure drop 

at COA ( )  

 

225.93 [mmHg] 219.12 [mmHg] 202.27 [mmHg] 201.98 [mmHg] 201.35 [mmHg] 

3-D Velocity 

magnitude contour 

 

 
Maximum velocity: 

9.31[m/s] 

Average velocity: 1.55 

[m/s] 

 
Maximum velocity: 9.11 

[m/s] 

Average velocity: 1.61 

[m/s] 

 
Maximum velocity: 8.89 

[m/s] 

Average velocity: 1.65 

[m/s] 

 
Maximum velocity: 8.8 

[m/s] 

Average velocity: 1.68 

[m/s] 

 
Maximum velocity: 8.77 

[m/s] 

Average velocity: 1.69 

[m/s] 

Velocity  

(slice location A) 

 

 
Maximum velocity: 1.78 

[m/s] 

Average velocity: 1.24 

[m/s] 

 
Maximum velocity: 1.81 

[m/s] 

Average velocity: 1.3 [m/s] 

 
Maximum velocity: 1.82 

[m/s] 

Average velocity:1.33 

[m/s] 

 
Maximum velocity: 1.86 

[m/s] 

Average velocity:1.37 

[m/s] 

 
Maximum velocity: 1.86 

[m/s] 

Average velocity:1.36 

[m/s] 

Velocity  

(slice location B) 

 

 
Maximum velocity:4.87 

[m/s] 

Average velocity: 2.12 

[m/s] 

 
Maximum velocity: 4.96 

[m/s] 

Average velocity: 2.2 [m/s] 

 
Maximum velocity: 4.95 

[m/s] 

Average velocity:2.26 

[m/s] 

 
Maximum velocity: 4.97 

[m/s] 

Average velocity: 2.27 

[m/s] 

 
Maximum velocity: 4.98 

[m/s] 

Average velocity: 2.28 

[m/s] 

Velocity  

(slice location C) 

 

 
Maximum velocity: 8.46 

[m/s] 

Average velocity: 2.93 

[m/s] 

 
Maximum velocity: 8.14 

[m/s] 

Average velocity: 3.27 

[m/s] 

 
Maximum velocity: 8.21 

[m/s] 

Average velocity: 3.44 

[m/s] 

 
Maximum velocity: 8.35 

[m/s] 

Average velocity: 3.46 

[m/s] 

 
Maximum velocity: 8.37 

[m/s] 

Average velocity: 3.46 

[m/s] 
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Table 3-2.  Cardiovascular parameters. Summarized parameters used in the lumped 

parameter modeling to simulate all patient-specific cases with COA and MVD. 

Description Abbreviation Value 

Valve parameters   

Effective orifice area EOA Measured using DE  

Inertance (mitral valve) MMV Constant value: 0.53 gcm-2 gc m-2 

Systematic circulation 

parameters 

  

Aortic resistance Rao Constant value: 0.05 mmHg.s.mL-1

 
Aortic compliance  Cao Initial value: 0.5 mL/mmHg 

Optimized based on brachial pressures 

(Systolic and diastolic brachial pressures are 

optimization constraints) 

Systemic vein resistance   RSV 0.05 mmHg.s.mL-1

 
Systemic arteries and veins 

compliance 

CSAC Initial value: 2 mL/mmHg
 

Optimized based on brachial pressures 

(Systolic and diastolic brachial pressures are 

optimization constraints) 

systemic arteries resistance  

(including arteries, arterioles 

and capillaries)  

RSA Initial value: 0.8 mmHg.s.mL-1

 
Optimized based on brachial pressures 

(Systolic and diastolic brachial pressures are 

optimization constraints)
 

Upper body resistance Rub Adjusted to have 15% of total flow rate in healthy 

case(94) 

Proximal descending aorta 

resistance 

Rpda Constant value: 0.05 mmHg.s.mL-1 

Elastance Function*   

Maximum Elastance Emax  2.1 (LV) 

0.17 (LA) 

Minimum Elastance Emin 0.06 (LV, LA) 

Elastance ascending gradient m1 1.32 (LV, LA) 

Elastance descending gradient m2 27.4 (LV) 

13.1 (LA) 

Elastance ascending time 

translation 
 0.269 T (LV) 

0.110 T (LA) 

Elastance descending time 

translation 
 0.452 T (LV) 

0.18 T (LA) 

Pulmonary circulation 

parameters 

  

Pulmonary Vein Inertance LPV Constant value:0.0005 mmHg·s2·mL-1 

Pulmonary Vein Resistance RPV Constant value: 0.002 mmHg·s·mL-1 

Pulmonary Vein and capillary 

Resistance 

RPVC Constant value: 0.001 mmHg·s·mL-1 

Pulmonary Vein and Capillary 

Compliance 

CPVC Constant value: 40 mL/mmHg 

Pulmonary Capillary Inertance LPC Constant value: 0.0003 mmHg·s2·mL-1 

Pulmonary Capillary Resistance RPC Constant value: 0.21 mmHg·s·mL-1 

Pulmonary Arterial Resistance RPA Constant value: 0.01 mmHg·s·mL-1 

Pulmonary Arterial Compliance CPA Constant value: 4 mL/mmHg 

Mean Flow Rate of Pulmonary QMPV Forward LVOT-SV is the only input flow condition 
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Valve  (measured using DE). 

QMPV is a flow parameter that was optimized so that the 

lump-parameter model could reproduce the desirable 

DE-measured Forward LVOT-SV. 

Input flow condition   

Forward left ventricular outflow 

tract stroke volume  

Forward LVOT-

SV 

Measured using DE 

Output condition   

Central venous pressure PCV0 Constant value: 4 mmHg 

Other   

Constant blood density  Constant value: 1050 kg/m3 

Heart rate HR Measured using DE 

Duration of cardiac cycle T Measured using DE 
Systolic End Ejection time TEJ Measured using DE 

 

We conducted an extensive parameter sensitivity analysis that revealed negligible effects 

of changes in the pulmonary parameters (e.g., CPVC) on the model output 

variables17,39,59,85. We, therefore, did not include these pulmonary parameters in the 

parameter-optimization process and considered them as constants given in Table 3.2. 

3.4 Results 

3.4.1 Validation: computational framework vs. 4-D flow MRI 

The computational framework used in this study was validated against 4-D flow MRI 

measurements in COA patients (N=5). The level of qualitative agreement of the velocity 

field between 4D flow MRI data and LBM results, that we observed in this study, is 

comparable to those of previous observations made using other computational fluid 

dynamics methods 86-89. Bland–Altman plots were graphed to describe the degree of 

concordance and agreement between LBM and 4-D flow MRI measurements 90. Voxel-
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by-voxel Bland-Altman analysis comparing the velocity fields resulted from the smooth 

down sampled low-resolution LBM and the 4-D flow MRI measurements on the entire 

flow domain at the early, peak and late systole, can be found in the Figure 2a & 2b. The 

middle blue solid line in the Bland-Altman chart indicates bias (mean difference) of the 

computed LBM velocity magnitude and the measured 4D flow MRI velocity magnitude 

( . This line is surrounded by the 95% limits of agreement illustrated 

with blue dashed lines (±1.96 SD). Here, SD is the standard deviation (the square root of 

variance) and it measures the random fluctuations around the mean difference value90. 

The results showed an agreement between the simulated and measured velocity fields in 

all five patients as follows. Mean of differences at early systole for patients #I, #II #III, 

#IV and #V were 0.12, -0.019, 0.051, -0.069 and -0.047 m/s, respectively, and the 

corresponding average limits of agreement (1.96 SD) were ±0.484, ±0.329, ±0.372, 

±0.341 and ±0.196 m/s. Mean of differences at peak systole for patients #I, #II #III, #IV 

and #V were -0.008, -0.046, 0.057, -0.04 and -0.05 m/s, respectively, and the 

corresponding average limits of agreement (1.96 SD) were ±0.452, ±0.346, ±0.366, 

±0.274 and ±0.188 m/s, respectively. Mean of differences at late systole for patients #I, 

#II #III, #IV and #V were -0.065, -0.094, 0.02, -0.04 and -0.082 m/s, respectively, and the 

corresponding average limits of agreement (1.96 SD) were ±0.411, ±0.350, ±0.217, 

±0.284 and ±0.178 m/s, respectively. Furthermore, statistical analyses of the planar 

velocity differences between the resulting velocity fields from our computational 

framework and the 4-D flow MRI measurements at peak systole in three different planar 

aortic cross sections can be found in Figure 3a and 3b. Additionally, this figure compares 
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the 4-D flow MRI velocity field and the down sampled LBM-based velocity fields using 

linear regression and Bland-Altman analysis. In order to assess the correlation between 

the results from our computational framework and the 4-D flow MRI, the coefficient of 

determination (R2) was used at the aforementioned planar sections. The resulting linear 

regression is shown with a blue dashed line. Mean of differences in the planar cross 

section at ascending aorta for patients #I, #II and #III, #IV and #V were -0.082, -0.061, -

0.06, -0.08 and -0.2 m/s, respectively, corresponding limits of agreement (1.96 SD) were 

±0.392, ±0.27, ±0.52, ±0.178, ±0.24 m/s, respectively and corresponding R2 were 0.718, 

0.8583, 0.558, 0.877 and 0.654, respectively. Mean of differences in the planar cross 

section at aortic arch for patients #I, #II and #III, #IV and #V were 0.033, 0.026, 0.001, -

0.01 and -0.05 m/s, respectively, corresponding limits of agreement (1.96 SD) 

were ±0.212, ±0.206, ±0.448, ±0.324, ±0.082 m/s, respectively and R2 were 0.876, 

0.9511, 0.4194, 0.781 and 0.887, respectively. Mean of differences in the planar cross 

section at descending aorta for patients #I, #II and #III, #IV and #V were 0.082, -0.028, -

0.07, 0.032 and -0.089 m/s, respectively, corresponding limits of agreement (1.96 SD) 

were ±0.17, ±0.368, ±0.294, ±0.186, ±0.066 m/s, respectively and corresponding R2 were 

0.912, 0.574, 0.5922, 0.93 and 0.95, respectively. All the statistical correlations observed 

between computational results versus 4D Flow MRI measurements are comparable and in 

the range of previous studies 87-89. 
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Figure 3-2. Panel A. Validation against 4-D flow MRI. We compared 4-D flow MRI data 

and results of the computational framework (based on lumped parameter model (LPM) 

and Lattice Boltzmann model (LBM)) in sample Patients #I to #III, qualitatively 

(revealed in velocity mapping) and quantitatively by performing Pearson’s product 

moment correlation analysis on the entire domain during cardiac cycle between smooth 

down-sampled LBM and 4D flow MRI measurements. 
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Figure 3.2. Panel A. Validation against 4-D flow MRI. We compared 4-D flow MRI data 

and results of the computational framework (based on lumped parameter model (LPM) 

and Lattice Boltzmann model (LBM)) in sample Patients #I to #III, qualitatively 

(revealed in velocity mapping) and quantitatively by performing Pearson’s product 

moment correlation analysis on the entire domain during cardiac cycle between smooth 

down-sampled LBM and 4D flow MRI measurements. 

 

It is important to note that 4-D flow MRI itself is not error free and its measurements 

involves errors due to low temporal resolution (20 ms highest)85 and patient motion 

artefacts. The differences between the computational results and 4-D flow MRI 

measurements can be partly due to the shortages of 4-D flow MRI. Weak correlation can 

be attributed to practical limitations of 4D flow MRI. Despite 4D flow MRI’s potentials 

in providing invaluable in-vivo measurement of blood velocity, it is not free from 
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inaccuracies. The main sources of inherent and unavoidable inaccuracy in measurements 

are: (1) motion artifacts due to the unavoidable movements of heart and lungs (2) phase 

shift in voxels located at the boundary between stationary and moving tissue is noisy, 

which may result in unprecise velocity measurements (3) turbulent characteristics at the 

sub-voxel scale cannot be detected due to the low spatial resolution of MRI89,91,92. It was 

observed that the largest LBM/MRI velocity differences are mainly located where the 

MRI yielded fluctuating velocities. These fluctuations could be explained by the signal 

loss in 4D flow MRI measurements due to intravoxel dephasing and missing turbulent 

characteristics at the sub-voxel scale89,91,92. Since the shape and geometry of the aorta, as 

well as the blood flow velocity and regions of high convective acceleration, are different 

in each patient, the accuracy of measurements may be different for each case. All these 

inaccuracies affect similarity of the MRI and computational flow fields in some cases.  

In addition, for all patients investigated in this study, we observed good agreements 

between the simulated and clinical Doppler echocardiography velocity magnitudes (mean 

relative error of 3.8%). Moreover, our patient-specific Doppler-based lumped-parameter 

model calculations were validated against clinical cardiac catheterization data (the 

instantaneous pressures in the aorta and LV) in patients with complex valvular, 

ventricular and vascular diseases with a substantial inter- and intra-patient variability with 

a wide range of disease (N=49)39,85. The model has already been validated against in vivo 

cardiac catheterization in patients with coarctation (N=40)17,28 and some sub-models have 

been validated against in vivo MRI data (N=57)64. In addition, some of the sub-models of 

the lumped parameter model have been used and validated previously18,37-39,59-65. Indeed,  
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Figure 3-3. panel A. Validation against 4-D flow MRI. We compared 4-D flow MRI data 

and results of the computational framework (based on lumped parameter model (LPM) 

and Lattice Boltzmann model (LBM)) in sample Patients #I to #III, qualitatively 

(revealed in velocity mapping) and quantitatively by performing linear regression and 

Pearson’s product moment correlation analysis at different sections at peak systole 

between smooth down-sampled LBM and PC-MRI measurements. 
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Figure 3-3. panel B. Validation against 4-D flow MRI. We compared 4-D flow MRI data 

and results of the computational framework (based on lumped parameter model (LPM) 

and Lattice Boltzmann model (LBM)) in sample Patients #I to #III, qualitatively 

(revealed in velocity mapping) and quantitatively by performing linear regression and 

Pearson’s product moment correlation analysis at different sections at peak systole 

between smooth down-sampled LBM and PC-MRI measurements. 

 

the beat-to-beat pressure calculations of the lumped-parameter model were compared 

with cardiac catheter pressure measurements and very good qualitative and quantitative 

agreements in terms of both shape of the waveform, and specific wave features such as  
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Figure 3-4. Flow modeling in Patient No. 1. Computed velocity magnitude using the 

computational framework (based on LPM and LBM) in sample Patient No. 1. Actual 

patient (in red text in this figure) has severe aortic stenosis (EOAAS=1 cm2), moderate 

aortic valve regurgitation (EOAAR=0.15 cm2), moderate mitral valve regurgitation 

(EOAMR=0.15 cm2) with no mitral stenosis. This patient has brachial pressures of 70 and 

125 mmHg and forward LV stroke volume of 110 mL. 
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the amplitude and the timing of the systolic peak in the aorta. Note that cardiac 

catheterization is a gold standard in clinics to evaluate hemodynamics, e.g., pressures 

through the heart and circulatory system. Moreover, the entire patient-specific 

computational framework (Lattice Boltzmann method and lumped parameter model) was 

validated against clinical Doppler echocardiography previously28. 

The agreements between the results calculated using our computational framework with 

the ones measured from 4-D flow MRI and cardiac catheterization allow us to accept our 

computational results (Figures 4 to 13) with confidence to investigate the flow features.  

3.4.2 Aortic fluid dynamics 

COA alone largely modified the flow dynamics, this disturbed flow resulting from COA 

abruptly separated from the aortic walls and developed into a high-speed eccentric jet. 

Our data (Figures 4, 7 and 10) revealed that the velocity downstream of the COA in all 

patients with AR alone was drastically increased. This situation deteriorates when COA 

and AR coexist alongside MR. As examples, maximum velocity downstream of the COA 

in patients #1, #2 and #3 (Figures 4, 7 and 10) are as follows:  

1. Patient #1: COA with normal valves: 3.18 m/s, COA with only AR: 4.43 m/s, 

COA with AR and MR: 4.87 m/s. 

2. Patient #2: COA with normal valves: 5.27 m/s, COA with only AR: 8.8 m/s, COA 

with AR and MR: 9.36 m/s. 
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3. Patient #3: COA with normal valves: 6.3 m/s, COA with only AR: 9.33 m/s, COA 

with AR and MR: 10.15 m/s. 

Indeed, AR and MR, when coexistent with COA substantially alter the velocity magnitude 

downstream of the COA, create transitional to turbulent flow downstream of COA and 

may lead to significant progression of the disease at the COA region (Figures 4, 7 and 

10).  

In order to investigate a fundamental component of the work performed by the heart 

resulting in the movement of the blood, we specifically selected the kinetic energy (KE). 

Both KE contours and volumetric integration of KE during the cardiac cycle revealed that 

MVD and COA have mechanical interactions with one another and alter the KE across 

the COA and through the aorta which likely leads to overestimating or underestimating 

the disease (Figures 5, 8 and 11). As examples, both maximum KE as well as volumetric 

integration of KE during the cardiac cycle were exacerbated significantly in the following 

cases: COA coexisting with MS, AR and MR; COA coexisting with MR and AR; COA 

coexisting with MS and AR and COA coexisting with AR (Figures 5, 8 and 11). Both 

maximum KE as well as volumetric integration of KE during the cardiac cycle in patients 

with COA and MVD confirmed the following findings (Figures 5, 8 and 11): 
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Figure 3-5. Flow modeling in Patient No. 1. Computed kinetic energy (KE) contours 

and volumetric integration of KE during cardiac cycle using the computational 

framework (based on LPM and LBM) in sample Patient No. 1 (Actual patient in red 

text in this figure). kinetic energy can be computed as . Here u, 

v, w and ρ correspond to the three components of the instantaneous velocity vector 

and density. 
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1. The presence of AS alone does not increase the KE across the COA in patients 

with COA and MVD (e.g., patient #2: COA with AS alone: 13.13 KJ/m3 (max 

KE); COA with normal valves: 14.65 KJ/m3 (max KE); Figure 8).  

2. KE elevated in the presence of MR alone (e.g., patient #2: COA with MR 

alone:16.24 KJ/m3 (max KE); COA with normal valves: 14.65 KJ/m3 (max KE); 

Figure 8).  

3. KE drastically increased in the presence of AR alone (e.g., patient #2: COA with 

AR alone: 40.84 KJ/m3 (max KE); COA with normal valves: 14.65 KJ/m3 (max 

KE); Figure 8). 

4. The individual COA status remained unchanged in patients with MS alone (e.g., 

patient #2: COA with MS alone:15.32 KJ/m3 (max KE); COA with normal valves: 

14.65 KJ/m3 (max KE); Figure 8). 

 

Wall shear stress, as a force induced by blood flow has a major impact on regulating 

endothelial function and is a predeterminant biomarker of the disease progression. The 

flow alterations discussed previously contributed to elevated wall shear stress, mainly at 

the neck of the COA as well as distal to the COA. Our data explained that MVD impacted 

WSS at the COA region, and can further increase the WSS (e.g., COA coexists with AR 

alone; COA coexists with MR alone; COA coexists with AR and MR; Figures 6, 9 and 12) 

or improve the WSS (e.g., COA coexists with AS alone; Figures 6, 9 and 12) at the COA 

region. Local perturbation in shear stress exposes endothelial cells to high shear stress 
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which affects vessel distensibility and compliance which can potentially lead to vascular 

diseases. Although high WSS may act as a deterrent against formation of atherosclerosis, 

very high WSS can trigger endothelial cells to express a transcriptional profile which 

ultimately leads to arterial remodeling, rupture, and dissection. To evaluate temporal 

oscillations in wall shear stress, the oscillatory shear index (OSI) distribution was used 

(Figures 6, 9 and 12). OSI has a range between 0 and 0.5, where 0.5 indicates a purely 

oscillatory flow. Our results suggest MVD modifies OSI magnitude as well as its 

distribution through the aorta and revealed that areas of high OSI lie within the areas of 

low WSS, which can be more susceptible to atherosclerotic plaque formation. These 

results confirmed the following findings:  

1. The presence of AS alone and MR alone intensifies OSI magnitude with a larger 

affected area in patients with COA and MVD.  

2. The presence of AR alone reduced the OSI magnitude.  

3. OSI were remained unchanged in patients presenting with MS alone. 

A hemodynamically significant COA is often defined as a catheter pressure gradient or 

Doppler pressure gradient of 20 mmHg across the site of COA. Indeed, the COA pressure 

gradient greater than 20 mmHg warns of major COA and secures interventional/surgical 

repair. Our results revealed that MVD alter the simulated Doppler pressure gradient 

across the COA remarkably and can often lead to overestimating or underestimating the 

severity of the disease (Figure 13). As examples, Doppler pressure gradients were 

exacerbated significantly in the following cases: COA coexisting alongside MS, AR, and 
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MR; COA coexisting with MR and AR; COA coexisted with MS and AR; and COA 

coexisting solely with AR (Figure 13). These results are crucial since wall expansion, 

compression and collapse are caused by high pressure drops across the COA. Moreover, 

the pressure drops introduced by the presence of the COA and MVD must be 

compensated by the LV, this in turn can lead to heart failure. Doppler trans-coarctation 

pressure gradient in patients with COA and MVD confirmed the following findings 

(Patient #1, #2 and #3; Figure 13):  

1. Pressure gradient across the COA drastically increased in the presence of AR alone 

(e.g., patient #2: COA with AR alone: 300.76 mmHg (max, DE); COA with normal 

valves: 110.09 mmHg (max, DE)). 

2. COA pressure gradient elevated severely in the presence of MR and AR (e.g., 

patient #2: COA with MR and AR: 341.4 mmHg (max, DE); COA with normal 

valves: 110.09 mmHg (max, DE)). 

3. COA pressure gradients were not dramatically changed in patients with MS or AS 

alone (e.g., patient #2: COA with MS alone:115 mmHg (DE); COA with AS alone: 

98.6 mmHg (max, DE); COA with normal valves: 110.09 mmHg (DE)). 

 

3.4.3 Discussions 

As the prevalence of congenital heart disease continues to grow due to advances in 

diagnosis and treatment, it is essential to have a robust understanding of vascular changes 
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imparted by these pathologies, especially pertaining to long-term prognosis93. As the third 

most common congenital heart disease, COA is frequently seen in conjunction with other 

left ventricular outflow tract (LVOT) abnormalities, most notably BAV and AS94,95. 

Mutations of the NOTCH1 gene have been linked to the BAV phenotype and recent 

genomic studies have demonstrated that COA likewise has associated NOTCH1 variants, 

providing a potential mechanism for familial trends of COA and the co-development of 

these LVOT abnormalities96-98. BAV, which occurs in up to 85% of COA patients, is 

predisposed to calcific stenosis and can progress to AR, mainly through dilation of the 

ascending aorta99-101. Similar to COA, isolated AS causes an increased pressure load on 

the LV, leading to concentric hypertrophy and reduced compliance102. When compounded 

by AR, as seen in approximately 27% of severe AS cases, the stiff ventricle poorly 

tolerates the regurgitant volume load which ultimately leads to a worse prognosis and 

quicker progression rate than isolated AS or AR103,104. These aortic valve pathologies, 

together with mitral valve abnormalities which are present in 8% of COA cases, account 

for MVD commonly seen in conjunction with COA105.  
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Figure 3-6. Flow modeling in Patient No. 1. Computed wall shear stress (WSS) and 

Oscillatory shear index (OSI) using the computational framework (based on LPM and 

LBM) in sample Patient No. 1 (Actual patient in red text in this figure). OSI can be 

computed as . Here, T and  are the cardiac cycle period and 

instantaneous wall shear stress, respectively. 
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Figure 3-7. Flow modeling in Patient No. 2. Computed velocity magnitude using the 

computational framework (based on LPM and LBM) in sample Patient No. 1. Actual 

patient (in red text in this figure) has moderate aortic stenosis (EOAAS=1.2 cm2), 

moderate aortic valve regurgitation (EOAAR=0.2 cm2), with no mitral valve regurgitation 

and no mitral stenosis. This patient has brachial pressures of 60 and 131 mmHg and 

forward LV stroke volume of 124 mL. 
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Figure 3-8. Flow modeling in Patient No. 2. Computed kinetic energy (KE) contours and 

volumetric integration of KE during cardiac cycle using the computational framework 

(based on LPM and LBM) in sample Patient No. 1 (Actual patient in red text in this 

figure). kinetic energy can be computed as . Here u, v, w and ρ 

correspond to the three components of the instantaneous velocity vector and density.  
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Figure 3-9. Flow modeling in Patient No. 2. Computed wall shear stress (WSS) and 

Oscillatory shear index (OSI) using the computational framework (based on LPM and 

LBM) in sample Patient No. 1 (Actual patient in red text in this figure). OSI can be 

computed as . Here, T and  are the cardiac cycle period and 

instantaneous wall shear stress, respectively. 
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Figure 3-10. Flow modeling in Patient No. 3. Computed velocity magnitude using the 

computational framework (based on LPM and LBM) in sample Patient No. 1. Actual 

patient (in red text in this figure) has severe mitral stenosis (EOAMS=1 cm2), moderate 

aortic valve regurgitation (EOAAR=0.2 cm2), moderate mitral valve regurgitation 

(EOAAR=0.15 cm2) and no aortic stenosis. This patient has brachial pressures of 55 and 

138 mmHg and forward LV stroke volume of 121 mL. 
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Figure 3-11. Flow modeling in Patient No. 3. Computed kinetic energy (KE) contours and 

volumetric integration of KE during cardiac cycle using the computational framework 

(based on LPM and LBM) in sample Patient No. 1 (Actual patient in red text in this 

figure). kinetic energy can be computed as . Here u, v, w and ρ 

correspond to the three components of the instantaneous velocity vector and density.  
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Clinical difficulties arise when a patient presents with COA and MVD, as the interactions 

between the hemodynamic alterations imparted by each lesion are not well characterized, 

hindering diagnosis and generating uncertainty regarding the best course of treatment. 

The choice of proceeding with a single or multiple-stage operation is at the discretion of 

the surgeon, as no standardized guidelines are currently in place19. Additionally, it is 

difficult to grade the severity of these pathologies, as the standard classifications were 

developed for isolated lesions, and do not allow for modification when two separate 

lesions impact the same parameter103,106. As these pathologies can rapidly progress, 

determination of clinical severity and optimal timing for intervention is critical to prevent 

the occurrence of further cardiovascular complications, such as aneurysms or 

dissections17,104. We set out to investigate the hemodynamic significance of MVD and 

COA to provide insight into the establishment of treatment protocols which address the 

patient-specific expression of these pathologies, and have several critical findings as 

follows:  

• MVD may exacerbate the COA hemodynamics  

1. Presence of AR and MR in patients with COA and MVD: Maximum velocity 

downstream of the COA in all patients with AR alone was drastically increased. 

The condition deteriorates when COA and AR coexist alongside MR. Indeed, AR 

and MR when coexistent with COA substantially alter the velocity magnitude 

downstream of the COA, create transitional to turbulent flow downstream of COA 

and may lead to significant progression of the disease at the COA region. Presence 
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of AR impacted on WSS at COA region severely, presence of AR and MR can 

further increase the WSS.  

2. Presence of AS and MS in patients with COA and MVD: COA hemodynamics 

were not dramatically changed in patient with AS alone or MS alone, however, 

AS or MS may exacerbate the COA hemodynamics when they coexist with AR 

and/or MR. 

These findings are essential since hemodynamic alterations caused by the COA and MVD 

can result in endothelial dysfunction, dedifferentiation of arterial smooth muscle and 

medial thickening. Moreover, local perturbation in shear stress exposes endothelial cells 

to high shear stress which affects vessel distensibility and compliance and may lead to 

vascular diseases.  

• When coexisting with MVD, Doppler pressure gradient across COA is a poor 

indicator of COA severity  

1. The pressure gradient across the site of COA, when measured using Doppler 

echocardiography is not heavily affected by the presence of AS or MS alone. The 

pressure gradient found in these patients was solely a result of the presence of the 

COA.  

2. In the presence of MR, the COA pressure gradient was non-remarkably elevated. 

3. The presence of AR had major effects on the COA pressure gradients – AR 

interacted with COA and amplified the COA pressure gradients measured by 

Doppler echocardiography.  
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4. COA pressure gradient elevated severely in the presence of MR and AR. This 

reveals that COA pressure gradient may be overestimated in presence of MR 

and/or AR. 

• To precisely assess the COA severity, both presence and severity of MVD 

matter  

The results of the current study demonstrate that MVD interacts with COA fluid 

dynamics, amplifying irregular flow patterns especially downstream of COA. As a result, 

MVD may contribute to speed up the progression of diseases in this region and may lead 

to major aortic wall complications such as aneurysm, rupture, and dissection19,107-109. 

Furthermore, when the COA coexists alongside MVD, the high-pressure loss downstream 

of the COA can augment the flow resistance and ultimately lead to collapse the aortic 

wall32,110. Our results suggest that not only the severity of the COA, but also the presence 

and the severity of the MVD should be considered in the evaluation of risks in patients  
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Figure 3-12. Flow modeling in Patient No. 3. Computed wall shear stress (WSS) and 

Oscillatory shear index (OSI) using the computational framework (based on LPM and 

LBM) in sample Patient No. 1 (Actual patient in red text in this figure). OSI can be 

computed as . Here, T and  are the cardiac cycle period and 

instantaneous wall shear stress, respectively. 
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Figure 3-13. Simulated Doppler echocardiography pressure gradient of coarctation in 

Patients No. 1, 2 and 3. Doppler pressure gradient can be calculated as ΔP=4(VD
2- VU

2), 

where VD and VU are the maximum velocity upstream of the COA and minimum velocity 

downstream of the COA, respectively. 

 

with COA. The results suggest that some more aggressive surgical approaches may be 

required as regularly chosen current surgical techniques may not be optimal for patients 

with both COA and MVD. 

Due to the complex multiphysics nature of the aorta, the overall estimation of 

hemodynamics parameters is very dependent on the outputs of the lumped-parameter 

model that are in-turn depend on the parameters used in the lumped-parameter model. 
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Our patient-specific Doppler-based lumped-parameter algorithm, which provided 

boundary conditions, was validated against clinical catheterization data in forty-nine 

C3VD patients with a substantial inter- and intra-patient variability with a wide range of 

disease39 as well as in 34 patients with coarctation17.  We performed a comprehensive 

parameter sensitivity analysis on the outputs of the lumped-parameter model that are used 

in the present study to find hemodynamics parameters. We found that the outputs from 

the lumped-parameter model were most sensitive to the forward left ventricular outflow 

tract stroke volume (Forward LVOT-SV, an input parameter to the lumped parameter 

algorithm): LV pressure: 27%, LV Volume 19% by a ±20% change in the Forward 

LVOT-SV. The other input parameters affected the output to a much lower degree. We 

should point out that Forward LVOT-SV is measured reliably using Doppler 

echocardiography with high accuracy and sensitivity of the model to this parameter does 

not jeopardize the results obtained from the model. In addition, sensitivity analysis 

revealed negligible effects of changes (±20%) in the free parameters on the model output 

variables. Indeed, the results obtained with Lattice Boltzmann model and lumped-

parameter algorithm were validated against clinical Doppler echocardiography and 4-D 

flow MRI (as shown in Figures 2 and 3 in this study) in patients. Our results show good 

agreements between velocity calculated using the computational framework and the ones 

measured using Doppler echocardiography and 4D flow MRI in all investigated patients 

in with COA. 
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3.5 Limitations 

This study was performed on 3 COA patients with MVD. Future studies must consider 

further validation of the computational framework in a larger population of COA patients 

with MVD. However, our results in this study demonstrate the ability of the framework to 

track changes in both cardiac, and vascular states in these patients. However, we observed 

good agreements between the velocity fields calculated by our proposed framework, the 

MRI-measured velocity fields and Doppler echocardiography velocity fields in this study 

(N=3) as well as cardiac catheterization pressure gradients (N=82)17,39. These 

observations made us more confident that the limitation in the number of patients in this 

study does not affect our conclusions. 
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4.1 Structured abstract 

Background: Despite ongoing advances in surgical techniques for coarctation of the 

aorta (COA) repair, the long-term results are not always benign. Associated mixed 

valvular diseases (MVD; various combinations of aortic and mitral valvular pathologies) 

are responsible for considerable postoperative morbidity and mortality. We investigated 

the impact of COA and MVD on hemodynamics. 

Methods and Results: We developed a patient-specific computational framework. Our 

results demonstrate that MVD interacts with COA fluid dynamics and contributes to 

speed up the progression of the disease by amplifying the irregular flow patterns 

downstream of COA (local) and exacerbating the left ventricular function (global) 

(N=26). Velocity downstream of COA with aortic regurgitation alone was increased and 

the situation got worsen when COA and aortic regurgitation coexist with mitral 

regurgitation (COA with normal valves: 5.27 m/s, COA with only aortic regurgitation: 

8.8 m/s, COA with aortic and mitral regurgitation: 9.36 m/s; patient #2). Workload in 

these patients was increased due to the presence of aortic stenosis alone, aortic 

regurgitation alone, mitral regurgitation alone and when they coexist (COA with normal 

valves: 1.0617 J; COA with only aortic stenosis: 1.225 J; COA with only aortic 

regurgitation: 1.6512 J; COA with only mitral regurgitation: 1.3599 J; patient #1).  

Conclusions: Not only the severity of COA, but also the presence and the severity of 

MVD should be considered in the evaluation of risks in patients. The results suggest that 
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more aggressive surgical approaches may be required as regularly chosen current surgical 

techniques may not be optimal for such patients. 

Keywords: Coarctation, mixed valvular disease, aortic fluid dynamics, local 

hemodynamics, global hemodynamics, left ventricle metrics, aortic stenosis, aortic 

regurgitation, mitral regurgitation, mitral stenosis 

 

4.2 Clinical perspective 

➢ What is new? 

• Doppler echocardiography pressure gradient across coarctation is a poor indicator 

to assess the diseases severity when coexisting with mixed valvular disease 

(various combinations of aortic and mitral valvular pathologies). 

• Catheter pressure gradient fails to reflect the effect of mixed valvular disease on 

the clinical assessment of coarctation hemodynamics. 

• Mixed valvular disease exacerbates the coarctation hemodynamics (local) and 

contributes to speed up the progression of the disease by amplifying the irregular 

flow patterns downstream of coarctation. 

• Mixed valvular disease exacerbated the left ventricular function and 

hemodynamics (global). 

➢ What are the clinical implications? 

To assess risks in patient with coarctation of the aorta, not only the severity of 

coarctation, but also the presence and the severity of mixed valvular disease (various 
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combinations of aortic and mitral valvular pathologies) should be considered. The results 

suggest that more aggressive surgical approaches may be required as regularly chosen 

current surgical techniques may not be optimal for such patients. 

4.3 Introduction 

Coarctation of the aorta (COA) is one of the most common congenital heart defects, 

accounting for 5-8% of all congenital heart defects, occurring in approximately 3/10000 

of live births1-3. COA is often present in conjunction with other cardiac pathologies, 

mainly alongside mixed valvular diseases4-8. Mixed valvular diseases (MVD) are 

classified as various combinations of aortic and mitral valvular pathologies occurring 

simultaneously. COA is commonly associated with bicuspid aortic valve as up to 85% of 

COA patients suffer from both pathologies1, 4, 9. Additionally, aortic stenosis (AS) and 

aortic regurgitation (AR) are commonly found alongside COA occurring in 5-15% and 2-

4% of cases, respectively10-15. Furthermore, COA is frequently found alongside mitral 

valve diseases, presenting itself in 20-59% of all patients with mitral pathologies16-18. The 

common mitral valve diseases found to coexist with COA include mitral stenosis (MS) 

and mitral regurgitation (MR) occurring in 3% and 2-5% of COA patients respectively19-

25. COA and MVD have significant effects on the left ventricle (LV), and if not treated 

promptly are likely to result in LV dysfunction, cardiac failure, and death26-31.  

While COA is readily diagnosed and interventional/surgical therapies are 

implemented, areas of contention and uncertainty remain. The coexistence of MVD 

alongside COA poses many clinical challenges for diagnosis and assessment. A 
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hemodynamically significant COA is often defined as a catheter pressure gradient or 

resting or exercise Doppler pressure gradient of 20 mmHg across the site of coarctation. 

While most cardiologists agree that a pressure gradient greater than 20 mmHg warns of 

severe COA and warrants interventional/surgical repair, it has yet to be determined 

whether MVD has any impact on the pressure gradient across the site of COA. The 

severity of COA may be masked by the hemodynamic effects of MVD, and vice versa, 

ultimately resulting in clinical challenges for accurate diagnosis and assessment21, 32-34. 

The optimal method and timing of intervention often remains unclear when MVD are 

present, given the balance of risks for early and late mortality and reoperation23, 35-38. Due 

to the complexity of treatment for COA and MVD, there are increased rates of post-

operative mortality16, 39. Moreover, when COA and MVD are present, surgery is often 

performed in a multiple-stage approach as higher morbidity rates have been recorded if 

multiple pathologies are repaired simultaneously23, 37. Treatment strategies for patients 

with COA and MVD are quite unclear and differ on an individualized basis, some groups 

suggest that treatment strategies for patients with COA and MVD may need to be 

redefined35, 38. Before updating the current treatment recommendations, the quantitative 

understanding of the interplay between valvular pathologies and COA, and the 

breakdown of effects of each disease constituents on the cardiac function of the 

cardiovascular system is crucial40-42.  

"Cardiology is flow”43 and therefore the essential sources of cardiovascular mortality 

and morbidity can be explained on the basis of adverse hemodynamics: abnormal 

biomechanical forces and flow patterns, leading to the development and progression of 
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cardiovascular disease9, 44-47 Precise and effective diagnosis hinges on the quantification 

of the following requirements: global hemodynamics: (1) Metrics of cardiac function, 

e.g., heart workload and its contribution breakdown of each component of the 

cardiovascular diseases and of the local hemodynamics: (2) Aortic fluid dynamics, e.g., 

details of the instantaneous 3-D flow. In this study, we developed a patient-specific, 

imaged-based, computational-mechanics framework that dynamically couples the local 

hemodynamics with the global circulatory cardiovascular system using 3-D Lattice 

Boltzmann method (LBM) and lumped parameter modeling (LPM) to investigate the 

impact of COA and MVD on both local and global hemodynamics (Figure 1) in 26 

patients. The developed computational framework was validated against clinical cardiac 

catheterization data, Doppler echocardiography and four-dimensional flow magnetic 

resonance imaging (4-D flow MRI) (Figures 2 and 3). To the best of our knowledge, this 

is the first study that investigates the effects of MVD on COA in terms of both local and 

global hemodynamic (Figures 4 to 14). 

4.4 Methods 

4.4.1 Study population 

Thirty-six deidentified and anonymous patients with COA and MVD (see Table 1 for 

patients’ characteristics) between 2008 and 2019 at Stephenson Cardiac Imaging Centre, 

Libin Cardiovascular Institute of Alberta (Calgary, AB, Canada) and St. Joseph's 

Healthcare (Hamilton, ON, Canada) were considered. Informed consent was obtained 
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from all participants. The selections were done by operators blinded to the objectives and 

contents of this study at each institution and the protocols were reviewed and approved by 

the Institutional Review Boards of each institution. All methods and measurements were 

performed in accordance with relevant guidelines and regulations including guidelines of 

the American College of Cardiology and American Heart Association. Senior 

cardiologists reviewed the echocardiograms and reports using OsiriX imaging software 

(version 8.0.2; Pixmeo, Switzerland). Cardiac catheterization was performed to determine 

the pressure gradient and exact morphology of the COA in all patients. Computed 

tomography (CT) data was collected, including images and documented reports. CT 

images were segmented, and the 3-D geometries of the complete aorta were reconstructed 

to be used for our computational model. 

4.4.2 Numerical study 

We developed a computational fluid dynamics framework using 3-D Lattice Boltzmann 

method (large eddy simulation, Smagorinsky subgrid scale model) and lumped parameter 

modeling to simulate both the local and global hemodynamics in patients with MVD and 

COA (Figure 1, Panel A, schematic diagram): 

Global hemodynamics (Cardiac function metrics and hemodynamics). Our developed 

patient-specific Doppler-based lumped-parameter algorithm includes several sub-models 

allowing for the analysis of complex coarctation disease, e.g. when COA coexists with 

the other valvular, vascular and ventricular disease: 1) left atrium, 2) left ventricle, 3) 

aortic valve, 4) mitral valve, 5) coarctation of the aorta, 6) systemic circulation, and 7) 
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pulmonary circulation (Figure 1). Our Doppler-based lumped parameter algorithm uses 

the following input parameters that all can be reliably measured using Doppler 

echocardiography: forward left ventricular outflow tract stroke volume, heart rate, 

ejection time, ascending aorta area, left ventricular outflow tract area, aortic valve 

effective orifice area, mitral valve effective orifice area, COA severity, and grading of 

aortic and mitral valves regurgitation severity. Note that the proposed method does not 

need catheter data or any invasive data for estimating the cardiac function metrics (e.g., 

workload). Other input parameters of the lumped parameter algorithm include systolic 

and diastolic blood pressures measured using sphygmomanometers. The calculations of 

the lumped-parameter model were validated against cardiac catheterization data (the 

instantaneous pressures in the aorta and left ventricle) in patients with complex valvular, 

ventricular and vascular diseases with a wide range of cardiovascular diseases46, 48.  

Local hemodynamics (3-D blood flow dynamics). We developed a computational fluid 

dynamics framework to simulate the local hemodynamics in patients with COA in pre- 

and post-intervention states (Figure 1). This framework is based on lumped parameter 

modeling46, 48 and 3-D lattice Boltzmann method (LBM; Smagorinsky subgrid scale 

model) as implemented in the open-source OpenLB library with some supplements as 

explained in Sadeghi et al. (2021)45. Reynolds-averaged Navier Stokes equations are very 

common to model blood low, however, there are limitations to model pulsatile flows 49. 

Direct numerical simulations put a burden on computing resources and are limited to low 

Reynolds numbers. Large eddy simulation (LES), which falls between Direct numerical 

simulations and Reynolds-averaged Navier Stokes, is well suited for computational 
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modeling of turbulent vascular flows with a great potential in modeling the physiological 

low-Reynolds pulsatile flows46. We used a 3-D LBM-based computational fluid dynamics 

approach using LES (Smagorinsky subgrid scale model) to simulate blood flow through 

the vascular system45. Calculations of this computational fluid dynamics framework were 

validated against 4-D flow MRI measurements (Figures 2 and 3).  

Model properties & Boundary conditions 

Aortic local flow dynamics are greatly influenced by upstream and downstream flow 

conditions which must be accounted for. Additionally, the proper choice of boundary 

conditions is critical as they influence the accuracy of flow simulations. Blood was 

assumed to be a Newtonian and incompressible fluid with dynamic viscosity of 0.0035 

Pa·s and density of 1050 kg/m3. A lumped-parameter model (Figure 1) simulated the 

function of the left side of the heart in the presence of COA and MVD and was used to 

impose the time-dependent inlet flow at the ascending aorta cross section and the outlet 

pressure at the descending aorta cross section. The time-dependent flow rate obtained 

from the lumped-parameter model was used to scale this profile in order to observe this 

time-varying inlet boundary condition (Figure 1). The inlet velocity boundary condition 

in lattice Boltzmann was implemented using the method suggested by Skordos50 which 

uses a second-order finite difference scheme to compute the velocity gradient of the 

boundary nodes and extrapolates the pressure distribution at the inlet from bulk nodes51. 

Furthermore, a sinusoidal smooth start-up phase was used to begin the simulation and 

smoothly increase the initial condition for the velocity from zero in order to avoid 
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pressure fluctuation artifacts at the inlet 52, 53. The total flow rate headed to the branches 

was calculated using the lumped-parameter model and then distributed to the branches 

based on the relative cross-sectional area of each branch. No-slip boundary condition was 

applied at the solid walls as described above (Section: Modeling surface curvature near 

the wall of complex geometries). Patients with COA are typically hypertensive and 

characterized by reduced compliance and elevated stiffness in both the proximal and 

distal aorta, e.g., Jin et al. 54 and Keshavarz-Motamed et al.9, 46, 55 showed that a rigid-wall 

assumption for the aorta is acceptable and thus, the aortic wall in this study was treated as 

such.   

Due to the complex multi-physics nature of the aorta and the valves, the overall 

estimation of cardiac parameters is very reliant on the outputs of the lumped-parameter 

algorithm that are in-turn depend on input parameters used in the lumped-parameter 

algorithm. Our patient-specific Doppler-based lumped-parameter algorithm, which 

provided boundary conditions, was validated against clinical catheterization data in 

patients with a wide range of cardiovascular diseases45, 46, 48. We used the validated 

lumped-parameter algorithm45, 46, 48 to obtain the boundary conditions. Moreover, our 

performed sensitivity analysis revealed negligible effects of changes (±20%) in the free 

parameters on the model output variables56.  

Reconstructed geometries in patients with coarctation  

3D geometries of the complete aorta including ascending aorta, aortic branches and 

descending aorta were reconstructed from segmented CT images of patients using ITK-
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SNAP (version 3.8.0-BETA) (Figure 1). We used smoothing procedure for the surfaces to 

overcome the challenges of computational convergence and stability. Change in the 

volume due to smoothing was less than 1% in all patients. 

 

(a) 

 

(b) 
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Figure 4-1 Reconstructed geometry and simulation domain. (a) In this study, we 

developed a patient-specific, imaged-based, computational-mechanics framework that 

dynamically couples the local hemodynamics with the global circulatory cardiovascular 

system to investigate the impact of COA and MVD on both local and global 

hemodynamics in these patients. We used CT images from patients to segment and 

reconstruct the 3D geometries of the complete aorta. These 3-D geometries were used for 

investigating hemodynamic using computational fluid dynamics. Local flow dynamics is 

greatly influenced by upstream and downstream flow conditions that are absent in the 

flow simulation domain. A lumped-parameter model simulates the function of the left 

side of the heart47. Time-dependent inlet flow at ascending aorta and outlet pressure at 

descending aorta position were obtained from lumped parameter modeling and applied as 

boundary conditions. Boundary conditions of the aortic branches were adjusted to match 

the flow distribution. (b) We compared 4-D flow MRI data and results of our 

computational framework. The 3-D geometry of the complete aorta was reconstructed 

using MRI images and the entire volume of Down-sampled LBM data was smoothed52,53 

(see Four-dimensional flow magnetic resonance imaging (4-D flow MRI section for more 

details). 

Numerical strategy 

Multiple and single relaxation time LBM-based model were coupled with Smagorinsky’s 

turbulent model in order to stabilize complex turbulent fluid flow across the domain. For 

treating complex geometry, we utilized second order accuracy method proposed by 

Bouzidi et al. 57. A smooth startup phase was added to the inlet velocity condition to 

suppress the undesired pressure fluctuation. For turbulent modelling, Large Eddy 

Smagorinsky subgrid-scale model with constant  was applied 58. Mesh sensitivity 

analysis was performed for maximum velocity and pressure drop at the coarctation 

region. Mesh definition was considered acceptable if no significant differences (lower 

than 5%) existed between successive mesh refinements in both quantities. The physical 

time step in this study was as low as 1.5  and physical lattice height adjacent to the wall 

was as low as   to ensure that it is within the viscous sublayer.  
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4.4.3 Four-dimensional flow magnetic resonance imaging (4-D flow 

MRI) 

Four-dimensional flow magnetic resonance imaging (4-D flow MRI) is a recent 

development of phase-contrast MRI (PC-MRI) with the capability of comprehensive 

blood flow assessment in three spatial dimensions over the cardiac cycle59. 4-D flow MRI 

provides visualization of the vascular territory of interest and allows for the estimation of 

hemodynamic biomarkers such as wall shear forces60 and pressure gradients61, 62. 

Additionally, 4-D flow MRI provides comprehensive information regarding complex 

flow patterns in vascular diseases63. In this study, acquisition of 4-D flow MRI data in 

patients with COA and valvular diseases was performed (Figure 1, Panel B, data 

acquisition and analysis workflow of 4-D flow MRI) by standard Cartesian 4-D flow 

sequence using 1.5T MRI scanners (Philips Achieva; Philips Medical Systems, Best, the 

Netherlands). Electrocardiogram gating synchronized and diaphragm navigator gated 4-D 

flow MRI were performed during free breathing. Acquisition parameters were as follows: 

spatial resolution of (1.97–2.62, 1.97–2.62, 2.5–4 mm3), temporal resolution of 36–40 ms. 

Velocity encoding was set to the range (1.5–4.5 m/s), the total scan time for each 

measurement varied from 8 to 15 min. All 4-D flow data was corrected for multiple 

sources of phase offset errors and noises such as velocity aliasing, Maxwell terms, and 

eddy currents using an in-house MATLAB-based code (MathWorks, Inc.). Data 

smoothing algorithm proposed by Garcia64, 65 was used to eliminate random errors of the 

velocity vectors. Garcia64, 65  proposed a fully automated smoothing procedure based on a 
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penalized least squares approach that allows fast smoothing of the data and can replace 

spurious or missing vectors with the smoothed one. 

The 3-D segmentation of thoracic aorta geometry and orifice shape of aortic stenosis or 

bicuspid valve was performed by ITK-SNAP (Yushkevich et al., 2006; 

http://www.itksnap.org) and an in-house MATLAB-based code. Fusion 3-D (Autodesk, 

Inc) and Meshmixer (Autodesk, Inc) were used to smooth the geometry and fix the 

defects. Finally, the Stereolithography (STL) format of the geometry (domain) was 

extracted for our computational simulation. Time-varying flow velocity information 

extracted from patient-specific 4-D flow MRI data was imposed at the inlet and outlets of 

each LBM computational model. To study the effect of resolution and comparing LBM to 

4-D flow MRI velocity fields on identical grids, we down sampled the high-resolution 

LBM velocities into PC-MRI resolution by linear interpolation of LBM velocity on MRI 

sub grid. Moreover, down-sampled LBM data subjected to an imitation of the smoothing 

inherent in the 4-D flow MRI measurement to have the closest LBM approximation to the 

4-D flow MRI data. The down-sampling and smoothing procedures are schematically 

shown in Figure 1 (Panel B). 

Velocity field extracted from 4-D flow MRI measurements was smoothed through a 

multidimensional spline smoothing technique proposed by Garcia64, 65. The algorithm 

deals with occurrences of missing and outlying values and eliminates random errors 

automatically. The mathematics behind algorithm structure is based on penalized least 

squares approach that allows fast smoothing of the data and can replace spurious or 
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missing vectors with the smoothed one. The algorithm allows fast unsupervised 

smoothing that combines the use of the discrete cosine transform and the generalized 

cross-validation score. Garcia’s algorithm was compared with conventional methods, 

including the normalized median test, and experimental raw particle image velocimetry 

velocity fields and it was shown that it can easily deal with a large amount of missing 

data and reduce the experimental noise while keeping the most important characteristics 

of a dataset64. 

In the current study, to investigate the effect of resolution and to compare LBM and 4-

D flow MRI velocity fields on identical grids, we down sampled the high-resolution LBM 

velocity fields by linear interpolation on the 4D flow MRI grid. The down-sampling and 

smoothing procedures are schematically shown in Figure 1. 

4.4.4 Statistical analysis 

All results were expressed as mean ± standard deviations (SD). Statistical analyses 

were performed using SigmaStat software (Version 3.1, Systat Software, San Jose, CA, 

USA). Coefficient of determination, R2, was used to quantify the quality of linear 

regressions. Statistically significant differences between two datasets were assessed using 

two-sample t-test at 1% significance level.       
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Table 4-1. Baseline patient characteristics. DE: Doppler echocardiography, NYHA: New York 

Heart Association 

 Pre intervention 

Mean ± SD 

(n=36) 

Ventricular indices – DE findings  

 Ejection fraction, % 59.5 ± 11.5 

 Heart rate, bpm 65.8 ± 10.6 

 Stroke volume, mL 62.3 ± 10.4 

 NYHA classifications ≥ grade 2 39% 

Valvular indices – DE findings  

 Mean aortic valve gradient, mmHg 26 ± 7.3 

 Maximum aortic valve gradient, mmHg 46 ± 19.5 

 Aortic valve disease type Tricuspid: 22; Bicuspid: 14 

 Aortic valve Regurgitation ≥ grade 2 36% 

 Mitral valve Regurgitation ≥ grade 2 21% 

Vascular indices – Sphygmomanometer   

 Brachial systolic blood pressure, mmHg 145 ± 25.4 

 Brachial diastolic blood pressure, mmHg 78 ± 11.9 

Patient description  

 Mean age, years; Gender 34 ± 11.5; (Female: 42%) 

 Mean weight, kg; Mean height, cm 78 ± 14.6; 169.3 ± 7.9 

 Body surface area, m2 1.8 ± 0.31 

Associated cardiovascular lesions  

 Bicuspid aortic valve  14 

 Tricuspid aortic valve stenosis 6 

 Aortic valve regurgitation 12 

 Mitral valve stenosis 4 

 Heart failure 11 

 Mitral valve regurgitation 10 

 Descending aorta aneurysms 5 
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4.5 Results 

4.5.1 Validation: computational framework vs. 4-D flow MRI 

In this study, we developed a patient-specific, imaged-based, computational-mechanics 

framework that dynamically couples the local hemodynamics with the global circulatory 

cardiovascular system to investigate the impact of COA and MVD on both local and 

global hemodynamics in these patients. The entire computational framework was 

validated against 4-D flow MRI measurements in five patients with COA. Figure 2 

describes sample cases of voxel-by-voxel Bland-Altman analysis between the velocity 

fields resulted from the smooth down sampled low-resolution LBM and 4-D flow MRI 

measurements on the entire flow domain at the early systole, the peak systole as well as 

the late systole. The simulated velocity fields were in agreement with the velocity fields 

measured using 4-D flow MRI in patients: as examples, average biases (means of 

differences) were -0.049, -0.059 and 0.0426 [m/s] and corresponding average limits of 

agreement (1.96 SD) were also ±0.302, ±0.191 and ±0.325 [m/s] for patients #I, #II and 

#III, respectively. Moreover, Figure 3 shows the statistical analyses of the planar velocity 

differences between velocity field resulted from our computational framework and 4-D 

flow MRI measurements in sample cases at the peak of systole. As this figure shows, the 

4-D flow MRI velocity field and the down sampled LBM-based velocity fields were 

compared using Pearson’s correlation and Bland-Altman analysis. The coefficient of 

determination (R2) was used to assess the linearity between the results from 4-D flow 

MRI and our computational framework at these planar sections. The average of 



Ph.D. Thesis, Reza Sadeghi                        McMaster University, Mechanical Engineering 

162 

 

coefficients of determination were 0.863, 0.830, 0.526 for patients #I, #II and #III, 

respectively. Average lateral section Biases (means of differences) were also -0.049, -

0.0113 and -0.042 m/s and the corresponding limits of agreement (1.96 standard deviation 

of differences) were ±0.229, ±0.129 and ±0.420 m/s for patients #I, #II and #III, 

respectively, which shows agreements between the data resulted from 4-D flow MRI and 

our computational framework. We observed similar agreement (computational results vs. 

4-D flow MRI measurement) in the other patients with COA investigated in this study. It 

is important to note that 4-D flow MRI itself has some limitations and its measurements 

involves errors due to low temporal resolution (20 ms highest)56, 66. The differences 

between the computational results and 4-D flow MRI measurements can be partly due to 

the shortages of 4-D flow MRI.  

In addition, our developed patient-specific Doppler-based lumped-parameter model 

calculations were validated against clinical cardiac catheterization data (the instantaneous 

pressures in the aorta and LV) in patients with complex valvular, ventricular and vascular 

diseases with a substantial inter- and intra-patient variability with a wide range of disease 

(N=49)48, 56. The model has already been validated against in vivo cardiac catheterization 

in patients with coarctation (N=40)45, 46 and some sub-models have been validated against 

in vivo MRI data (N=57)67. In addition, some of the sub-models of the lumped parameter 

model have been used and validated previously42, 48, 55, 67-75. Moreover, the entire patient-

specific computational framework (Lattice Boltzmann method and lumped parameter 

model) was validated against clinical Doppler echocardiography previously45. Moreover, 

for all 26 patients investigated in this study, we observed good agreements between the 
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simulated and experimental Doppler echocardiography pressure gradients (Mean relative 

error: 3.9%).  

The good agreements between results calculated using our computational framework 

with the results measured using clinical 4-D flow MRI, Doppler echocardiography and 

cardiac catheterization allows us to accept our computational results with confidence to 

investigate the flow features. 

4.5.2 Clinical measure of hemodynamics: Doppler echocardiography 

and catheter pressure gradients 

Currently, clinical assessment of COA for management and intervention decisions are 

achieved based on the symptoms and hemodynamics metrics, focused only on COA. A 

hemodynamically significant COA is often defined as a catheter pressure gradient or 

Doppler pressure gradient of 20 mmHg across the COA. Indeed, the COA pressure 

gradient greater than 20 mmHg warns of major COA and secures interventional/surgical 

repair. Our data revealed that MVD and COA have mechanical interactions with one 

another, alter the pressure gradient across the COA and lead to overestimating or 

underestimating the disease (Figures 5, 7, 9, 12 and 14). As examples, Doppler and 

catheter pressure gradients were exacerbated significantly in the following cases: COA 

coexisting with MS, AR, and MR; COA coexisting alongside MR and AR; COA 

coexisting with MS and AR and COA coexisting with AR (Figures 5, 7, 9, 12 and 14). 

This is very important since wall expansion, compression and collapse are caused by high 
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pressure drops in the COA. Moreover, the pressure drops introduced by the presence of 

the COA and MVD must be compensated for by the LV, this in turn can lead to heart 

failure. Both Doppler and catheter measures documented a trans-coarctation pressure 

gradient in patients with COA and MVD confirmed the following findings (Figures 5, 7, 

9, 12 and 14):  

(1) The presence of AS alone does not increase the pressure gradient across the 

COA in patients with COA and MVD (e.g., patient #2: COA with AS alone: 

98.60 mmHg (max, DE), 59 mmHg (max, catheter); COA with normal valves: 

110 mmHg (max, DE), 78.7 mmHg (max, catheter); Figure 7). 

(2) COA pressure gradient elevated in the presence of MR alone (e.g., patient #2: 

COA with MR alone:122.4 mmHg (max, DE), 85.2 mmHg (max, catheter); 

COA with normal valves: 110 mmHg (max, DE), 78.7 mmHg (max, catheter); 

Figure 7). 

(3) Pressure gradient across the COA drastically increased in the presence of AR 

alone (e.g., patient #2: COA with AR alone: 300.76 mmHg (max, DE), 182.17 

mmHg (max, catheter); COA with normal valves: 110 mmHg (max, DE), 78.7 

mmHg (max, catheter); Figure 7). 

(4) The individual COA status remained unchanged in patients with MS alone 

(e.g., patient #2: COA with MS alone:115 mmHg (DE), 78.8 mmHg (max, 

catheter); COA with normal valves: 110 mmHg (DE), 78.7 mmHg (max, 

catheter); Figure 7).  

We observed similar pressure gradient characteristics in the other patients with 

COA and MVD investigated in this study.  
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Figure 4-2. Validation against 4-D flow MRI (part I). We compared 4-D flow MRI data 

and results of the computational framework (based on lumped parameter model (LPM) 

and Lattice Boltzmann model (LBM)) in sample Patients #I to #III, qualitatively 

(revealed in velocity mapping) and quantitatively by performing Pearson’s product 

moment correlation analysis on the entire domain during cardiac cycle between smooth 

down-sampled LBM and 4D flow MRI measurements. 
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Figure 4-3. Validation against 4-D flow MRI (part II). We compared 4-D flow MRI data 

and results of the computational framework (based on lumped parameter model (LPM) 

and Lattice Boltzmann model (LBM)) in sample Patients #I to #III, qualitatively 

(revealed in velocity mapping) and quantitatively by performing linear regression and 

Pearson’s product moment correlation analysis at different sections at peak systole 

between smooth down-sampled LBM and PC-MRI measurements. 
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4.5.3 Simulated global and local hemodynamics  

Global hemodynamics (cardiac function). The LV workload is an effective metric of 

the LV function and its clinical state and is calculated as the area encompassed by the LV 

pressure–volume loop. Our results revealed that LV function parameters, e.g., LV 

pressure and workload, are dramatically different in patients with MVD (Figures 5, 7 and 

9 show examples of LV pressure and workload in 3 patients with COA and MVD). Our 

data showed (Figures 5, 7, 9, 10, 11 and 14) that the LV workload in all COA patients 

with MVD was universally increased due to the presence of AS alone, AR alone, MR 

alone and when they coexist. MS alone does not have a remarkable impact on LV 

workload in these patients. As examples, LV workload and LV pressure in patient #1 are 

as follows (Figure 5): COA with normal valves: LV workload: 1.0617 J, LV peak 

pressure: 122.51 mmHg; COA with only AS: LV workload: 1.225 J, LV peak pressure: 

143.43 mmHg; COA with only AR: LV workload: 1.6512 J, LV peak pressure: 136.74 

mmHg; COA with only MR: LV workload: 1.3599 J, LV peak pressure: 123.48 mmHg; 

COA with only MS: LV workload: 1.0472 J, LV peak pressure: 122.07 mmHg. We 

observed similar cardiac function characteristics in the other patients with COA and 

MVD.  

Local hemodynamics (aortic dynamics). The presence of the COA itself modified 

largely the flow dynamics: the disturbed flow resulting from COA detached from the 

walls and developed into a high-speed eccentric jet. Our data (Figures 4, 6 and 8) 

described that the velocity downstream of the COA in all patients with AR alone was 
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drastically increased. This situation got worsen when COA and AR coexist with MR. As 

an example, maximum velocity downstream of the COA in patient #2 (Figure 6) are as 

follows: COA with normal valves: 5.27 m/s, COA with only AR: 8.8 m/s, COA with AR 

and MR: 9.36 m/s. Indeed, AR and MR when coexistent with COA substantially alter the 

velocity magnitude downstream of the COA, further encouraging turbulent flow 

downstream of COA and may lead to significant progression of the disease at the COA 

region (Figures 4, 6 and 8). We observed similar characteristics in the other patients with 

COA and MVD investigated in this study.  

Such flow alterations contributed to elevated wall shear stress mainly at the neck of the 

COA as well as distal to the COA. Wall shear stress, as a force induced by blood flow, 

has a major impact on regulating endothelial function and is a predeterminant biomarker 

of disease progression. In this study, the total shear stress exerted on the aorta wall was 

evaluated using time-averaged wall shear stress (TAWSS). Our data explained that MVD 

impacted TAWSS at COA region, and can further increase the TAWSS (e.g., COA coexists 

with AR alone; COA coexists with MR alone; COA coexists with AR and MR; Figures 4, 

6 and 8) or improve the TAWSS (e.g., COA coexists with AS alone; Figures 4, 6 and 8) at 

the COA region. Local perturbation in shear stress exposes endothelial cells to high shear 

stress which affects vessel distensibility and compliance and potentially lead to vascular 

diseases. Although high WSS may act as a deterrent against formation of atherosclerosis, 

very high WSS can trigger endothelial cells to express a transcriptional profile which 

ultimately leads to arterial remodeling, rupture and dissection.  
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In addition, systemic arterial compliance (SAC = stroke volume (SV)/pulse pressure 

(PP)) was obtained as an index of arterial hemodynamics. Patients with COA usually 

have upper extremity hypertension and are characterized by reduced systemic arterial 

compliance. Our results suggest that any combination of MVD along with COA 

substantially alters the SAC magnitudes (Figures 13 and 14). 

4.6 Discussion 

MVD, which are classified as various combinations of different aortic and mitral 

valvular pathologies such as AS, AR, bicuspid aortic valve, MR, and MS, are often 

present in conjunction with COA. We sought that in patients with COA and MVD, the 

interactions between MVD and COA have dramatic impacts on both the local and global 

hemodynamics. It is important to note that in current clinical practice, proper treatment is 

difficult to administer when COA and MVD are present. Treatment is often performed in 

a multiple-stage approach as higher morbidity rates have been recorded if several 

pathologies are repaired simultaneously23, 33, 37. Indeed, it is often unclear what the effects 

of each pathology are on the cardiovascular system and which pathology is more life-

threatening. Furthermore, timing of intervention is crucial as the overload on the LV due 

to the COA and MVD is likely to lead to LV dysfunction, cardiac failure, and death if not 

treated promptly23, 29, 76. To date, there are no standardized guidelines and the ideal 

treatment methods are often unclear for individuals suffering from COA and MVD35, 38. 

Hemodynamic significance of MVD and COA must be analyzed carefully to establish 
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proper treatment methods since an individualized treatment approach is crucial for the 

optimal recovery of each patient41, 42. In the present work, there are several findings 

which should be individually discussed: 

Doppler echocardiography COA pressure gradient is a poor indicator of COA severity 

when coexisting with MVD 

Our results demonstrate that in patients who suffered from COA and MVD (one or a 

combination of AS, AR, MS and MR): 

1. The presence of AS alone or MS had no major effects on the pressure gradients 

across the COA measured by Doppler echocardiography. In these patients, the 

pressure gradient was due to COA itself.  

2. Moreover, COA pressure gradient was non-remarkably elevated in the presence of 

MR.  

3. In contrast, the presence of AR had major effects on the COA pressure gradients – 

AR interacted with COA and amplified the COA pressure gradients measured by 

Doppler echocardiography. This is crucial because the high-pressure loss due to 

COA can be exacerbated by AR, speeding up the collapse of the aorta wall9, 77-81. 

As one example, in the case of COA patient #1 with actual status of severe AS, mild-

moderate AR and mild-moderate MR, the DE COA pressure gradients (47.3 mmHg 

(maximum) and 21.50 mmHg (mean)) were almost as if this patient had normal valves 

(39.8 mmHg (maximum) and 19.09 mmHg (mean)) (Figure 5). This is extremely critical 

for the two following reasons: 
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Figure 4-4. Flow modeling (local) in Patient No. 1. Computed velocity magnitude and 

time-averaged wall shear stress (TAWSS) using the computational framework (Lattice 

Boltzmann method and lumped parameter model) in sample Patient No. 1. Actual patient 

(in red font in this figure) has severe aortic stenosis (EOAAS=1 cm2), moderate aortic 

valve regurgitation (EOAAR=0.15 cm2), moderate mitral valve regurgitation 

(EOAMR=0.15 cm2) with no mitral stenosis. This patient has brachial pressures of 70 and 

125 mmHg, forward LV stroke volume of 110 mL, maximum LV pressure of 170 mmHg 

and LV workload of 2.4923 J. The total shear stress exerted on the wall throughout the 

cardiac cycle was evaluated using the time-averaged wall shear stress (TAWSS) which is 

obtained as . Here, T and  are the cardiac cycle period and 

instantaneous wall shear stress, respectively.  
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Figure 4-5. Flow modeling (global) in Patient No. 1. (a) simulated catheter pressure 

gradient of coarctation which is the difference between the tabulated pressures of the neck 

and upstream of COA, using the computational framework, Lattice Boltzmann method 

and lumped parameter model (ΔP=P2-P1; P2: pressure at the neck of COA; P1: pressure 

upstream of COA); (b) simulated peak Doppler echocardiography pressure gradient of 

coarctation using the computational framework, Lattice Boltzmann method and lumped 

parameter model (ΔP=4Vmax
2; Vmax: maximum velocity downstream of COA during 

systole); (c) simulated left ventricle pressure using lumped parameter model; (d) 

simulated left ventricle workload using lumped parameter model. 
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Figure 4-6. Flow modeling (local) in Patient No. 2. Computed velocity magnitude and 

time-averaged wall shear stress (TAWSS) using the computational framework (Lattice 

Boltzmann method and lumped parameter model) in sample Patient No. 1. Actual patient 

(in red font in this figure) has moderate aortic stenosis (EOAAS=1.2 cm2), moderate aortic 

valve regurgitation (EOAAR=0.2 cm2), with no mitral valve regurgitation and no mitral 

stenosis. This patient has brachial pressures of 60 and 131 mmHg, forward LV stroke 

volume of 124 mL, maximum LV pressure of 156.5 mmHg and LV workload of 2.022 J. 
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Figure 4-7. Flow modeling (global) in Patient No. 2. (a) simulated catheter pressure 

gradient of coarctation which is the difference between the tabulated pressures of the neck 

and upstream of COA, using the computational framework, Lattice Boltzmann method 

and lumped parameter model (ΔP=P2-P1; P2: pressure at the neck of COA; P1: pressure 

upstream of COA); (b) simulated peak Doppler echocardiography pressure gradient of 

coarctation using the computational framework, Lattice Boltzmann method and lumped 

parameter model (ΔP=4Vmax
2; Vmax: maximum velocity downstream of COA during 

systole); (c) simulated left ventricle pressure using lumped parameter model; (d) 

simulated left ventricle workload using lumped parameter model. 
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Figure 4-8. Flow modeling (local) in Patient No. 3. Computed velocity magnitude and 

time-averaged wall shear stress (TAWSS) using the computational framework (Lattice 

Boltzmann method and lumped parameter model) in sample Patient No. 1. Actual patient 

(in red font in this figure) has severe mitral stenosis (EOAMS=1 cm2), moderate aortic 

valve regurgitation (EOAAR=0.2 cm2), moderate mitral valve regurgitation (EOAAR=0.15 

cm2) and no aortic stenosis. This patient has brachial pressures of 55 and 138 mmHg, 

forward LV stroke volume of 121 mL, maximum LV pressure of 142 mmHg and LV 

workload of 2.2599. 



Ph.D. Thesis, Reza Sadeghi                        McMaster University, Mechanical Engineering 

176 

 

 

Figure 4-9. Flow modeling (global) in Patient No. 3. (a) simulated catheter pressure 

gradient of coarctation which is the difference between the tabulated pressures of the neck 

and upstream of COA, using the computational framework, Lattice Boltzmann method 

and lumped parameter model (ΔP=P2-P1; P2: pressure at the neck of COA; P1: pressure 

upstream of COA); (b) simulated peak Doppler echocardiography pressure gradient of 

coarctation using the computational framework, Lattice Boltzmann method and lumped 

parameter model (ΔP=4Vmax
2; Vmax: maximum velocity downstream of COA during 

systole); (c) simulated left ventricle pressure using lumped parameter model; (d) 

simulated left ventricle workload using lumped parameter model. 
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Figure 4-10. Differences in the simulated LV workloads between (mixed valvular disease 

& COA) and (normal aortic and mitral valves & COA) in individual patients (N=26). 
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Figure 4-11. Differences in the simulated LV peak pressure between (mixed valvular 

disease & COA) and (normal aortic and mitral valves & COA) in individual patients 

(N=26). 
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Figure 4-12. Differences in the simulated catheter pressure gradient between (mixed 

valvular disease & COA) and (normal aortic and mitral valves & COA) in individual 

patients (N=26). 
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Figure 4-13. Differences in the simulated systemic arterial compliance between (mixed 

valvular disease & COA) and (normal aortic and mitral valves & COA) in individual 

patients (N=26). 
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Figure 4-14. Difference in the simulated hemodynamics parameters between (mixed 

valvular disease & COA) and (normal aortic and mitral valves & COA) in all patients 

(N=26) using Box and Whisker diagram: (a) simulated LV workload; (b) simulated LV 

peak pressure; (c) simulated catheter pressure gradient; (d) simulated systemic arterial 

compliance. 
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1. In the case that COA coexists with AS alone in this patient (no AR, MR or MS), DE 

COA pressure gradients dropped from 47.3 to 30.7 mmHg (maximum) and from 

21.50 to 12.04 mmHg (mean). This shows that COA pressure gradient may be masked 

and underestimated in presence of AS. 

2. In the case that COA coexists with AR alone in this patient (no AS, MR or MS), DE 

COA pressure gradients elevated from 47.3 to 75.2 mmHg (maximum) and from 

21.50 to 30.50 mmHg (mean). This reveals that COA pressure gradient may be 

overestimated in presence of AR alone. 

Catheter pressure gradient fails to reflect the effect of MVD on the clinical assessment 

of COA hemodynamics 

The gold standard for diagnosis and grading of coarctation of the aorta is the 

measurement of the pressure gradient across the site of coarctation by cardiac 

catheterization82. As precise positioning of the probe in the vena contracta is difficult, 

probes are typically placed 1-2 cm distal to the coarctation, where velocity is reduced and 

the flow is influenced by the pressure recovery phenomenon, decreasing the accuracy of 

the measurement72, 83. In addition to the invasive nature of the procedure that hinders 

follow-up, and sedation, which is frequently required, can reduce cardiac activity and lead 

to an underestimation of the pressure gradient84. For patients with COA who also suffer 

from AS, MS, MR, or a combination, we did not observe major effects due to these 

valvular diseases on the catheter pressure gradient, and the measured COA gradient was 

produced by COA itself (similar to DE pressure gradients). In contrast, similar to 

observations about DE pressure gradients, the coexistence of AR with COA greatly 
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amplified the catheter COA pressure gradient, leading to an overestimation of the severity 

of coarctation. Furthermore, catheter (and Doppler) COA pressure gradients are highly 

influenced by the flow rate - they are nonlinearly reduced when the flow rate is decreased. 

In fact, the relief of the pressure gradient through COA does not correlate with the relief 

of symptoms or functional improvements83.  

MVD exacerbated the COA hemodynamics (local) 

The jets emerging from the COA orifice substantially alters the vortical structure in the 

aorta, creating disturbed flow, leading to high shear stress mainly downstream of the 

COA9, 71, 85. Our results demonstrate that MVD interacts with COA fluid dynamics, 

amplifies irregular flow patterns, and consequently increase TAWSS especially 

downstream of COA. In patients with COA who also suffered from AS, MS or a 

combination, the presence of these valvular diseases had modest effects on the COA. 

However, the presence of AR and/or MR, compared to the other valvular diseases (AS 

and MS), had major impacts on the COA hemodynamics as they interacted with COA and 

through increasing TAWSS, they may contribute to speeding up the progression of the 

COA more than other valvular diseases do. These progressions may include endothelial 

dysfunction, dedifferentiation of the arterial smooth muscle and medial thickening all of 

which can lead to major aortic wall complications such as aortic aneurysm, rupture and 

dissection at the COA region. 

MVD exacerbated the left ventricular function and hemodynamics (global) 
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Our results reveal that COA and some components of MVD increase the burden on the 

LV (e.g., AS alone, AR alone, MR alone and when they coexist). Compared to the other 

valvular diseases, the presence of AR and/or MR, when coexistent with COA, elevates 

the heart workload significantly due to the increased stroke volume causing LV volume 

overload. Therefore, uncorrected COA along with AR and/or MR cause an overloaded 

LV, resulting in faster deterioration or failure of the LV. In order to plan interventions as 

well as their sequence, our findings suggest that not only the severity of the COA and 

MVD should be considered but the breakdown of the effects of each disease constituent 

on the global function of the heart should also be considered. It is crucial to identify 

patients in whom AR and/or MR coexists with COA; in these patients the increased risk 

of a double procedure may be justified since correcting one pathology at a time has 

limited utility in reducing myocardial strain and causes persistent increased LV mass and 

hypertrophy.  

4.7 Limitations 

We developed a computational fluid dynamics framework using 3-D Lattice Boltzmann 

method (Large eddy simulation, Smagorinsky subgrid scale model) and lumped 

parameter model to simulate both the local and global hemodynamics in patients with 

MVD and COA. One limitation of our simulations is lack of modeling of the aortic and 

mitral valves. Diseased aortic valve (e.g., bicuspid aortic valve or aortic stenosis) create 

complex blood flow patterns in the thoracic aorta that influence the local hemodynamics 

in the coarctation region71, 86, 87. However, the good agreements between results calculated 
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using our computational framework with the results measured using clinical 4-D flow 

MRI, Doppler echocardiography and cardiac catheterization, which include moving aortic 

and mitral valves, show that this limitation does not significantly modify the conclusions 

of this study. Please note that considering moving aortic and mitral valve leaflets as well 

as modeling the left ventricle are computationally expensive and complicated. Future 

numerical studies should consider the interactions between the fluid and structure and 

investigate the effect of dynamical opening and closing of the aortic valve leaflets on the 

vortex dynamics in the aorta. 
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5.1 Abstract 

Background: Accurate hemodynamic analysis is not only crucial for successful diagnosis 

of coarctation of the aorta (COA), but intervention decisions also heavily rely on the 

hemodynamics assessment in both pre and post intervention states to minimize patient 

risks. Despite ongoing advances in surgical techniques for COA treatments, the impacts 

of extra-anatomic bypass grafting, a surgical technique to treat COA, on the aorta are not 

always benign. Our objective was to investigate the impact of bypass grafting on aortic 

hemodynamics. 

Methods: To investigate hemodynamics, we developed a patient-specific computational-

mechanics framework, validated against clinical cardiac catheterization data and 4-D flow 

magnetic resonance imaging.  

Results: Our results demonstrate that bypass grafting improved hemodynamic metrics 

(e.g., reduction in flow velocities, and turbulent characteristics) in some patients, 

however, the hemodynamic conditions worsened in others (e.g., patient #1; maximum 

velocity, pre-intervention: 1.9 m/s; post-intervention: 1.74 m/s; maximum turbulent 

kinetic energy, pre-intervention: 0.81 mJ, post-intervention: 1.15 mJ). Moreover, bypass 

grafting does not always alleviate high wall shear stress through the aorta (e.g., patient 

#1; maximum surface integral of wall shear stress, pre-intervention: 0.0222 N/m2, post-

intervention: 0.0319 N/m2).  

Conclusions: We concluded that bypass graft may lead to pseudoaneurysm formation and 

potential aortic rupture as well as intimal hyperplasia due to the persistent abnormal and 
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irregular aortic hemodynamics. Moreover, post-intervention, exposures of endothelial 

cells to high shear stress may lead to arterial remodeling, aneurysm, rupture and 

dissection. 

Keywords: Coarctation, bypass graft, aortic fluid dynamics, hemodynamic metrics, 

turbulent characteristics 

5.2 Introduction 

Coarctation of the aorta (COA) is a common congenital heart defect (CHD) which is 

recognized as a general arteriopathy involving a discrete stenosis or a longer, hypoplastic 

segment of the aortic isthmus1,2. COA is the 6th most prevalent CHD, occurring in 5-8% 

of all cases with an approximate incidence of 3/10000 livebirths1-6. COA imposes 

significant afterload on the left ventricle (LV) which results in elevated wall stress, LV 

hypertrophy, LV dysfunction, the development of arterial collaterals, upper body 

hypertension, flow disturbance in the thoracic aorta, and decreased perfusion to the lower 

body2,5. Further impacts of COA include aortic dissection, aortic rupture, myocardial 

infarction, and heart failure5,7. If left untreated, COA carries dismal prognosis, several 

studies have shown an average survival age of 30-35 years, with a mortality rate of 75% 

by age 463,8,9. The appropriate surgical technique for COA repair often remains unclear 

for adult patients10. Surgical techniques to treat COA include resection with end-to-end 

anastomosis, prosthetic patch aortoplasty, subclavian flap aortoplasty, interposition 

grafting and extra-anatomic bypass grafting2,4,11,12.  
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Extra-anatomical bypass grafting has been recommended in some of these complex cases 

and may represent a viable option for a single-stage approach4,5,10,12-15. Extra-anatomic 

bypass grafting is a surgical technique typically performed via median sternotomy and 

can be performed for isolated cases of COA as well as cases where additional 

cardiovascular pathologies are present11,12. Furthermore, surgical treatment for COA 

carries some risk for spinal cord injury, occurring in approximately 0.5% of patients 

being operated on for coarctation16, studies have shown that extra-anatomic bypass 

minimizes the risk of paraplegia2,15. When performing bypass grafting, proximally, the 

prosthetic conduit is anastomosed to the ascending aorta or the subclavian artery, distally 

the conduit is attached to the descending aorta4,14,17. This technique leaves the stenosed 

aorta in situ, but is able to provide adequate blood flow to the distal aorta14. While extra-

anatomic bypass can be performed with low risk15, some adverse cases do exist and 

include prosthetic graft pseudoaneurysm, intimal hyperplasia and potential re-COA, all of 

which may require reoperation18-24. 

The development and progression of cardiovascular diseases can often be explained by 

abnormal hemodynamics characterized by disturbed or turbulent flow, and adverse 

vascular biomechanics25-31. Blood flow often determines the form and function of the 

heart and surrounding vascular network and can dictate the functional and structural 

response of repair 29,31,32. Blood flow analysis can be greatly useful for diagnostic and 

monitoring purposes as disturbed flow strongly influences vascular pathologies27,32. 

Moreover, there is currently no consensus on the ideal treatment method for isolated, 
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complex, or recurrent COA33,34, and hemodynamics may provide insight to the optimal 

treatment method on a patient-specific basis.  

A clinically useful tool that can be used to accurately assess fluid dynamics in COA 

patients pre- and post- bypass grafting should satisfy the following requirements: 

(4) The local fluid dynamics are influenced by the conditions downstream and 

upstream of coarctation. Therefore, in addition to performing the 3-D blood flow 

calculations in the patient-specific geometry, imposing accurate patient-specific 

flow and pressure boundary conditions is critically important for a computational 

diagnostic framework. This not only gives patient-specific flow and pressure 

conditions to the local flow, but also enables providing diagnostic information 

about the global circulatory physiology.  

(5) The patient-specific boundary conditions should be obtained non-invasively in 

each patient because obtaining them invasively (e.g., with catheterization) 

contradicts the whole purpose of the computational framework.   

(6) To reliably augment the current clinical diagnostics capabilities with calculations 

of blood flow through COA, the computational diagnostic framework should be 

fast enough to provide results in a matter of minutes rather than days.  

There have been attempts for quantifying blood flow through artery bypass grafts using 

conventional macroscopic numerical methods based on the discretization of Navier–

Stokes equations (finite difference method, finite volume method, finite element method, 

etc.)18,19,35-39. However, none of these models can satisfy Requirements #1 & #2 as they 
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do not have patient-specific boundary conditions, patient-specific geometry etc18,19,35-39.  

Moreover, none of these models can satisfy Requirement #3 above because the 

conventional methods need days of calculations and therefore, they are not feasible for 

clinical diagnosis18,19,35-39.  

"Cardiology is flow”32 and indeed the essential sources of cardiovascular mortality and 

morbidity can be explained on the basis of abnormal fluid dynamics, leading to the 

development and progression of cardiovascular disease25,26,31,40. To effectively evaluate 

risk status and create guidelines for intervention, precise quantification of aortic fluid 

dynamics, is required. For this purpose and to satisfy Requirements #1 to #3, we 

developed an innovative patient-specific, image-based, computational-mechanics 

framework that integrates the local hemodynamics with the global circulatory 

cardiovascular system using the Lattice Boltzmann method (LBM) along with Doppler-

based lumped parameter modeling (LPM) to investigate the impact of bypass grafts on 

aortic fluid dynamics in 3 patients with COA. Our lumped parameter algorithm uses a 

limited number of parameters that can be reliably and non-invasively measured using 

Doppler echocardiography and sphygmomanometer and calculates patient-specific 

Boundary conditions (Requirements #1 & #2). Lattice Boltzmann method (LBM), rooted 

in mesoscopic kinetic equations, has been developed as a powerful and fast alternative 

to computationally intensive conventional methods for fluid dynamics simulations 

because of its simplicity, handling of complex flow phenomena, efficient executions, and 

the fact that LBM equations are intrinsically parallelizable (Requirement #3)31,41.   
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5.3 Methods 

In this study, we simulated the 3-D blood flow dynamics in patients with COA pre- and 

post-intervention using our developed patient-specific, image-based, computational fluid 

dynamics framework using 3-D Lattice Boltzmann method (large eddy simulation, 

Smagorinsky subgrid scale model) and Doppler-based lumped parameter modeling 

(Figure 5-1, Panel A, schematic diagram). This framework is based on 3-D lattice 

Boltzmann method (LBM; Smagorinsky subgrid scale model) and Doppler-based, 

patient-specific, lumped parameter modeling29,42 as implemented in the open-source 

OpenLB library with some supplements as explained below. Our developed patient-

specific Doppler-based lumped-parameter algorithm includes several sub-models which 

allow for the analysis of complex coarctation disease when coexistent with the other 

valvular, vascular and ventricular disease including the following: 1) left atrium, 2) left 

ventricle, 3) aortic valve, 4) mitral valve, 5) coarctation of the aorta, 6) systemic 

circulation, and 7) pulmonary circulation (Figure 5-1, Panel A). The input parameters for 

our patient-specific Doppler-based lumped parameter algorithm can all be reliably 

measured using two non-invasive techniques: Doppler echocardiography and 

sphygmomanometers. All input parameters are as follows: forward left ventricular 

outflow tract stroke volume, heart rate, ejection time, ascending aorta area, left ventricular 

outflow tract area, aortic valve effective orifice area, mitral valve effective orifice area, 

COA severity, grading of aortic and mitral valves regurgitation severity, and systolic and 

diastolic blood pressures. Calculations of this computational fluid dynamics framework  
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(a) 

 

(b) 

Figure 5-1. Reconstructed geometry and simulation domain. Schematic diagram of our 

developed patient-specific, image-based, computational-mechanics framework that 

dynamically couples the local hemodynamics with the global circulatory cardiovascular 

system to investigate the impact of COA and bypass grafting on fluid dynamics in these 

patients. We used CT images from patients to segment and reconstruct the 3D geometries 

of the complete aorta. These 3-D geometries were used for investigating hemodynamics 

using computational fluid dynamics. Local flow dynamics are greatly influenced by 
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upstream and downstream flow conditions that are absent in the flow simulation domain. 

A lumped-parameter model simulates the function of the left side of the heart. Time-

dependent inlet flow at ascending aorta and outlet pressure at descending aorta position 

were obtained from lumped parameter modeling and applied as boundary conditions. 

Boundary conditions of the aortic branches were adjusted to match the flow distribution; 

(b) We compared 4-D flow MRI data and results of our computational framework. The 3-

D geometry of the complete aorta was reconstructed using MRI images and the entire 

volume of Down-sampled LBM data was smoothed (see Four-dimensional flow magnetic 

resonance imaging (4-D flow MRI section for more details). 

were validated against 4-D flow MRI measurements (Figure 5-1, Panel A, schematic 

diagram; Figures 5-2, Panels A & B, results). 

5.3.1 Lattice Boltzmann method (LBM) 

In a healthy vascular system, blood flow is mostly laminar, however, blood flow becomes 

distally turbulent under pathophysiological conditions. Modelling blood flow is typically 

performed based on the Reynolds-averaged Navier Stokes (RANS) equations, however, 

this method has noticeable limitations when modelling pulsatile flows 43. Direct 

numerical simulations (DNS) are limited to a low Reynolds number and put a major 

burden on computing. Large eddy simulation (LES) is an additional approach between 

DNS and RANS that well suited for computational modeling of turbulent vascular flows 

with a high potential in modeling the physiological low-Reynolds transitional flows 29. In 

this study, we used a 3-D LBM-based computational fluid dynamics approach using LES 

(Smagorinsky subgrid scale model) to simulate blood flow through the vascular system. 

❖ Governing equations  



Ph.D. Thesis, Reza Sadeghi                        McMaster University, Mechanical Engineering 

204 

 

The simplest form of LBM equations are based on the Bhatnagar-Gross-Krook 

(BGK) approximation with single relaxation time (SRT) 44. The discretized form of 

Boltzmann equation based on BGK approximation is as follows 45:  

  (1) 

For the BGK-LBM model with  velocities, a set of distribution functions 

 is defined on each lattice node ( ). ,   and  represent the 

relaxation time, discrete time and Maxwell-Boltzmann equilibrium distribution function, 

respectively. The subscript  depends on the number of lattice vectors.  

The LBM follows DxQy reference in which x represents the number of dimensions and y 

is the number of particle velocities. In order to simulate blood flow across the aorta, we 

considered the three-dimensional nineteen-velocity model, D3Q19 
31. The discrete velocity 

vectors in D3Q19 are as follows 31: 

= 

 

(2

) 

 

The Maxwell–Boltzmann distribution function ( ) for the lattice speed of sound 

 is defined as follows 31: 

 

(3) 
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In Equation (3),  is defined as the velocity,  represents the weighting coefficients 

given by ,  and  for D3Q19 model,  is the 

discrete velocity vector in α direction (α= 0, …, 18), and  represents the lattice density.    

Various defects of BGK models exist including fixed ratio of kinematic, bulk viscosities 

and a fixed Prandtl number which cause instabilities at high Reynolds numbers 46. To 

overcome these limitations, a multi-relaxation time (MRT), LBM-based model was 

implemented. In this regard, Equation (1) was modified to Equation (4) considering MRT 

scheme as follows: 

  (4) 

where  represents vectors of moments and their equilibrium functions . 

 and  are the transform matrix and collision matrix, respectively.  

Mappings between moment and distribution functions were performed by linear 

transformation as follows: 

and  (5) 

The Equilibrium distribution function must satisfy conservation of mass and momentum 

leading to Equations (6) and (7), respectively47:  

 

(6) 

 (7) 
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The transformation matrix M for D3Q19 is defined as the following:  

 
(8) 

 

The corresponding macroscopic moments vector are: 

 

(9) 

Diagonal matrix  in Equation (4) is defined as follows: 

 

(10) 

where  is physical viscosity and ( ) is equilibrium moments matrix, as shown below:  

 

(11) 



Ph.D. Thesis, Reza Sadeghi                        McMaster University, Mechanical Engineering 

207 

 

The equilibrium moments in Equation (11) were obtained as follows: 

  (12) 

, (13) 

  (14) 

 , (15) 

 , (16) 

 , (17) 

The momentum  was defined as follows: 

  (18) 

❖ Lattice Boltzmann method & Large Eddy simulation  

Turbulent modeling was performed via Large Eddy Simulation employing the 

Smagorinsky subgrid scale model. The physical viscosity is a superposition of the 

molecular kinematic viscosity ( ) and turbulent viscosity ( ), related to the length 

scale or lattice size ( ). Collision time ( ) was therefore altered as follows 48: 

  (19) 

The molecular and turbulent collision time in equation (19) were obtained as follows:  
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  (20) 

  (21) 

 represents the Smagorinsky constant and   is themagnitude of second-order non 

equilibrium moment. Total viscosity, , is given as 48: 

  (22) 

❖ Modeling surface curvature near the wall of complex geometries  

An interpolated bounce-back scheme proposed by Bouzidi et al. 49 was used in order to 

treat boundaries of inclined and complicated geometry. To evaluate the post-propagation 

state of fluid node A next to a curved solid wall, the distribution function used for this 

technique 31 was defined as follows: 

  (23) 

where  represents the post-collision and post-propagation state of the 

distribution function at time ( ) and the point .  is the value of the distribution 

function after a collision and before propagation state of the fluid node; the factor  

represents the normalized distance from the wall 31. 

❖ Wall shear stress 
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Wall shear stress (WSS) is defined as the frictional force induced by fluid moving along a 

solid wall. The total stress tensor for the fluid is as follows: 

  (24) 

where ,  and  represent pressure, Kronecker symbol and contribution from the 

viscous force, respectively.  represents the stress on the boundary surface element 

with normal vector . The wall stress vector, , is computed as: 

  (25) 

The total stress  can be replaced by  since the projection of normal stress  on 

the tangential plane is zero. The viscouse stress for a Newtonian fluid is proportional to 

the strain rate tensor ( )50,51 and is as follows: 

 

(26) 

where  represents a second order non equilibrium moment that can be computed 

locally from the particle distribution functions. 

❖ Model properties and boundary conditions 

Flow conditions upstream and downstream to the local aortic region are heavily 

influential on local flow dynamics and must be accounted for. Additionally, the proper 
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choice of boundary conditions is crucial as they are also influential on the accuracy of 

flow simulations. Blood was assumed to be a Newtonian and incompressible fluid with 

dynamic viscosity and density of 0.0035 Pa·s and 1050 kg/m3, respectively. A lumped-

parameter model (Figure 5-1) that simulated the function of the left side of the heart was 

used to impose the time-dependent inlet flow at the ascending aorta cross section and the 

outlet pressure at the descending aorta cross section. In order to scale this profile in order 

to observe this time-varying inlet boundary condition, the time-dependent flow rate 

obtained from the lumped-parameter model was used (Figure 5-1). The inlet velocity 

boundary condition in lattice Boltzmann was implemented using the method suggested by 

Skordos52 which involves the use of a second-order finite difference scheme to compute 

the velocity gradient of the boundary nodes and extrapolates the pressure distribution at 

the inlet from bulk nodes53. Furthermore, in order to avoid pressure fluctuation artifacts at 

the inlet, a sinusoidal smooth start-up phase was used to initiate the simulation and 

smoothly increase the initial condition for the velocity from zero 54,55. Moreover, the 

lumped-parameter model calculated the total flow rate headed and distributed to the 

branches based on the relative cross-sectional area of each branch. A no-slip boundary 

condition was applied at the solid walls as described in the section above (Modeling 

surface curvature near the wall of complex geometries). Based on the knowledge that 

patients with COA are typically hypertensive and characterized by reduced compliance 

and elevated stiffness in both the proximal and distal aorta, e.g., Jin et al. 56, Keshavarz-

Motamed et al. 26,29,57 showed that a rigid-wall assumption for the aorta is reasonable and 

thus, the aortic wall in this study was treated as such.   
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The overall estimation of cardiac parameters is very dependent on the outputs of the 

lumped-parameter model due to the complex multiphysics nature of the aorta and heart 

valves. These lumped-parameter model outputs in-turn depend on the input parameters 

used in the lumped-parameter model. Our patient-specific, Doppler-based, lumped-

parameter algorithm, which provided boundary conditions, has been validated against 

clinical catheterization data in patients with a substantial inter- and intra-patient 

variability with a wide range of disease29,31,42. We used the validated lumped-parameter 

model29,31,42 to obtain the boundary conditions in the present study. In addition, to find 

cardiac parameters we performed a comprehensive parameter sensitivity analysis on the 

outputs of the lumped-parameter model. Our findings demonstrate that the outputs from 

the lumped-parameter model were most sensitive to the forward left ventricular outflow 

tract stroke volume (Forward LVOT-SV, an input parameter to the lumped parameter 

algorithm): LV pressure: 27%, LV Volume 19% by a ±20% change in the Forward 

LVOT-SV. The other input parameters affected the output to a much lesser degree. It 

should be noted that Forward LVOT-SV is measured reliably using Doppler 

echocardiography with high precision. The sensitivity of the model to this parameter does 

not endanger the results obtained from the lumped parameter model. In addition, 

sensitivity analysis revealed negligible effects of changes (±20%) in the free parameters 

on the model output variables.  

❖ Reconstructed geometries in patients with coarctation  
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The 3D geometries of the complete aorta (ascending aorta, aortic branches and 

descending aorta) were reconstructed from segmented CT images of patients using a 3-D 

image processing and model generation software package (Figure 5-1), ITK-SNAP 

(version 3.8.0-BETA). In order to parallelize the simulation, these 3-D reconstructions 

were voxelized into multiblocks which were distributed between computer processor 

units.  

❖ Numerical strategy 

In order to stabilize complex turbulent fluid flow across the domain, single and multiple 

relaxation time LBM-based models were coupled with Smagorinsky’s turbulent model. 

We utilized second order accuracy method proposed by Bouzidi et al. 49 to treat complex 

geometry. A smooth startup phase was added to the inlet velocity condition to suppress 

any undesired pressure fluctuation. Large Eddy Smagorinsky subgrid-scale model with 

constant  was applied 48 for turbulent modelling. Mesh sensitivity analysis was 

performed for maximum velocity and pressure drop at the coarctation region. Mesh 

definition was considered acceptable if no significant differences (lower than 5%) existed 

between successive mesh refinements in both quantities. In this study, the physical time 

step and physical lattice height adjacent to the wall were as low as 1.5  and , 

respectively. The minimal lattice height was to ensure that it is within the viscous 

sublayer.  
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5.3.2 Lumped parameter model 

❖ Cardiac-arterial model  

1) Left ventricle. LV pressure and volume were coupled using a measure of cardiac 

muscle stiffness, a time varying elastance E(t) calculated as follows: 

 

          

(27) 

where , , and  represent the LV time-varying pressure, time-varying volume, 

and unloaded volume, respectively.  

As explained by Keshavarz-Motamed 42, to represent the normalized elastance function of 

the LV, we observed that among the summation of Gaussian functions 58,59, Boltzmann 

Distribution 60, and double Hill function 61,62, the latter provided the most physiologically 

accurate results for the pressure, flow, and volume waveforms. The double Hill function, 

as motivated by myocyte recruitment during preload, is a cooperative process 63. The 

double-Hill LV normalized time-varying elastance curves (EN) is calculated as follows 

61,62: 

 

     (28) 

 

(29) 

where N ,  , , , ,  and  represent the elastane normalization, 

ascending time translation, descending time translation, ascending gradient, descending 
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gradient, maximum elastance and minimum elastance, respectively (see Table 5-1). It was 

necessary to use a double Hill function to model the contraction and relaxation in the 

heart chambers as shown in Equation 28 above. In this equation, the first term In brackets 

corresponds to the contraction of the chamber and the second term corresponds to the 

relaxation of the chamber.  and  govern the time translation of the elastance function 

as both parameters are functions of the cardiac cycle duration (T) and are calculated in 

each patient using the equations provided in Table 5-1.  and  govern the gradient of 

the elastance function and are constant for all patients (see Table 5-1 for more details). In 

order to obtain physiologically realistic waveforms for pressure, volume, and flow, 

parameter values used for the elastance function were adapted from 64-73 and can be found 

in Table 5-1.  

2) Left atrium. Following the same method described above for the LV model, LA 

pressure and volume were coupled using time varying elastance E(t), and thus the 

elastance function used for LA is defined in equations 28 and 29 as well 61,62 (Table 5-1). 

A phase lag was also used in the LA elastance function in order to account for the relative 

offset of contractions between LA and LV 61. Specifically, LV contraction was initiated at 

T = 0, and LA contraction was introduced at 0.85 T 61, resulting in a time delay of 0.15 T.   

❖ Modeling heart valves 

Aortic valve. The aortic valve was modeled using the analytical formulation for the net 

pressure gradient  through the aortic valve. This formulation explains the 

instantaneous net pressure gradient across the aortic valve as a function of the 
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instantaneous flow rate and the energy loss coefficient. This links the LV pressure to the 

ascending aorta pressure as follows:  

 

(30A) 

and 

 

(30B) 

where , , ,  and  represent the valvular energy loss coefficient, the 

effective orifice area, ascending aorta cross sectional area, fluid density and transvalvular 

flow rate, respectively. , represents the ‘recovered EOA’, which is the valve 

effective orifice area adjusted for the area of the aorta at the level of sinotubular junction.  

Aortic regurgitation. Aortic regurgitation (AR) was modeled using the same analytical 

formulation as the aortic valve and is as follows:  

 
 (31A) 

and 

 

(31B) 
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where  ,  and  represent regurgitation energy loss coefficient, 

regurgitant effective orifice area and LVOT area, respectively. AR pressure gradient is 

calculated as the difference between aorta pressure and LV pressure during diastole. 

Mitral valve. The mitral valve (MV) was modeled using the net pressure gradient 

( ) across the MV during LA ejection. This formulation expresses the 

instantaneous net pressure gradient across the LA and vena contracta as an unsteady, 

incompressible, and inviscid flow and therefore density is kept constant and viscous 

effects are disregarded.  was expressed as a function of , , and 

, which represent the density of fluid, transvalvular flow rate, effective orifice area 

and inertance, respectively. In this formulation as shown in equation 32, the large volume 

of the LV negates the pressure recovery phenomenon and it was therefore ignored 74. 

 
 (32) 

Mitral regurgitation. Mitral regurgitation (MR) was modeled using the following 

equation where the MR pressure gradient is calculated as the difference between mitral 

and LA pressure during systole. 

 
 (33) 

where  represents the MR effective orifice area. 

❖ Modeling coarctation of the aorta  
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When modelling COA, it is important to consider the characteristics of the arterial system 

as only a portion of total flow rate will cross the COA.  In order to account for this, two 

parallel branches were considered: (1) the first branch simulates the flow towards the 

upper body, or the flow bypassing the COA (including aortic arch arteries and potential 

collaterals); (2) a second branch simulates the flow crossing COA and directed towards 

the descending aorta. The second branch includes a resistance for the proximal 

descending aorta as well as a time-varying resistance and an inductance, together they 

represent the trans-coarctation net pressure gradient induced by the COA29: 

 

(34) 

 
(35) 

where  and represent the energy loss coefficient of the COA and the 

effective orifice area of the COA, respectively. , , and  are the aortic cross-sectional 

area downstream of the COA, the fluid density and the trans-coarctation flow rate, 

respectively. Based on equation (35), the energy loss coefficient is described in terms of 

the aortic cross section just downstream of the COA and the effective orifice area of the 

COA.  

❖ Pulmonary flow 

The pulmonary valve flow waveform was simulated by a rectified sine curve with 

duration  and amplitude QMPV as follows: 
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, t ≤ tee ;   , tee < t ≤ T (36) 

where QMPV, tee and T represent the mean flow rate of the pulmonary valve, end-ejection 

time and cardiac cycle duration, respectively. The only input flow condition in this study 

was Forward LVOT-SV. Indeed, in order for the lump-parameter algorithm to reproduce 

the measured Forward LVOT-SV, the mean flow rate of the pulmonary valve (QMPV) was 

optimized. 

❖ Computational algorithm 

The lumped-parameter model was analyzed numerically by creating and solving a 

system of ordinary differential equations in Matlab Simscape (MathWorks, Inc.), 

supplemented by additional functions written in Matlab and Simscape. To solve the 

system of differential equations, Matlab’s ode23t trapezoidal rule variable-step solver was 

used with an initial time step of 0.1 milliseconds. The convergence residual criterion was 

set to 10-6 while initial voltages and currents of capacitors and inductors were set to zero. 

The model ran for ~150 cycles to reach a steady state before initiating the response 

optimization process as described below. A double Hill function representation of a 

normalized elastance curve for human adults was used in order to generate a signal to 

model LV elastance 61,62. This elastance formulation was shown to completely represent 

the LV function independent of its pathological condition.  

Simulations started at the onset of isovolumic contraction. The instantaneous LV 

volume, V(t), was calculated using the time varying elastance and LV pressure, PLV. PLV 
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was initially calculated using the initial values of the model input parameters from 

Table 5-1. Subsequently, the LV flow rate was calculated as the time derivative of the 

instantaneous LV volume. This approach was also used to obtain the left-atrium volume, 

pressure, and flow rate. The Forward LVOT-SV was calculated using the lumped-

parameter model and then fitted to the one measured (Equation 37) by optimizing QMPV 

(as detailed below).  

Forward LVOT-SV measured using DE is defined as the following: 

 

 

(37

) 

where , , and  represent the LVOT diameter, LVOT area, and LVOT 

velocity-time integral, respectively.  

Finally, RSA, CSAC, and Cao were optimized for each patient so that the aortic pressure 

from the model fit the sphygmomanometer measurements of patient systolic and diastolic 

pressures.  

❖ Input parameters 

The developed algorithm uses the following input parameters measured using 

Doppler echocardiography: LV stroke volume, cardiac cycle duration, ascending aorta 

area, LVOT area, aortic valve effective orifice area, mitral valve effective orifice area, the 

effective orifice area of the COA, aortic cross-sectional area downstream of the COA, and 
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grading of the severity of aortic and mitral valves regurgitation. Parameters measured 

using a sphygmomanometer include systolic and diastolic blood pressures which are 

additional input parameters for the developed algorithm. 

❖ Patient-specific response optimization 

The parameters of the model are listed in Table 5-1. Also reported in Table 5-1 are 

some parameters that were considered constant based on previous studies in literature or 

based on the rationale given below. Additionally, the parameters that were measured in 

each patient are also indicated in Table 5-1. Four parameters of the model were optimized 

so that the lumped-parameter model reproduced the physiological measurements 

performed in the patient. Simulink Design Optimization toolbox was used to optimize the 

response of the lumped-parameter model using the trust region reflective algorithm 

implemented in Matlab fmincon function. The response optimization was performed in 

two sequential steps with tolerances of 10-6.  

The mean flow rate of the pulmonary valve, QMPV, could not be reliably measured 

using Doppler echocardiography. In the first step of optimization, QMPV was optimized to 

minimize the error between the Forward LVOT-SV calculated by the lumped-parameter 

model and the one measured in each patient since Forward LVOT-SV can be measured 

reliably using Doppler echocardiography.  

In the second step of optimization, RSA, CSAC, and Cao were optimized so that the 

maximum and minimum values of the aorta pressure were equal to the systolic and 

diastolic pressures, respectively, measured using a sphygmomanometer in each patient. 
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For the sake of simplicity, we considered the aortic resistance, , and the systemic vein 

resistance, , as constants and optimized the systemic arteries resistance, , as the 

main contributor of the total systemic resistance. This is reasonable since the left ventricle 

faces the total systemic resistance rather than the individual resistances, and the systemic 

arteries resistance is one order of magnitude greater than both the aortic resistance and 

systemic vein resistance. Cao was considered to be 0.6 of CSAC because 60% of the total 

arterial compliance resides in the proximal aorta 75. 

In addition, we conducted an extensive parameter sensitivity analysis that concluded 

the pulmonary parameters (e.g., CPVC) have negligible effects on the model output 

variables. Therefore, we did not include these pulmonary parameters in the parameter-

optimization process and considered them as constants given in Table 5-1.  

5.3.3 Four-dimensional flow magnetic resonance imaging (4-D flow 

MRI) 

Four-dimensional flow magnetic resonance imaging (4-D flow MRI) is a recent 

development of phase-contrast MRI (PC-MRI) with the capability to comprehensively 

assess blood flow in three spatial dimensions over the cardiac cycle76. 4-D flow MRI 

provides visualization of the vascular territory of interest and allows for the estimation of 

hemodynamic biomarkers such as wall shear forces77 and pressure gradients78,79. 

Furthermore, 4-D flow MRI provides comprehensive information regarding complex flow 

patterns in vascular diseases80. In this study, acquisition of 4-D flow MRI data in patients 

with COA and valvular diseases was performed (Figure 5-1, Panel B, data acquisition and 
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analysis workflow of 4-D flow MRI) by standard Cartesian 4-D flow sequence using 1.5T 

MRI scanners (Philips Achieva; Philips Medical Systems, Best, the Netherlands). 

Electrocardiogram gating synchronized and diaphragm navigator gated 4-D flow MRI 

were performed during free breathing. Acquisition parameters were as follows: spatial 

resolution of (1.97–2.62, 1.97–2.62, 2.5–4 mm3), temporal resolution of 36–40 ms. 

Velocity encoding was set to the range (1.5–4.5 m/s), the total scan time for each 

measurement varied from 8-15 min. All 4-D flow data was corrected for multiple sources 

of phase offset errors and noises such as velocity aliasing, Maxwell terms, and eddy 

currents using an in-house MATLAB-based code (MathWorks, Inc.). The data smoothing 

algorithm proposed by Garcia81,82 was used to eliminate random errors of the velocity 

vectors. Garcia81,82 proposed a fully automated smoothing procedure based on a penalized 

least squares approach that allows fast smoothing of the data and can replace spurious or 

missing vectors with the smoothed one. 

Using ITK-SNAP (Yushkevich et al., 2006; http://www.itksnap.org) and an in-house 

MATLAB-based code, the 3-D segmentation of the thoracic aorta geometry and orifice 

shape of aortic stenosis or bicuspid valve was performed. In order to smooth the geometry 

and fix any defects, Fusion 360 (Autodesk, Inc) and Meshmixer (Autodesk, Inc) were 

used. Finally, the Stereolithography (STL) format of the geometry (domain) was 

extracted for the us in our computational simulation. Time-varying flow velocity 

information extracted from patient-specific 4-D flow MRI data was imposed at the inlet 

and outlets of each LBM computational model. We down sampled the high-resolution 

LBM velocities into PC-MRI resolution by linear interpolation of LBM velocity on MRI 
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sub grid in order to study the effect of resolution and comparing LBM to 4-D flow MRI 

velocity fields on identical grids. Moreover, the down-sampled LBM data was subjected 

to an imitation of the smoothing inherent in the 4-D flow MRI measurement in order to 

have the closest LBM approximation to the 4-D flow MRI data. The down-sampling and 

smoothing procedures are schematically shown in Figure 5-1 (Panel B). 

Deidentified and anonymous patients at Stephenson Cardiac Imaging Centre, Libin 

Cardiovascular Institute of Alberta (Calgary, AB, Canada) were considered. Informed 

consent was obtained from all patients. The selections were done by operators blinded to 

the objectives and contents of this study at each institution and the protocols were 

reviewed and approved by the Institutional Review Boards of each institution. All 

methods and measurements were performed in accordance with relevant guidelines and 

regulations including guidelines of the American College of Cardiology and American 

Heart Association. Senior cardiologists reviewed the echocardiograms and reports using 

OsiriX imaging software (version 8.0.2; Pixmeo, Switzerland).  

5.4 Results 

5.4.1 Validation: computational framework vs. 4-D flow MRI 

In this study, we developed a patient-specific, imaged-based, computational-mechanics 

framework that dynamically couples the local hemodynamics with the global circulatory 

cardiovascular system to investigate the impact of COA and MVD on both local and 

global hemodynamics in these patients. The entire computational framework was 
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validated against 4-D flow MRI measurements in five patients with COA. Figure 5-2 

(Panel A) describes sample cases of voxel-by-voxel Bland-Altman analysis between the 

velocity fields resulted from the smooth down sampled low-resolution LBM and 4-D flow 

MRI measurements on the entire flow domain at the peak systole. The simulated velocity 

fields were in agreement with the velocity fields measured using 4-D flow MRI in 

patients: as examples, biases (means of differences) were -0.05, -0.04, -0.0087, -0.046 

and 0.057 [m/s] and corresponding limits of agreement (1.96 SD) were also ±0.192, 

±0.28, ±0.46, ±0.35 and ±0.374 [m/s] for patients #1, #2, #3, #4 and #5, respectively. 

Moreover, Figure 5-2 (Panel B) shows the statistical analyses of the planar velocity 

differences between velocity field resulted from our computational framework and 4-D 

flow MRI measurements in sample cases at the peak of systole. As this figure shows, the 

4-D flow MRI velocity field and the down sampled LBM-based velocity fields were 

compared using Pearson’s correlation and Bland-Altman analysis. The coefficient of 

determination (R2) was used to assess the linearity between the results from 4-D flow 

MRI and our computational framework at these planar sections. The coefficients of 

determination were 0.9508, 0.9305, 0.9126, 0.574 and 0.592 for patients #1, #2, #3, #4 

and #5, respectively. Lateral section Biases (means of differences) were also -0.089, -

0.032, 0.082, -0.028 and -0.07 m/s and the corresponding limits of agreement (1.96 SD) 

were ±0.066, ±0.186, ±0.171, ±0.369 and ±0.294 m/s for patients #1, #2, #3, #4 and #5, 

respectively, which shows agreements between the data resulted from 4-D flow MRI and 

our computational framework. We observed similar agreement (computational results vs. 

4-D flow MRI measurement) in the other patients with COA investigated in this study. It 
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is important to note that 4-D flow MRI itself has some limitations and its measurements 

involves errors due to low temporal resolution (20 ms highest)83. The differences between 

the computational results and 4-D flow MRI measurements can be partly due to the 

shortages of 4-D flow MRI.  

In addition, our developed patient-specific Doppler-based lumped-parameter model 

calculations were validated against clinical cardiac catheterization data (the instantaneous 

pressures in the aorta and LV) in patients with complex valvular, ventricular and vascular 

diseases with a substantial inter- and intra-patient variability with a wide range of disease 

(N=49)42,83. The model has already been validated against in vivo cardiac catheterization 

in patients with coarctation (N=40)29,31 and some sub-models have been validated against 

in vivo MRI data (N=57)84. In addition, some of the sub-models of the lumped parameter 

model have been used previously27,42,57,84-91. Moreover, the entire patient-specific 

computational framework (Lattice Boltzmann method and lumped parameter model) was 

validated against clinical Doppler echocardiography previously31. Moreover, for all 26 

patients investigated in this study, we observed good agreements between the simulated 

and experimental Doppler echocardiography pressure gradients (Mean relative error: 

3.9%).  
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Figure 5-2. Validation against 4-D flow MRI. (a) We compared 4-D flow MRI data and 

results of the computational framework (based on lumped parameter model (LPM) and 

Lattice Boltzmann model (LBM)) in Patients #I to #V. (a) qualitatively (revealed in 

velocity mapping) and quantitatively by performing Pearson’s product moment 

correlation analysis on the entire domain at peak systole between smooth down-sampled 

LBM and 4D flow MRI measurements; (b) qualitatively (revealed in velocity mapping) 

and quantitatively by performing linear regression and Pearson’s product moment 

correlation analysis at sample cross sections at peak systole between smooth down-

sampled LBM and PC-MRI measurements. 
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Figure 5-3. Flow modeling in Patient No. 1 in pre and post intervention status. (a) & (b) 

Time-evolving velocity magnitude; (c) & (d) Flow patterns and 3-D streamlines through 

the aorta 

 

The good agreements between results calculated using our computational framework 

with the results measured using clinical 4-D flow MRI, Doppler echocardiography and 

cardiac catheterization allows us to accept our computational results with confidence to 

investigate the flow features.  
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5.4.2 Velocity 

Figures 5-3, 5-5, and 5-7, panels A and B show the velocity mappings of the aorta in both 

pre- and post-intervention status for patients #1, #2, and #3, respectively. Patient #1 (Fig. 

5-3, panels A & B) exhibits elevated velocity strictly at the neck of COA pre-intervention 

reaching a maximum of 1.9 [m/s] which drops slightly to 1.74 [m/s] post-intervention. 

Furthermore, increased velocity magnitudes are observed at the inlet of the graft as well 

as at the neck of COA post-intervention. The velocity through the graft appears to reach a 

maximum of approximately 1.4 [m/s]. Overall, the bypass graft slightly reduced the 

maximum observed velocity in patient #1, however, there is no substantial improvement. 

In contrast to the isolated regions of elevated velocity in patient #1, patient #2 (Figure. 5-

5, panels A & B) exhibits an elevated velocity at the sight of COA, reaching a maximum 

of 1.59 [m/s] pre-intervention. Post-intervention, the condition is critically improved as 

the maximum recorded velocity is 1.03 [m/s] with a maximum of 0.6 [m/s] through the 

graft. Elevated velocities post-intervention are mainly visualized at the inlet and outlet of 

the graft as well as distal to the outlet. Patient #3 (Figure. 5-7, panels A & B) exhibits 

elevated velocities in nearly all regions of the aorta pre-intervention, with a maximum 

velocity of 1.47 [m/s] recorded at the neck of COA. The condition is substantially 

improved as the maximum velocity post-intervention decreases to 1.05 [m/s] with a 

maximum of 0.7 [m/s] through the graft, however, elevated velocities are observed in 

most regions of the aorta, similar to pre-intervention.  
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Table 5-1. Summarized parameters used in the lumped parameter modeling to simulate all 

cases. 

Description Abbreviation Value 
Valve parameters   

Effective orifice area EOA Measured using DE  

Inertance (mitral valve) MMV Constant value: 0.53 gcm-2  

Systematic circulation 

parameters 

  

Aortic resistance Rao Constant value: 0.05 mmHg.s.mL-1

 
Aortic compliance  Cao Initial value: 0.5 mL/mmHg 

Optimized based on brachial pressures 

(Systolic and diastolic brachial pressures are optimization 

constraints) 

Systemic vein resistance 

  

RSV 0.05 mmHg.s.mL-1

 

Systemic arteries and veins 

compliance 

CSAC Initial value: 2 mL/mmHg
 

Optimized based on brachial pressures 

(Systolic and diastolic brachial pressures are optimization 

constraints) 

systemic arteries resistance  

(including arteries, 

arterioles and capillaries)  

RSA Initial value: 0.8 mmHg.s.mL-1

 
Optimized based on brachial pressures 

(Systolic and diastolic brachial pressures are optimization 

constraints)
 

Upper body resistance Rub Adjusted to have 15% of total flow rate in healthy case 

Proximal descending aorta 

resistance 

Rpda Constant value: 0.05 mmHg.s.mL-1 

Elastance Function*   

Maximum Elastance Emax  2.1 (LV) 

0.17 (LA) 

Minimum Elastance Emin 0.06 (LV, LA) 

Elastance ascending 

gradient 

m1 1.32 (LV, LA) 

Elastance descending 

gradient 

m2 27.4 (LV) 

13.1 (LA) 

Elastance ascending time 

translation 
 0.269 T (LV) 

0.110 T (LA) 

Elastance descending time 

translation 
 0.452 T (LV) 

0.18 T (LA) 

Pulmonary circulation 

parameters 

  

Pulmonary Vein Inertance LPV Constant value:0.0005 mmHg·s2·mL-1 

Pulmonary Vein Resistance RPV Constant value: 0.002 mmHg·s·mL-1 

Pulmonary Vein and 

capillary Resistance 

RPVC Constant value: 0.001 mmHg·s·mL-1 

Pulmonary Vein and 

Capillary Compliance 

CPVC Constant value: 40 mL/mmHg 

Pulmonary Capillary 

Inertance 

LPC Constant value: 0.0003 mmHg·s2·mL-1 

Pulmonary Capillary 

Resistance 

RPC Constant value: 0.21 mmHg·s·mL-1 

Pulmonary Arterial 

Resistance 

RPA Constant value: 0.01 mmHg·s·mL-1 

Pulmonary Arterial 

Compliance 

CPA Constant value: 4 mL/mmHg 

Mean Flow Rate of QMPV Forward LVOT-SV is the only input flow condition (measured using 
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Pulmonary Valve  DE). 

QMPV is a flow parameter that was optimized so that the lump-

parameter model could reproduce the desirable DE-measured 

Forward LVOT-SV. 

Input flow condition   

Forward left ventricular 

outflow tract stroke volume  

Forward LVOT-

SV 

Measured using DE 

Output condition   

Central venous pressure PCV0 Constant value: 4 mmHg 

Other   

Constant blood density  Constant value: 1050 kg/m3 

Heart rate HR Measured using DE 

Duration of cardiac cycle T Measured using DE 
Systolic End Ejection time TEJ Measured using DE 
End diastolic volume EDV Measured using DE 
End systolic volume ESV Measured using DE 
 

5.4.3 Streamlines and evolution of flow patterns 

Figures 5-3, 5-5, and 5-7, panels C illustrate the velocity streamlines and time evolving 

flow patterns in the central plane pre-intervention for patients #1, #2, and #3, 

respectively. All patients exhibited relatively smooth flow patterns throughout the 

acceleration phase. In all three examined patients, chaotic flow ensues throughout peak 

systole. A small vortex appears directly downstream to the COA in patient #1 (Figure 5-3, 

panel C), which later dissipates in deceleration. Similarly, a strong vortex appears 

downstream to the COA in patient #3 (Figure 5-7, panel C) which also dissipates in the 

deceleration phase. Both vortices lead to recirculation and reversed flow during 

deceleration. The flow patterns remain relatively smooth in all systolic phases for patient 

#2 (Figure 5-5, panel C) with some slightly disturbed flow in the descending aorta during 

deceleration. No recirculation or reversed flow was observed in any phase for patient #2.  
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Figure 5-4. Flow modeling in Patient No. 1 in pre and post intervention status. (a) & (b) 

Time-evolving velocity magnitude; (c) & (d) Flow patterns and 3-D streamlines through 

the aorta  
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Figure 5-5. Flow modeling in Patient No. 1 in pre and post intervention status. (a) & (b) 

Viscous shear stress (VSS) magnitude; (c) & (d) Computed Reynolds Shear stress 

(  and ) magnitude; (e) & (f) Turbulent kinetic energy (TKE), 

computed as , where u, v, w and ρ correspond to the three 

components of the instantaneous velocity vector and density. The bar and prime denote 

the ensemble averaged and fluctuating components, respectively.  
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Figure 5-6. Flow modeling in Patient No. 2 in pre and post intervention status. (a) & (b) 

Time-evolving velocity magnitude; (c) & (d) Flow patterns and 3-D streamlines through 

the aorta 
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Figure 5-7. Flow modeling in Patient No. 2 in pre and post intervention status. (a) & (b) 

Viscous shear stress (VSS) magnitude; (c) & (d) Computed Reynolds Shear stress 

(  and ) magnitude; (e) & (f) Turbulent kinetic energy (TKE), 

computed as , where u, v, w and ρ correspond to the three 

components of the instantaneous velocity vector and density. The bar and prime denote 

the ensemble averaged and fluctuating components, respectively. 
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Figures 5-3, 5-5, and 5-7, panels D illustrate the velocity streamlines and time evolving 

flow patterns post-intervention for patients #1, #2, and #3, respectively. In all three 

patients, flow is very smooth through all regions of the graft and examined aorta during 

the acceleration phase. The flow patterns in all three patients exhibited different behaviors 

in the remaining systolic phases. The flow patterns in patient #1 (Figure 5-3. Panel D) 

become more chaotic through the graft and at the outlet during peak systole leading to 

some recirculation and reversed flow. In the deceleration phase, the flow throughout the 

entire aorta and bypass graft is not smooth with a large amount of reversed flow and 

recirculation. Patient #2 (Figure 5-5, panel D) exhibits smooth flow patterns throughout 

peak systole with increased disturbed flow in deceleration. Again, no recirculation or 

reversed flow was observed in patient #2. In patient #3 (Figure 5-7, panel D), a large 

vortex forms at the inlet of the graft and an additional vortex is observed downstream to 

the COA. Flow remains chaotic in the deceleration phase upstream to the COA, the 

vortex at the inlet of the graft dissipates and laminar flow is mostly restored throughout 

the graft, however, the vortex downstream to the COA expands circumferentially and 

collects all flow from the graft.  

Overall, the bypass graft in patient #1 does not seem to improve flow patterns with the 

exception of resolving the vortex in peak systole, the behavior of the velocity streamlines 

is similar in each phase of pre-intervention compared to post-intervention. Intervention in 

patient #2 did not seem to have a significant effect on the velocity streamlines and flow 

patterns, however, it did not worsen the condition for the patient who already exhibited 

smooth flow patterns. In patient #3, although the graft appears to slightly improve the 
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flow patterns in the acceleration phase by evenly distributing the flow across the aorta, 

the flow becomes more chaotic with larger vortices in the other phases of systole 

compared to pre-intervention.  

 

Figure 5-8. Flow modeling in Patient No. 3 in pre and post intervention status. (a) & (b) 

Time-evolving velocity magnitude; (c) & (d) Flow patterns and 3-D streamlines through 

the aorta 
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5.4.4 Viscous Shear Stress 

The streamlines and velocity profile presented above clearly demonstrate the main 

features of the flow, but do not highlight the intensity of the spatial velocity gradients. 

Viscous shear stress (VSS) quantifies the effect of shearing between adjacent layers of 

fluid. In Figures 5-4, 5-6, and 8, panels A, VSS contours are shown in pre-intervention 

status for patients #1, #2, and #3, respectively. Slightly elevated VSS is observed directly 

at the neck of COA with negligible VSS values in all other regions for all three patients 

throughout the acceleration phase. During peak systole, VSS rapidly increases upstream, 

at the neck, and downstream of the COA, reaching a maximum magnitude of 0.022 

[m3/s], 0.018 [m3/s], and 0.030 [m3/s] pre-intervention in patients 1-3, respectively. VSS 

slightly dissipates throughout deceleration, however, elevated levels do remain through 

all regions of the examined aorta. 

Figures 5-4, 5-6, and 5-8, panels B, illustrates the VSS contours in patients #1, #2, and #3 

post-intervention, respectively. The acceleration phase has a similar behavior as the pre-

interventional state, with slightly elevated VSS around the neck of COA. In patient #1 

(Figure 5-3, panel B), substantially elevated VSS is observed at the inlet of the graft and 

through the neck of COA reaching a maximum of 0.034 [m3/s] at peak systole, which is 

much greater than pre-intervention (0.022 [m3/s] at peak systole). Patient #2 (Figure 5-5, 

panel B) displayed slightly elevated VSS in all regions of the aorta at peak systole 

compared to acceleration, with a more substantial increase at the outlet of the graft. 
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Figure 5-9. Flow modeling in Patient No. 3 in pre and post intervention status. (a) & (b) 

Viscous shear stress (VSS) magnitude; (c) & (d) Computed Reynolds Shear stress 

(  and ) magnitude; (e) & (f) Turbulent kinetic energy (TKE), 

computed as , where u, v, w and ρ correspond to the three 

components of the instantaneous velocity vector and density. The bar and prime denote 

the ensemble averaged and fluctuating components, respectively.  
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Maximum VSS recorded for patient #2 was 0.014 [m3/s] which is slightly improved when 

compared to the pre-intervention status (0.018 [m3/s]). Patient #3 (Figure 5-7, panel B) 

exhibits similar VSS patterns to pre-intervention, with increased VSS upstream, at the 

neck, and downstream of the COA reaching a maximum of 0.026 [m3/s] in post-

intervention status at peak systole which is slightly improved from pre-intervention 

(0.030 [m3/s]). All three patients exhibited a similar behavior with regards to VSS in the 

deceleration phase as the patterns remained similar to peak systole with smaller 

magnitudes. 

5.4.5 Turbulent characteristics 

In healthy vessels, blood flow is usually laminar and does not experience transition to 

turbulence. Under physiological conditions, mainly in the presence of flow obstruction, 

turbulence develops in the aorta. In order to investigate the occurrence of turbulence and 

the intensity of fluctuations in the fluid flow environment, we choose the turbulent kinetic 

energy (TKE) and Reynolds shear stress (RSS) in particular, which are both derived using 

fluctuating components of the velocities. The TKE is a sum of the normal fluctuating 

stresses, whereas the RSS represents the ensemble averaged correlation between the two 

in-plane velocity components. These quantities characterize the level of fluctuations in 

the flow field through the aorta and give insight into the onset of instability and the 

intensity of turbulence. 
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Figure 5-10. Flow modeling in Patient No. 1, 2 and 3 in pre and post intervention status. 

(a) Computed wall shear stress in patient #1; (b) Computed wall shear stress in patient #2; 

(c) Computed wall shear stress in patient #3. 
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5.4.6 Reynolds Shear Stress 

In Figures 5-4, 5-6, and 5-8, panels C, the RSS mapping is shown pre-intervention for 

patients #1, #2, and #3, respectively. Consistently low or negligible RSS was observed in 

the acceleration phase for all patients. In peak systole, patients #1 (Figure 5-4, panel C) 

and #2 (Figure 5-6, panel C) exhibit RSS isolated to the neck of COA and slightly 

downstream whereas patient #3 (Figure 5-8, panel C) exhibits increased RSS upstream 

from the COA as well. Throughout deceleration, the RSS remains in the same regions as 

during peak systole for patient #1 with a decrease in magnitude, however, for patients #2 

and #3, the regions of RSS expand down the descending aorta. Maximum RSS values 

observed in patients #1, #2, and #3 were 0.22-0.28 [mJ], 0.10-0.12 [mJ], and 0.76-0.85 

[mJ], respectively.  

Figures 5-4, 5-6, and 5-8, panels D illustrate the RSS post-intervention for patients #1, #2, 

and #3, respectively. Similar to pre-intervention, RSS levels during the acceleration phase 

are very low for all patients. Patient #1 (Figure 5-4, panel D) displays increased RSS 

(significant worsening) at peak systole compared to pre-intervention (with a maximum 

range of 0.22-0.28 [mJ]) with elevated levels at the neck of COA along with the inlet and 

outlet of the graft achieving a maximum range of 0.45-0.50 [mJ] in post-intervention 

status. The regions of elevated RSS remain constant through deceleration with decreased 

magnitudes. Unlike patient #1, patient #2 (Figure 5-6, panel D) displays reduced RSS at 

peak systole with a maximum range of 0.078-0.079 [mJ] in post-intervention status, 

compared to pre-intervention (with a maximum range of 0.10-0.12 [mJ]). Patient #3 
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(Figure 5-8, panel D) has a significant reduction (improvement) in RSS post-intervention 

(maximum RSS observed ranges: pre-intervention: 0.76 to 0.85 [mJ]; post-intervention: 

0.45 to 0.49 [mJ]).  

Overall, the condition for patient #1 worsens post-intervention as there are more observed 

regions of elevated RSS. In contrast, the condition for patient #2 greatly improves post-

intervention, not only the maximum magnitudes of RSS decrease, but the regions of 

elevated RSS do not cover as much area. The RSS patterns for patient #3 and contours 

remained very similar post-intervention, however, the magnitudes were greatly decreased 

resulting in improved fluid dynamics with regards to RSS. 

5.4.7 Turbulent Kinetic Energy 

Figures 5-4, 5-6, and 5-8, panels E illustrate the TKE contours throughout the aorta pre-

intervention for patients #1, #2, and #3, respectively. In the acceleration phase for all 

patients, there are negligible amounts of TKE throughout the examined regions of the 

aorta. In patients #1 (Figure 5-4, panel E) and #2 (Figure 5-6, panel E), the TKE observed 

at peak systole is isolated to the neck of COA and directly downstream, reaching a 

maximum of 0.81 [mJ] and 0.42 [mJ], respectively. The elevated levels of TKE dissipate 

in patient #1, however, in patient #2 the TKE appears to expand to the majority of the 

examined aorta with slightly decreased magnitude from peak systole. In contrast to the 

isolated peak systolic TKE of patient #1 and #2, the TKE contours observed in patient #3 

(Figure 5-8, panel E) are observed upstream, at the neck, and downstream to the COA 
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reaching a maximum of 2.5 [mJ]. In the deceleration phase, nearly all TKE dissipates for 

this patient.  

The post-intervention TKE contours are shown in Figures 5-4, 5-6, 5-8, panels F for 

patients #1, #2, and #3, respectively. Similar to pre-intervention, all three patients 

displayed very low TKE in the acceleration phase. The behavior of TKE for the three 

patients varies significantly throughout peak systole and deceleration. Patient #1 (Figure 

5-4, panel F) exhibits elevated TKE at the neck of COA as well as at the inlet and outlets 

of the graft reaching a maximum of 1.15 [mJ] in post-intervention compared to pre-

intervention (0.81 [mJ]). Throughout deceleration, TKE remains present in the same 

regions with decreased magnitudes. In patient #2 (Figure 5-6, panel F), TKE is very low 

throughout peak systole with slightly elevated levels at the proximal section of the 

bypassed aorta. TKE slightly increases throughout the majority of the aorta and graft in 

the deceleration phase, however, magnitudes in post-intervention status (with a maximum 

of 0.25 [mJ]) are much lower than in pre-intervention status (with a maximum of 0.42 

[mJ]). TKE contours shown for patient #3 (Figure 5-8, panel F) exhibit slightly elevated 

levels directly around and at the neck of COA during peak systole, with negligible levels 

in the graft. In the deceleration phase, elevated TKE expands throughout more of the 

graft, while remaining at a low magnitude compared to pre-intervention. The maximum 

recorded TKEs were 2.5 [mJ] and 1.1 [mJ] in pre and post-intervention status, 

respectively, in patient #3 throughout systole.  



Ph.D. Thesis, Reza Sadeghi                        McMaster University, Mechanical Engineering 

244 

 

It is evident that the TKE values are significantly higher post-intervention for patient #1 

which may have negative implications in the future. It is important to note that high levels 

of TKE were recorded at both the inlet and outlet of the graft. The condition for patient #2 

improved with a great reduction in TKE, and minimal levels through the graft. 

Furthermore, for patient #3, the implemented bypass graft greatly improves the condition 

with regards to the TKE expressed in the regions around COA, maximum values greatly 

decreased, and the flow is much less turbulent compared to pre-intervention with 

negligible turbulence detected through the graft.  

5.5 Discussions 

Accurate hemodynamic analysis is not only crucial for the successful diagnosis of COA, 

but treatment decisions also heavily rely on the hemodynamics assessment in both pre 

and post intervention states to minimize patient risks. Our results can provide insights 

about possible reasons for graft failure as follows: 

❖ Bypass grafting may not improve the aorta hemodynamics  

The presence of the COA itself alter largely the flow dynamics. Such flow alterations 

contributed to elevated wall shear stress mainly at the COA region as well as distal to the 

COA. Wall shear stress, as a force induced by blood flow, has a major impact on 

regulating endothelial function and is a predeterminant biomarker of disease progression. 

High abnormal stresses (e.g., elevated wall shear stress) can result in endothelial 

dysfunction, dedifferentiation of arterial smooth muscle and medial thickening26,28,29,86,92-

95.  We observed that bypass graft exacerbated aortic wall shear stress near the junctions 
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of anastomoses for all 3 patients investigated in this study (Figure 5-9). In addition, 

bypass grafting does not always alleviate high wall shear stress significantly. As one 

example, in patient #1, maximum wall shear stress during systole did not improve post 

intervention (pre-intervention: 7.28 N/m2; post-intervention: 7.14 N/m2) and maximum 

surface integral of wall shear stress during systole increased significantly post 

intervention (pre-intervention: 0.0222 N/m2; post-intervention: 0.0319 N/m2). Such 

exposures of endothelial cells to high shear stress affects vessel distensibility and 

compliance and potentially lead to arterial remodeling, aneurysm, rupture and dissection. 

❖ Bypass graft may lead to intimal hyperplasia due to the persistent abnormal aortic 

hemodynamics  

Intimal hyperplasia is a common cause for graft failure which involves the abnormal 

layering of cells on a blood vessel membrane across a vascular reconstruction (e.g., a 

bypass graft)18,19,96. This phenomenon is supposed to be an adaptation process following 

an intervention; however, the cell proliferation and differentiation process causes the 

region of connection between the vessel and graft to narrow, causing recurrent COA, 

typically near the junctions of anastomoses18,19,96,97. Moreover, graft implementation can 

result in local turbulence which may contribute to the progression of intimal hyperplasia 

near the junctions of anastomoses, specifically at the outlet18,97-99. In response to abnormal 

fluid dynamics, the vessel wall attempts to correct the flow disruption by intimal 

thickening, causing the narrowing of the vessel18,97-99. It has also been shown that 

abnormal flow velocity has been linked with high cell turnover, leaky cell junctions, 
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platelet aggregation and smooth muscle proliferation, all of which contribute to intimal 

hyperplasia38. Once this process begins post-intervention, it is difficult to control, leading 

to a significant risk for any vascular reconstructive surgery96.  

Our findings suggest that bypass grafting improved hemodynamic metrics (reduction in 

shear stresses, flow velocities, and turbulent characteristics)18,38,97-99 in some patients, 

however, the hemodynamic conditions worsened in others which has previously been 

linked to the onset and progression of intimal hyperplasia. In addition, the geometry of 

the bypass graft can significantly impact blood flow parameters such as the flow field and 

wall shear stress (Figure 5-9) which often lead to the development and progression of 

intimal hyperplasia near the junctions of anastomoses37-39,97. Based on the results of this 

study, it is evident that patient #1 is at risk of intimal hyperplasia post-intervention. The 

flow velocity magnitude did not significantly improve in patient #1 post-intervention and 

indeed, elevated flow velocity can lead to arterial wall complications. Furthermore, 

viscous shear stress as well as turbulence characteristics (such as Reynold’s shear and 

turbulent kinetic energy) increased post-intervention significantly, leading to an increased 

risk of graft failure in patient #1. The hemodynamic conditions improved for patients #2 

and #3 for most of the analyzed hemodynamic metrics. Despite this, both patients are at 

risk for developing intimal hyperplasia due to the elevated abnormal hemodynamics near 

the junctions of anastomoses.  

❖ Bypass graft may lead to pseudoaneurysm formation and potential aortic rupture 

due to aortic wall disruptions 



Ph.D. Thesis, Reza Sadeghi                        McMaster University, Mechanical Engineering 

247 

 

A pseudoaneurysm, or false aneurysm, is a common long-term complication following a 

bypass graft surgery for COA and occurs in 11-24% of cases21,24,100,101. Although 

infrequent early after intervention, pseudoaneurysm incidence increases over-time and are 

commonly diagnosed during long-term follow-up24 occurring near the junctions of 

anastomoses24,102-104. Aortic pseudoaneurysms are often the result of a disruption of at 

least one layer of the aortic wall, which is contained within the remaining vascular layers 

and surrounding structures103. Disturbed flow conditions, including elevated velocity 

flow, high wall shear stresses and vortical flow105, may lead to wall complications and 

pseudoaneurysm103,106. If left untreated, pseudoaneurysms are likely to result in mortality 

or loss of a limb24,107. Indeed, monitoring of fluid dynamics at the inlet and outlet of 

bypass grafts is crucial to prevent potential pseudoaneurysm rupture. Our findings in this 

study show that all patients investigated in this study exhibit at least some of the 

following abnormal hemodynamics parameters: elevated velocity magnitude, persistence 

of vortical flow structure, elevated turbulence characteristics, and elevated wall shear 

stress (Figure 5-3 to 5-9) at the bypass graft junction regions105. All the mentioned 

abnormal hemodynamic metrics may lead to the formation and potential rupture of 

pseudoaneurysm. 
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6.1 Conclusion 

Flow pattern in COA plays an important role in accurate and early diagnosis and it may 

help the clinician optimize the plan treatment. However, diagnostic tools in clinics are not 

well developed yet. Currently, clinical decisions are largely made based on the anatomy. 

Moreover, clinics mainly relies on cardiac catheterization data to evaluate pressure and 

flow through heart and circulatory system which is not only invasive, expensive, and high 

risk but also not practical in routine daily clinical practice or serial follow-up 

examinations. Other diagnosis methods including Echo-PIV, phase contrast MRI and 

Echocardiography, although there are promising imaging modality techniques, suffer 

from low temporal and spatial resolution. In this study, we developed a non-invasive 

method for assessing the CoA physiology, using lattice Boltzmann method, lumped 

parameter modelling and personalized medical images modalities, that can numerically 

compute the blood flow fields. The diagnostic information, that framework can provide, 

is vitally needed to improve clinical outcomes, to assess patient risk and to plan treatment. 

We validated this framework against clinical cardiac catheterization data, calculation 

using conventional finite-volume method, clinical Doppler echocardiography 

measurements and finally 4D flow MRI measurements.  

The other line of current study was to investigate the impact of COA and mixed valvular 

diseases (MVD) on aortic fluid dynamics in patients with COA and MVD. A 

complicating factor of COA is its common association with mixed valvular diseases 

which include varying combinations of aortic and mitral valve pathologies, e.g., aortic 
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stenosis (AS), aortic regurgitations (AR), mitral stenosis (MS) and mitral regurgitation 

(MR). Although COA is readily diagnosed and interventional and surgical treatments are 

employed, argument and uncertainty persist when COA coexists with MVD. The optimal 

course of intervention for a patient with coexisting MVD and COA is an area of 

contention and uncertainty. Our observations summarized as follows: 

• To precisely assess the COA severity, both presence and severity of MVD matter: 

Our results show that interaction of MVD with COA is amplifying irregular flow 

patterns, especially downstream of COA and it may contribute to speed up the 

progression of diseases (e.g.  aneurysm, rupture, and dissection) in this region. In 

addition, high-pressure loss downstream of the COA because of COA and MVD 

Coexistence can augment the flow resistance and ultimately lead to collapse the 

aortic wall. The results suggest that not only the severity of the COA, but also the 

presence and the severity of the MVD should be considered in the evaluation of 

risk factors in patients with COA. It seems that some more aggressive surgical 

approaches may be required as regularly chosen current surgical techniques may 

not be optimal for patients with both COA 

• Catheter pressure gradient fails to reflect the effect of MVD on the clinical 

assessment of COA hemodynamics: For patients with COA who also suffer from 

AS, MS, MR, or a combination, we did not observe major effects due to these 

valvular diseases on the catheter pressure gradient. In contrast, similar to 

observations about DE pressure gradients, the coexistence of AR with COA 
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greatly amplified the catheter COA pressure gradient, leading to an overestimation 

of the severity of coarctation. 

• Doppler echocardiography COA pressure gradient is a poor indicator of COA 

severity: We observed that the pressure gradient across the site of COA, when 

measured using Doppler echocardiography is not heavily affected by the presence 

of AS or MS alone and it was solely a result of the presence of the COA. 

Moreover, COA pressure gradient elevated severely in the presence of MR and 

AR. This reveals that COA pressure gradient may be overestimated in presence of 

MR and/or AR. 

• MVD may exacerbate the COA hemodynamics: COA hemodynamics were not 

dramatically changed in patient with AS alone or MS alone, however, AS or MS 

may exacerbate the COA hemodynamics when they coexist with AR and/or MR. 

In addition, maximum velocity downstream, kinetic energy and wall shear stress 

of the COA in all patients with AR alone was drastically increased. The condition 

deteriorates when COA and AR coexist alongside MR.  

The other intention of current study was investigation of hemodynamics after bypass 

grafts surgery. The mortality rate during the first year after bypass graft surgery is quite 

high, well above the normal threshold. Our results can provide unique insights about 

possible reasons for graft failure summarized as follows: 

• Bypass grafting may not improve the aorta hemodynamics: Bypass graft 

exacerbated aortic wall shear stress near the junctions of anastomoses. It may 
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result in vessel distensibility and compliance and potentially lead to arterial 

remodeling, aneurysm, rupture and dissection. 

• Bypass graft may lead to intimal hyperplasia due to the persistent abnormal aortic 

hemodynamics: Our findings suggest that bypass grafting improved hemodynamic 

metrics (reduction in shear stresses, flow velocities, and turbulent characteristics) 

in some patients however, the hemodynamic conditions worsened in others 

depending on the geometry of the bypass graft. As a result of abnormal fluid 

dynamics caused by bypass graft, the vessel wall attempts to correct the flow 

disruption by intimal thickening, may causing the narrowing of the vessel. 

• Bypass graft may lead to pseudoaneurysm formation and potential aortic rupture 

due to aortic wall disruptions:  pseudoaneurysm is a common long-term 

complication following a bypass graft surgery for COA. Disturbed flow 

conditions, including elevated velocity flow, high wall shear stresses and vortical 

flow, may lead to wall complications and pseudoaneurysm. Our findings in this 

study show that all patients investigated in this study exhibit at least some of the 

following abnormal hemodynamics parameters: elevated velocity magnitude, 

elevated turbulence characteristics, and elevated wall shear stress, at the bypass 

graft junction regions. All the mentioned abnormal hemodynamic metrics may 

lead to the formation of pseudoaneurysm. 

In conclusion, our individualized image-based framework may serve as a valuable 

tool to non-invasively investigate the flow dynamics of COA before and after the 

intervention/surgeries, and in coexistence of mixed valvular diseases. The diagnostic 
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information, that the framework can provide, is vitally needed to improve clinical 

outcomes, to assess patient risk and to plan treatment. 

6.2 Future directions 

• We developed a computational fluid dynamics framework using 3-D Lattice 

Boltzmann method (Large eddy simulation, Smagorinsky subgrid scale model) 

and lumped parameter model to simulate both the local and global hemodynamics 

in patients with valvular diseases and COA. One limitation of our simulations is 

lack of modeling of the aortic valves. Diseased aortic valve (e.g., bicuspid aortic 

valve or aortic stenosis) create complex blood flow patterns in the thoracic aorta 

that influence the local hemodynamics in the coarctation region. Future Lattice 

Boltzmann simulations should consider the interactions between the fluid and 

structure and investigate the effect of dynamical opening and closing of the aortic 

valve leaflets on the vortex dynamics in the aorta. 

• Our models were formulated under the assumption of rigid walls. Fluid-structure 

interaction (FSI) analysis would address this limitation by taking into account 

displacements, deformations and elasticity of the aorta. This would come at a 

higher computational cost. This assumption is proved to be a realistic one in 

literature, especially in CoA patients who are usually subject to hypertension and 

reduced compliance in the aorta. However, it would be important to investigate 

how much the results seen in this study would be altered. 
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• Augmentation of 4D flow MRI data with CFD training machine learning networks 

can produce noise-free super resolution 4D flow images. Compared to 4D flow 

MRI, CFD can achieve higher temporal and spatial resolutions. Using high 

resolution patient specific CFD data to train a convolutional neural network, and 

then using the trained neural network to enhance 4D flow MRI velocity fields 

could be another interesting future work. 
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❖ Appendix A1: Summary of smoothing algorithm 

The smoothing algorithm DCT-PLS proposed by Garcia allows robust smoothing of 

multidimensional gridded data. This algorithm is based on a penalized least squares (PLS) 

approach, combined with the discrete cosine transform (DCT). Consider a noisy signal 

, where  represents a Gaussian noise with zero mean and unknown variance 

and,  is velocity field supposed to be smooth. This velocity field contains some noise 

and outliers. Moreover, the de-aliasing process may have misclassified isolated pixels, 

which induces the presence of additional outlying values. Robust spline smoother DCT-

PLS allows robust smoothing of multidimensional gridded data. the DCT-PLS algorithm 

is written as the following fixed-point iteration formula1:   

 
(1) 

where  represents the smoothed blood velocity field and  stands for  at the kth 

iteration step. The matrix W in Eq. (1) contains weight factors which make the smoothing 

algorithm robust and minimize the side effects of high leverage points and outliers. The 

filtering array  is derived from the eigenvalues of the DCT matrix. In 2-dimensions 

fields (m × n), it is obtained using1-3:  

 

(2) 

Real positive scalar  in equation (2) controls the degree of smoothing. To have 

unsupervised process and avoid any subjectivity in the choice of the amount of 

smoothness, the value of  was determined by minimizing the generalized cross-

validation (GCV) score1-4. Detailed information on the algorithm structure and higher 

dimension fields could be found at original paper1. 

 

 

 



Ph.D. Thesis, Reza Sadeghi                        McMaster University, Mechanical Engineering 

273 

 

❖ Appendix A2: Lattice Boltzmann model 

➢ Governing equations  

The simplest form of LBM equations is based on Bhatnagar-Gross-Krook 

(BGK) approximation with single relaxation time (SRT) 5 with the following discretized 

form 6:  

  (3) 

For the BGK-LBM model with  velocities, a set of distribution functions 

 is defined on each lattice node ( ). elaxation time, discrete time 

and Maxwell-Boltzmann equilibrium distribution function is represented by ,   and , 

respectively. Note that the subscript  depends on the number of lattice vectors.  

The LBM follows DxQy reference in which x and y are the number of dimensions and 

number of particle velocities, respectively. We considered the three-dimensional 

nineteen-velocity model, D3Q19, to simulate blood flow across the aorta7 with the discrete 

velocity vectors as follows 7: 

=                           (4) 

 

 

For the lattice speed of sound , Maxwell–Boltzmann distribution function ( ) 

is defined as follows 7: 

 

(5) 
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 is defined as the velocity,  is the weighting coefficients given by , 

 and  for D3Q19 model,  is the discrete velocity vector in α  

direction (α= 0, …, 18), and  is the lattice density.    

In this study, a multi-relaxation time (MRT), LBM-based model was implemented to 

overcome some defects of BGK model including fixed ratio of kinematic, bulk viscosities 

and a fixed Prandtl number which cause instabilities at high Reynolds numbers 8. In this 

regard, Equation (3) was modified to Equation (6) considering MRT scheme as follows: 

  (6) 

where , ,  and  indicate vectors of moments, their equilibrium 

functions, the transform matrix and collision matrix, respectively.  

Mappings between moment and distribution functions were performed by linear 

transformation as follows: 

and  (7) 

The Equilibrium distribution function must satisfy conservation of mass and momentum 

9. Therefore, mass and momentum were conserved by Equations (8) and (9), respectively:  

 

(8) 

 (9) 

The transformation matrix M for D3Q19 is defined as the following:  

 (10) 
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The corresponding macroscopic moments vector are: 

 

(11) 

Diagonal matrix  is defined as follows: 

 

(12) 

where  is physical viscosity and ( ) is equilibrium moments matrix, as shown below:  

 

(13) 

The equilibrium moments in Equation (13) were obtained as follows: 

  (14) 

, (15) 

  (16) 

 , (17) 
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 , (18) 

 , (19) 

The momentum  was defined as follows: 

  (20) 

➢ Lattice Boltzmann method & Large Eddy simulation  

In this study, turbulent modeling was performed via Large Eddy Simulation employing 

the Smagorinsky subgrid scale model. The physical viscosity is a superposition of the 

molecular kinematic viscosity ( ) and turbulent viscosity ( ), related to the length 

scale or lattice size ( ). Therefore, collision time ( ) was altered as the following 10: 

  (21) 

The molecular and turbulent collision time in equation (21) were obtained as the 

following11,12.  

  (22) 

  (23) 

Equation (22) links between viscosity and collision time (relaxation time) within the 

LBM framework and is derived from Chapman-Enskog analysis11,12.  and  are the 

Smagorinsky constant and magnitude of second-order non equilibrium moment, 

respectively. Total viscosity, , is given as10: 

  (24) 
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❖ Appendix A3: Lumped parameter model 

➢ Input parameters and patient-specific parameter estimation 

The lumped parameter algorithm uses the following input parameters: forward left 

ventricular outflow tract stroke volume (Forward LVOT-SV), cardiac cycle duration (T), 

ejection time (TEJ), ascending aorta area ( ), left ventricle outflow tract area ( , 

aortic valve effective orifice area ( ), mitral valve effective orifice area ( ), 

, the effective orifice area of the COA ( ), aortic cross-sectional area downstream 

of the COA ( ), grading of the severity of aortic and mitral valves regurgitation and 

systolic and diastolic blood pressures.  

1) Flow inputs: The algorithm uses only one measured flow parameter as an input: 

forward left ventricle stroke volume (Forward LVOT-SV). Forward LVOT-SV is defined 

as the volume of blood that passes through the LVOT cross sectional area every time the 

heart beats as the following: 

   (25) 

where , , and  are LVOT diameter, LVOT area, and LVOT velocity-

time integral, respectively.  

2) Time inputs: Cardiac cycle time (T) and ejection time (TEJ) were measured using 

Doppler echocardiography. 

3) Aortic valve and mitral valve inputs: To model blood flow in forward direction, the 

algorithm requires aortic valve effective orifice area ( ), mitral valve effective 
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orifice area ( ), ascending aorta area ( ) and left ventricle outflow tract area 

( . , ,  were calculated using the following equations: 

   (26) 

  (27) 

  (28) 

where ,  and  are the velocity time integral in the ascending aorta (amount 

of the blood flow going through the aorta), ascending aorta diameter and LVOT diameter, 

respectively.   

Moreover, mitral valve is approximately an ellipse and its area was quantified using the 

following equation where d1 and d2 are mitral-valve diameters measured in the apical 

two-chamber and apical four-chamber views, respectively. 

  (29) 

4) Grading of aortic and mitral valve regurgitation severity inputs: To model blood flow 

in the reverse direction, the algorithm requires grading of aortic and mitral valve 

regurgitation severity (e.g., regurgitant effective orifice area of aortic valve and 

regurgitant effective orifice area of mitral valve) that were measured by Doppler 

echocardiography. 

5) Systolic and diastolic blood pressures measured using a sphygmomanometer are 

additional input parameters for the algorithm.  

6) Parameter estimation for systemic circulation: Parameters RSA, CSAC, and Cao were 

optimized so that the aorta pressure calculated using the model matched the patient’s 

systolic and diastolic brachial pressures measured using a sphygmomanometer (see 

Computational algorithm and Patient-specific response optimization sections for details).  
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7) Simulation execution: Please see the computational algorithm section. 
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