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ABSTRACT OF THE THESIS 

Ventricular Models of Patients with Aortic Coarctation and MRI Evaluation of 
Ventricular Remodeling 

by 

Han Li 

 

University of California, San Diego, 2015 

Professor Jeff Omens, Chair 

 

Coarctation of the aorta in childhood and adolescent can be successfully treated 

by percutaneous stent implantation. To assess left ventricular remodeling and mechanics 

following stent angioplasty in patients with coarctation of the aorta, seven finite element 

biventricular models of four aortic coarctation patients were built and left ventricle mass 

was calculated. The geometric models were segmented from cardiac MRI, fitted to finite 

element meshes and interpolated as cubic Hermite meshes. Left ventricular wall thickness 

was found from the models. Clinical characteristics before and after treatment and the 

calculated LV mass were evaluated. Two of the patients appear to have ventricular 

remodeling and the other two have normal ventricles without hypertrophy. 
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INTRODUCTION 
Introduction 

1. Coarctation of the aorta 

1.1 Pathology 

Coarctation of the aorta (CoA) is the narrowing of the aorta. The American Heart 

Association [1] defines CoA as a narrowing of the aorta between the upper body branches 

and the lower body branches. It is typically in an isolated location just after the aortic 

arch. The blockage can increase blood pressure in your arms and head, yet reduce 

pressure in the legs. Abnormalities of the aortic valve (usually bicuspid; see Aortic 

Stenosis and Insufficiency section) may also be present. At times, the narrowing of the 

aorta is so severe that there is essentially no connection between the upper and lower 

portions of the aorta, which can be seen as “interrupted aortic arch". 

Most CoA cases can be classified into two groups: (1) cases in which the coarctation 

commonly is accompanied by major congenital cardiac anomalies, with the infant not 

surviving more than days or weeks, and (2) cases in which coarctation is the major or 

sole anomaly, the patient living over a period of years. In the first group, sometimes 

called the “infantile” type, the constricted aortic segment usually diffusely involves the 

entire region of the fetal isthmus and the associated serious cardiac anomalies usually 

preclude normal cardiac function. The second group, sometimes called the “adult” type, 

occurs as a more focal area of constriction, usually 1 cm. or less in length [2]. Though 

combined form occurs [3], the cases discussed in this thesis are the adult type. 

Coarctation of the aorta can cause high blood pressure in the heart. This can cause 

the muscle of the left ventricle to become thickened due to pressure-overload hypertrophy. 

Eventually, the function of the heart muscle could deteriorate if the condition is not 
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Introduction 
treated [1]. Even in the absence of significant residual coarctation, significant alterations 

in cardiovascular structure and function can occur including: exercise-induced 

hypertension and arm-leg blood pressure gradients; increased upper body vascular 

resistance; and persistent increase in left ventricular mass and systolic function [4-6]. It has 

been suggested that the structural alteration of the aortic wall or mild persistent narrowing 

at the coarctectomy site may be responsible [7]. The morphology of ventricular septal 

defect associated with the interrupted aortic arch is such as to compromise blood flow to 

the ascending aorta [8].  

Various cardiac anomalies are associated with CoA. Several that have been described 

are: patent ductus arteriosus, bicuspid aortic valve (BAV), ventricular septal defect (VSD) 

and various mitral-valve disorders. Congenital aortic stenosis, aortic atresia, and 

hypoplastic left heart syndrome are less common [9]. Since the narrowing is distal to the 

insertion of the ductus arteriosus, even with an open ductus arteriosus, blood flow to the 

lower body can be impaired. Therefore the post-ductal coarctation is associated with 

notching of the ribs (because of collateral circulation), hypertension in the upper 

extremities, and weak pulses in the lower extremities. A typical case for adult aortic 

coarctation is described here [10]. A 43-year-old patient had coarctation of aorta and aortic 

valve insufficiency with a history of hypertension but had no symptoms until when he had 

a dizziness episode. At diagnostic cardiac catheterization normal pressures were seen at the 

right heart and wedged pulmonary artery. Aneurysmatic ascending aorta and moderate 

aortic valve insufficiency was found with an angiograph of the aortic root. Other symptoms 
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such as the inadequate size of the isthmus and descending aorta and a very tortuous severe 

coarctation were also seen from angiographs at the aorta. 

1.2 The genetics of CoA 

In patients with congenital heart defects, chromosomal anomalies are 100 times more 

frequent than in control subjects [11]. Chemical suppression of a genetic mutation is found 

in a zebrafish model of aortic coarctation. The zebrafish mutation gridlock disrupts aortic 

blood flow in a region and physiological manner akin to aortic coarctation in humans. 

Randall uses a whole-organism, phenotype-based, small-molecule screen to discover a 

class of compounds that suppress the coarctation phenotype and permit survival to 

adulthood [12]. Tagariello found that functional null mutations in the gonosomal 

homologue Gene TBL1Y are associated with non-syndromic coarctation of the aorta [11]. 

Another group found that low transcriptional activity haplotype of matrix 

metalloproteinase1 is less frequent in bicuspid aortic valve (BAV) patients, and BAV is 

associated with aortic coarctation [13].  

Some insights gained from animal models may be directly applicable to human 

disease. Gene therapy has been viewed as a potential means of compensating for genetic 

mutations. However, the developmental mechanisms of congenital heart defects have not 

been fully established. 

1.3 Diagnosis and Treatment 

1.3.1 Diagnosis 

The blood pressure difference caused by coarctation of the aorta is one of the most 

distinguishing diagnostic factors for the disease. Other distinguishing clinical features 

include differences in the pulse at the groin and the neck and a distinctive harsh heart 
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murmur that can be heard with a stethoscope placed over the patient’s back [14]. Several 

different types of imaging tests are used to define the extent of the problem: 

electrocardiogram (ECG), chest X-ray, echocardiography, chest computed tomography 

(CT) scan, magnetic resonance imaging (MRI) of the chest and Cardiac catheterization. 

Cardiac catheterization is a traditional imaging procedure to evaluate cardiac 

functions. During the catheterization an angiogram is usually performed. This is done by 

injecting special dye (contrast) through the catheter into a blood vessel or a chamber of the 

heart. Simultaneous measurement of ascending and descending aortic pressures, 

thermodilution cardiac output and a biplane ascending aortogram may be included in the 

catheterization [15].  

Echocardiography is one of the common methods for the diagnosis of CoA. 2-

Dimensional echocardiography can be used to visualize the coarctation as well as the BAV. 

The Doppler echocardiographic index can also provide a simple tool to evaluate coarctation.  

Hajsadeghi reported that post-stenting echocardiographic profiles could provide a reliable 

reference value of the normal aortic hemodynamics as a unique identification of each 

patient and it is presumed that these indices could be used as reliable indicators of response 

to treatment [16].  

With the development of imaging techniques, magnetic resonance imaging is 

becoming the non-invasive imaging modality of choice for the evaluation of aortic 

coarctation. With the help of a velocity-encoded cine (VEC) technique, MRI can provide 

quantitative assessment of flow velocities in all segments of the thoracic aorta [17]. The 

3D MR angiography (MRA), accurately provides almost all the information for the 
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diagnosis of CoA [18, 19]. Without percutaneous interventions, the contrast-enhance MRA 

yields better resolution and higher confidence than catheter angiography. 

The choice of treatment is based on the individual’s overall health, the size and severity of 

the coarctation and its precise location. 

1.3.2 Treatment 

Surgery, balloon angioplasty and stenting are the most three common treatments for 

coarctation of the aorta.  Corrective surgery for aortic coarctation was introduced in 1944 

and subsequent studies have shown the early success of operation in terms of enhanced 

survival, symptomatic improvement, and reduction in blood pressure [20, 21]. Surgeon can 

remove the narrowed section of aorta and re-join the ductal and post-ductal part, which is 

called an end-to-end anastomosis and is often the best surgical option to treat the condition. 

Another option for treating the aortic coarctation is angioplasty with percutaneous 

balloon inflation. A catheter with a balloon on the end of it is passed into the aorta through 

peripheral arteries, inflated to a fixed size, which then expands the aorta once the catheter 

reaches the coarctation location. The balloon is then deflated and withdrawn when the 

narrowed area is fully expanded.  Angioplasty was initially described by the US 

interventional radiologist Charles Dotter in 1964 and was first operated on an awake patient 

by the German cardiologist Andreas Gruentzig on September 16, 1977 [22-24].  

Intravascular stenting can overcome some of the limitations in balloon angioplasty therapy, 

such as elastic recoil of the vessel or unfavorable anatomy, tubular narrowing, hypoplasia 

of the isthmus [25]. The stent is placed at the site of the coarctation to keep the aorta open 

after the balloon is removed. Stenting is strongly recommended in cases of severe, long 
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areas of coarctation and studies have shown excellent immediate results in children and 

young adults with severe coarctation of the aorta [26, 27].  

        Long-term follow up is required for patients with treatment of CoA. Cardiovascular 

complications are frequent and require indefinite follow-up [28]. Late cardiovascular 

complications and associated lesions include hypertension, coronary artery disease, aortic 

valve abnormalities, aortic aneurysm formation, recoarctation and cerebral vascular 

accidents [29, 30].  Regular visits with clinical exams after a coarctation procedure help 

increase the chances of survivability for the patients [31]. 

2. Cardiac MRI and Image segmentation 

2.1 Cardiac MRI 

2.1.1 Cardiac MRI techniques 

Magnetic resonance imaging is the common imaging method assessment of cardiac 

function and structure. Based on the same basic principles as MRI, cardiac MRI has its 

different techniques for diagnosis of heart disease. MR pulse sequences, cardiac image 

planes and the identification of cardiac ventricles as well as the valves of the four heart 

chamber will be discussed in this chapter as the basis of the ventricle segmentation from 

MR images.  

An MRI pulse sequence is a programmed set of changing magnetic gradients. 

Different pulse sequences allow the radiologist to image the same tissue in various ways, 

and combinations of sequences reveal important diagnostic information about the tissue in 

question [32]. Based on the signal of the intra-cardiac of the blood, pulse sequences used 

in cardiac imaging can be generally classified into two groups: black-blood techniques and 

bright-blood techniques [33].   
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Black-blood imaging refers to the low-signal-intensity appearance of fast-flowing 

blood and is mainly used to delineate anatomic structures [34]. The spin echo (SE) pulse 

sequence is the most commonly used pulse sequence.  The SE sequence uses two 

radiofrequency (RF) pulses to generate an MR signal. The first RF pulse excites the protons, 

and the second refocuses the protons to produce a coherent signal after a short delay [35]. 

The absence of signal from flowing blood causes a dark or void view and it is the reason 

why the technique is called Black Blood or Dark Blood. Fast spin echo (FSE) and turbo 

spin echo (TSE) are the new techniques that based on SE techniques while with shorter 

acquisition time [36].  

In bright-blood images, the high-velocity signal in SE loss does not occur. When 

blood flows out of the slice, a signal appropriate to the location of the blood is generated 

when it received the 90º-excitation pulse. This produces the "bright blood" appearance [37]. 

The fundamental sequence, Gradient-recalled echo (GRE or GE), is generated by the 

frequency-encode gradient and the process can occur very quickly (1–10 msec) [35, 38]. 

GRE is employed in the assessment of ventricular function, blood velocity and flow 

measurements and magnetic resonance angiography. A more recent technique, steady-state 

free-precession (SSFP) magnetic resonance (MR) imaging, has gained acceptance because 

of its improvement of myocardial tag persistence and signal-to-noise ratio [39]. Fast 

imaging employing steady-state acquisition (FIESTA) cine technique, also known as 

balanced fast field echo (FFE), has been increasingly applied for the assessment of 

ventricular function with better blood-myocardial contrast, higher image quality, and 

shorter acquisition time [40]. Gradient echo sequences are more versatile compared to the 

spin echo sequences, but are susceptible to static field inhomogeneities [41]. 
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Inversion recovery sequences, diffusion weighted sequences, saturation recovery 

sequences, echo-planar pulse sequences and spiral pulse sequences are also the common 

sequences in cardiac MRI. Other MR techniques include real-time imaging and multi-slice 

perfusion imaging [42]. Some of the techniques have indicated significant clinical promise, 

but they are still at an early stage of development and clinical implementation [43]. 

2.1.2 Cardiac imaging planes 

Standard axial, sagittal and coronal views are conventionally used for body planes, 

while cardiac MR has its own coordinate system. Cardiac imaging planes are double 

oblique planes oriented to the heart chambers and valves and some planes mimic those 

seen using echocardiography and cardiac catheterization [44]. The standard cardiac planes 

are established using the scout images and include short axis, horizontal long axis (four-

chamber view), and vertical long axis (two-chamber view [34]. Different views of body 

planes and cardiac MR imaging planes will be showed to illustrate cardiac anatomy. The 

MR images are from San Diego Rady Children’s hospital and converted to JPEG. 

Verticals long axis stacks (VLA) or Two-chamber view (2CH): To determine the left 

ventricular long axis parallel to the septum resulting in a sagittal oblique plane, the plane 

is referred as vertical long axis plane. It corresponds to the “apical-two-cavities” in 

echocardiography (Figure 1) [45].  
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Figure 1: Vertical long axis view of the heart 
 

Horizontal long axis stacks (HLA) or Four-chamber view (4CH): This plane goes 

through all four chambers including the mitral and tricuspid valves.  It is also an oblique 

plane along the long axis of the ventricle and corresponds to the “apical-two-cavities” in 

echocardiography (Figure 2).  

 

Figure 2: Horizontal long axis view of the heart 
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Short axis (SA) stack: Images used to view the myocardium in cross section, measure 

volumes using, and assess for myocardial wall thickness and motion. The image stack is 

from the base of the heart up to the apex each acquired in a single breath hold. The short 

axis planes are perpendicular to both the VLA and HLA views. Short axis stack is the 

mostly used in cardiac MRI segmentation (Figure 3).  

 

Figure 3: Short axis FIEST CINE images A. Short axis view of ventricles; B. Short axis 
planes and locations 

 

Other cardiac MR image planes include Left Ventricular Outflow Track (LVOT), 

Right Ventricular Outflow Track (RVOT) /3-Chamber and Pulmonary Artery (PA), 

providing anatomical information for clinical assessment but not very often used for 3D 

reconstruction. A whole heart view of different planes and orientations are showed in figure 

4 [46].  
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Figure 4: Cardiac MR Image planes. A whole heart view is showed defining the short 
axis, vertical long axis, horizontal long axis and 3-Chamber view. 

 

2.2 Cardiac MR Image segmentation 

Image segmentation divides a digital image into multiple segments. In medical images 

such as MRI or CT, segmentation is used for 3-dimensional reconstruction of organs. 

Several automatic and manual segmentation methods will be introduced in this section to 

give a review about the short-axis MR image segmentation.  

Thresholding is the simplest segmentation method. The pixels are partitioned 

depending on their intensity value.  Global thresholding, variable thresholding and multiple 

thresholding are the three algorithms that used in thresholding [47]. Thresholding can be 

used to detect the endocardia borders of LV and RV and edge extraction techniques are 

applied for selecting the region with valuable information [48]. It is seldom used alone but 

usually followed with some image-processing operations. 

Region growing is a technique for extracting an image region that is connected based 

on some predefined criteria, which can be either intensity information of edge based [49]. 
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A set of seed points is first selected based on the criterion. The selection of the seeds can 

be operated manually or using automatic procedures based on appropriate criteria. The 

initial region begins as the exact location of these seeds and regions are then grown from 

these seed points to adjacent points depending on some predefined criteria [50]. 

Pixel classification is a technique that used in images where multiple images of the 

same scene are available. Each voxel can be described by several complementary features, 

and is considered as an item to be classified into a single class among several [51]. The 

pixel level classification utilizes supervised learning algorithms as an attractive choice. A 

system based on a neighborhood intensity window characterizes each pixel. After selecting 

a sub-portion of training pixels and a dimension reduction operation, tissues can be 

accurately segmented from MR data, and histopathological images [52]. 

Deformable models introduce active contours, usually called snakes, into image 

segmentation. The contours are iteratively deforming curves that provide information 

about object frontiers. A regularization term controls the smoothness of the curve. Gradient 

vector flow (GVF) is computed as a diffusion of the gradient vectors of a gray-level or 

binary edge map derived from the image. It has a large capture range and is able to move 

snakes into boundary concavities [51]. Snake models quire good initial estimates to yield 

correct convergence and sometimes generate irregular boundaries. While there is a lack of 

global criterion for segmenting an entire image, Song Chu Zhu introduced a region 

competition algorithm that combines the attractive geometrical features of snake models 

and the statistical techniques of region growing [52]. Region competition, derived by 

minimizing a generalized Bayes criterion that uses the variational principle, is guaranteed 
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to converge to a local minimum. The algorithm is widely used in many medical image 

segmentation software routines.  

Despite the high efficiency and accuracy in auto segmentation, the robustness of such 

automatic segmentation routines has not been evaluated rigorously for modern fast MR 

imaging sequences such as SSFP [53]. For small data samples, manual segmentation is not 

trivial, but faster for building 3D geometric and biomechanics models with high reliability. 

3. Finite element model platform 

3.1 Continuity 6 

Continuity 6 is a problem-solving environment for multi-scale modeling and data 

analysis in bioengineering and physiology, especially finite element modeling in cardiac 

biomechanics, biotransport and electrophysiology. Continuity 6 is distributed free for 

academic research by the National Biomedical Computation Resource (NBCR) [54].  It 

has tools to facilitate symbolic model authoring and compilation, and mesh generation 

including simple image processing, mesh fitting, and mesh refinement. 

Finite element method (FEM) is a technique to solve partial differential equations 

numerically. Using the algorithms of linear algebra, there are two main formulations of 

finite element analysis: Variational formulations, (e.g. the Rayleigh-Ritz method) and 

weighted residual formulations (e.g. Galerkin’s method) [55]. Galerkin’s method is applied 

in Continuity for the construction of geometric and biomechanics model on the basis of 

Lagrange and Hermite interpolation function. 

Generally an interpolating function   is expressed as a linear combination of basis 

functions: , 
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where  are coefficients to be determined. The idea of Lagrange interpolation is to 

construct a set of basis polynomials which are zero at all the specified points except for 

one, then scale and add them to match all the control points. Defined by the polynomial 

coefficients   ,  returns this polynomial. Hermite interpolation matches an unknown 

function both in observed value, and the observed value of its first  derivatives, which 

means that 1  values. Functions used for interpolation include polynomials, 

piecewise, polynomials, trigonometric functions, exponential functions and rational 

functions. In continuity 6, a variety of one- two- and three-dimensional Lagrange and 

Hermite basis functions support for conventional tetrahedral simplex elements [54]. High-

order cubic Hermite finite element interpolation schemes are also popular in cardiac finite 

element modeling and new subdivision surface and derivative mapping scheme of cubic 

Hermite finite elements can be construct in bicubic and tricubic Hermite models [55, 56].  

The mesh module of continuity provides the environment for ventricular and atria 

mesh model creation and visualization. Numerical functions for linear and nonlinear data 

field and anatomical fitting are operated in fitting module, where cavity volumes and other 

parameters of heart can be computed. 

3.2 Blender 

Blender is an open-source 3D computer graphics software used for creating animated films, 

art, 3D printed models and interactive 3D applications. The mesh for heart models are 

generated from segmentation data in blender. The input model form can vary greatly but 
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common sources for are CAD, PLY (polygon file format), OBJ (object file format), and 

STL. Three-dimensional meshes created for finite element analysis consist of tetrahedra, 

pyramids, prisms or hexahedra. Node and element information of the heart mesh models 

can be indirectly imported to Continuity. Therefore Blender segmentation becomes an 

interface for finite element modeling with Continuity. 
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METHODS 
Method 

1. MR image segmentation 

The MR images of 4 patients with aortic coarctation are from Rady Children’s 

Hospital.  Alphabetic letter ABCD represent different patient and numbers stand for 

different scans. All of the aortic coarctation patients underwent balloon angioplasty with 

aortic coarctation stent. Follow-up scans of patient A, B, D were obtained while no short 

axis sequence in the follow-up of patient A. Therefore only A-1 MRI is listed in methods 

part. 

Short axis slices of FIEST CINE DICOM (Digital Imaging and Communications in 

Medicine) sequences from end diastolic phase were picked from each cardiac plane, with 

information of slice thickness (ST), repetition time (RT) and echo time (ET) in Table 1. 

Table 1:  MRI SA stacks information 

Patient Scan ST (mm) RT (ms) ET (ms)  
A-1 10.00 2.96 1.29  
B-1 8.00 3.17 1.59  
B-2 8.00 3.18 1.59 Follow up 
B-3 8.00 3.08 1.54 Follow up 
C-1 9.00 4.09 1.80  
D-1 9.00 3.06 1.53  
D-2 9.00 3.13 1.57 Follow up 

 

1.1 Overlay drawing. 

DICM format files were converted to NIFTY file for convenience of manual 

segmentation. The ventricles were manually segmented using ITK-SNAP [57]. First step 

is to select the region of interest (ROI) from the SA stack, and then the label for ventricles 

was created. Using polygon and brush tools, ventricle walls and septum are drawn as 
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overlay. The identification of left ventricle, right ventricle and interventricle septum is 

illustrated in Figure 5. 

 

Figure 5: Ventricular walls identification A: Illustration of LV, RV and septum 
identification. B: Polygon drawn on 2D slice view 

 

Next the ventricle walls and septum are drawn as overlays on each short axis slice and 

a three dimensional view of the overlay is segmented from seven to twelve slices. A 3D 

surface mesh is formed and exported in STL format (Figure 6). 

 

Figure 6: Manual Segmentation A. Overlay drawing of ventricular walls; B. 3D surface 
mesh of segmented ventricle 
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1.2 Identification of cardiac anatomy at heart chamber valves level 

To build the full biventricular model, the identification of the four valves on the 

ventricles is necessary for manual segmentation. Aortic valve is higher than the other three 

valves (mitral valve, tricuspid valve and pulmonary valve) and the three valves are nearly 

at the same level (Figure 7).  

 

Figure 7: Valves identification A. Tricuspid valve; B. Mitral Valve; C. Right Ventricle 
Wall; D. Aortic Valve 

 

2. Left ventricular wall thickness measurement. 

Left ventricular wall thickness was directly measured from MR images in RadyAnt 

DICOM Viewer [58]. Straight lines perpendicular to the LV endocardium wall were 

positioned at four different locations in a SA slice. Three slices, one at apex level (1st or 

2nd slice), one at mid-ventricular level (6th or 7th slice) and one at valve level (10th or 11th 

slice), were selected for wall thickness measurement. 



 19 
 

 
 

3. Finite element mesh fitting in Blender 

The surface mesh is then imported to Blender 2.49b [59]. A previously constructed 

64 element mesh template and a 228 element mesh template from UC San Diego cardiac 

mechanics group serve as the finite element mesh template for mesh fitting. The 64 element 

mesh is a biventricular model which is cut at mid-ventricular level and the 228 element 

mesh is a whole biventricular model cut between mitral valve and aortic (tricuspid) valve 

level. Nodes and elements are edited in Blender to fit the data surface mesh. After the fitting 

the mesh to the ventricular data, the nodes and elements are exported in text file, which can 

be recognized by Continuity. HexBlender, a plugin for blender, is used for mesh 

subdivision and export cubic Hermite interpolation as scale factors. 

4. Geometric models construction in Continuity. 

4.1 Geometric model rendering 

In Continuity 6, Rectangular Cartesian is chosen as the coordinate. Nodes, elements 

and scale factors were imported from HexBlender and set under tri-cubic Hermite basis 

functions. Line elements and surface elements were then rendered. Patient-specific 

geometric models were built at this step. 

4.2 Volume and LV mass  

Element volume can be calculated in Continuity. Cavity volume bounded by surfaces 

for a certain material was calculated in the volume command of Continuity. The 

myocardium mass density is assumed as 1.05 g/mL for non-infarction heart tissue [60]. 

The LV mass for each patient scan was computed and tabulated. 
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RESULTS 
Results 

1. Geometric models construction of finite element mesh 

The screen shots of Patient B-2 models in Blender are listed in Figure 8 as an 

example of models construction: 64-mesh and 228-mesh fitting. The 64-element mesh is 

the cut-off biventricular model and the 228-mesh is the full ventricular model. 

 

Figure 8: 64-Mesh and 228-Mesh fitting in Blender 2.49b. A: 64 element-mesh and B: 
228-element mesh. Different separation of materials is applied in each model. 

 
The screen shots of rendered line elements of Patient B-2 in Continuity are listed in 

Figure 9.  

 

Figure 9: Rendered line elements of Patient B-2 in Continuity 6. A: 64-element model 
and B: 228-element model 
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Surface elements are then rendered in Continuity 6. The screen shots of rendered 

surface elements of Patient B-2 in Continuity are listed in Figure 10. 

 

Figure 10: Rendered surface elements of Patient B-2 in Continuity 6. A: 64-element 
model and B: 228-element model 
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Figure 11: A list of all finite element models 
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2. Wall thickness measurement 

Wall Thickness of all the patient data was measured directly from FEM models in 

Continuity. Table 1 shows the average wall thickness at different ventricle levels.  

Table 2: Wall thickness of different patient MRI scans 

Patient ID Apex Level (mm) Mid-ventricle 
Level (mm) 

Base Level (mm) 

A-1 12.9±0.4 14.4±0.3 15.1±0.6 
B-1 7.8 ±0.4 8.2±0.7 11.0±0.1 
B-2 5.3±0.6 8.3±0.5 9.2±0.3 
B-3 5.2±0.4 8.4±0.7 10.9±0.5 
C-1 5.4±0.2 9.5±0.4 9.9±0.8 
D-1 3.0±0.3 6.4±0.2 7.8±0.3 
D-2 5.2±0.6 5.7±0.5 7.7±0.4 

 

3. Ventricular mass of the models 

The mass of all ventricle models are calculated in Continuity 6 and results are shown 

in Table 2. A density of 1.05g/mL is used for mass calculation. 

Table 3: Left ventricle mass calculated from Continuity 6 

Patient ID Half LV/Cut-off (g) Full LV (g) 
A-1 109.7 148.9 
B-1 86.8 121.7 
B-2 90.7 130.4 
B-3 97.5 132.3 
C-1 62.1 81.8 
D-1 68.6 87.0 
D-2 72.1 101.4 

 

4. Clinical Assessment from Cardiac MRI and 3-D reconstruction 

Results in this part are directly from heart 3-D reconstruction in Rady Children’s 

Hospital, San Diego. Four patients A, B, C, D underwent balloon angioplasty with aortic 

coarctation stent.  Clinical characteristics such as blood pressures, volumes, and some 
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other parameters are reported to assess the ventricle condition of aortic coarctation 

patients as well as compare with models built in Continuity. The anthropometric findings, 

ages, heart rate (HR), body surface area (BSA), follow-up time are listed in Table 4, 

where 0 follow-up time means pre-treatment exam. The LV mass, LV mass indexed to 

BSA, LV end-diastolic volume (EDV) indexed to BSA and RV EDV indexed to BSA are 

listed in Table 5. Systolic and diastolic blood pressures are listed in Table 6. 

Table 4: Clinical characteristics of the patients I 

Patient ID Age (years) HR (beats per 
minute) 

BSA (meters 
squared) 

Follow-up 
time 
(years) 

A-1 17 61 1.71 0 
A-2 18 67 1.78 1 
B-1 14 65 1.42 0 
B-2 15 65 1.71 1 
B-3 16 65 1.87 2 
C-1 8 86 1.25 0 
D-1 25 71 1.56 0 
D-2 26 80 1.74 1 

 

Table 5: Clinical characteristics of the patients II 

Patient ID  LV mass (g) Indexed LV 
mass (g/m2) 

Indexed LV 
EDV (L/m2) 

Indexed RV 
EDV (L/m2) 

A-1 144.7 84.6 0.085 0.090 
A-2 125.0 70.0 0.077 0.087 
B-1 118.0 83.0 0.097 0.108 
B-2 118.0 69.0 0.081 0.091 
B-3 139.0 74.0 0.091 0.097 
C-1 78.0 62.0 0.074 0.076 
D-1 82.0 52.6 0.064 0.059 
D-2 97.0 56.0 0.079 0.074 
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Table 6: Clinical characteristics of the patients III 

Patient ID BP mmHg 

A-1 161/90 
A-2 145/83 
B-1 134/59 
B-2 127/62 
B-3 138/63 
C-1 100/72 
D-1 120/78 
D-2 110/55 

 

5. LV mass correlations with systolic pressure, EDV and age 

Linear regression results showed the correlation between LV mass and blood 

pressure, EDV and age. Blood pressure increases significantly with indexed LV mass 

(Fig.12; r = 0.77, p=0.02543).  LV dilation is associated with LV hypertrophy (Fig.13; r = 

0.82, p = 0.01208).  LV mass is not age dependent (Fig.14; p = 0.2252) 

 

Figure 12: Correlation between indexed LV mass and systolic blood pressure 
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Figure 13: Correlation between indexed LV mass and indexed EDV 

 

Figure 14: Correlation between indexed LV mass and age 

6. LV mass before and after treatment 

The LV mass/BSA of patient A, B and D before and after stent angioplasty were 

compared in Figure 11. Indexed LV mass of patient A and B fall into normal LV mass 
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range after stent treatment and then slightly increase in 2 years follow up. The follow up 

LV mass values are considered as normal. 

 

Figure 15: LV mass of patient A, B and D  
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DISCUSSION 
Discussion 

1. Patient-specific geometric model and the corresponding clinical evaluation 

The geometric models, together with clinical characteristics of all patients are 

described below with specific information on each patient and some interpretation of the 

models and previous clinical findings. 

Patient A has severe discrete juxta-ductal coarctation beyond the origin of the left 

subclavian artery. Biventricular systolic function and dimensions are normal, while left 

ventricle is mildly hypertrophied [61]. LV mass result from Continuity is slightly higher 

than the value from 3-D reconstruction. One possible reason is that the origin of aorta is 

included in the model.  LV mass/BSA value 84.6 g/m2 (87.1 g/m2 from the FEM model), 

is larger than normal male 64.7 ± 9.3 g/m2, which indicates the left ventricle hypertrophy 

[62]. LV wall thickness at three location levels 12.9mm, 14.4mm, 15.1mm are larger than 

12mm, which is consistent with the mass hypertrophy [63]. A reduced LV mass/BSA of 

70g/m2 and LV EDV/BSA of 0.077L/m2 is present in follow-up results, which is within the 

normal range. SA MRI stacks are not obtained in the follow-up scans for certain reason 

and thus no after-treatment model built for patient A. There is a significant drop in systolic 

pressure from 161 mmHg in A-1 to 145 mmHg in A-2 

Patient B has mild narrowing of the transverse aortic arch and narrowing of the aortic 

isthmus beyond the left subclavian artery. LV mass/BSA 83.0 g/m2 (85.7 g/m2 from the 

FEM model) shows mild hypertrophy in left ventricle and no dilation with a LV EDV/BSA 

of 0.097 L/m2. LV wall thickness at valve level is relatively high. LV mass/BSA is reduced 

to 69.0g/m2 and a LV EDV/BSA of 0.081L/m2 is within the normal range in B-2 follow-

up. Results are similar in the 2 years follow up B-3. No significant narrowing of the aortic 
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isthmus with platinum stent placement and the ventricular mass and systolic function are 

normal. There is a slight fall in systolic pressure from B-1to B-2, and an increase back to 

138 mmHg in the two years follow-up.  

Patient C has mild to moderate narrowing of the transverse aortic arch. The LV mass 

/BSA 62.0 g/m2 (65.4 g/m2 from the FEM model) and LV EDV/BSA 0.074L/m2 show 

normal geometry of the ventricle. Patient C underwent extended end-to-end repair after 

and no follow-up is present in the MRI dataset.  

Patient D has moderate narrowing of the distal transverse aortic arch. LV mass/BSA 

value 52.6 g/m2 (55.8 g/m2 from Continuity model) and LA EDV/BSA value 0.064L/m2 

are within normal range for female, which shows no hypertrophy in LV. In one-year 

follow-up D-2, LV mass/BSA stays at 56.0g/m2 (58.3g/m2 from the FEM model) with no 

hypertrophy, though the LV mass increases by 15g as a result of pregnancy.  The systolic 

pressure drops from 120 mmHg in D-1 to 110 mmHg in D-2, but both are within normal 

range of systolic pressure. 

2. Aortic coarctation and ventricular remodeling  

CoA patients following successful repair for the coarctation often exhibit abnormal 

left ventricular geometry and increased systolic function. Previous studies have 

investigated the influences of age on late hypertension and coarctation with 25 to 44 years 

long term follow-up. One group found that relatively mild residual aortic narrowing may 

be related to postoperative left ventricular mass and blood pressure when coarctation is 

repaired in childhood and adolescence, but no correlation between the patient’s age at 

repair and either left ventricular mass or blood pressure [4, 64]. Roberto et al reported that 

50% patients (54 patients and 142 controls) in their studies had normal left ventricular 
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geometry, whereas the others had various types of abnormal remodeling including 

eccentric hypertrophy [65]. However, a recent short-term follow-up study proposed that 

stenting showed evidence of left ventricular remodeling at a relatively early stage after 

coarctation when there is a concomitant fall in systemic blood pressure [66]. This 

conclusion is consistent with some results of our study especially in patient A and B. The 

LV mass of patient A and B decrease to normal value after angioplasty treatment, but a 

slight LV mass increase of patient B and D is showed in the 2 years follow up. The results 

from four patients in this study does preludes statistical analysis, but it does reveal some 

evidence of ventricular remodeling in patient A and B. There is a rising trend for LV mass 

in 2 years follow up, but this need to be verified in long term follow-up study. 

3. Limitations 

Slice segmentation is the main cause of variability in the fitted ventricular geometries 

from cardiac 3-D reconstruction method. Since the short axis slices are manually picked 

from each plane at ventricular systolic-diastolic time point, the ventricular wall is not 

ideally smooth between different planes, where the significant “shifts” happen. The shifts 

lead to roughness and sometimes “vacancies” in 3-D surface mesh. 

 Typically the CINE short axis slice has a thickness of 8-10 mm and the major part of 

ventricles can be segmented from 6-7 slices. The 3-D rendering shows gaps and abrupt 

changes on the epicardial surface for manual overlay drawing in ITK-SNAP. ITK-SNAP 

has improved accuracy with thinner slices such as CT and brain MRI data. Figure 11 shows 

examples of the shifts and gaps in ITK-SNAP segmentation. As the anatomy of the 

ventricular chamber at valve level changes abruptly in the top 3 slices of end-diastolic 

phase, there exists some inaccuracy for the upper part of the full ventricle model. 
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Figure 16: Limitations in ventricle segmentation. A. Shifts in VLA view; B. Gap and 
vacancy on 3-D surface mesh 

 

4. Future work 

The limited number of patients and lack of long term follow-up provide insufficient 

statistical data to study the left ventricular remodeling that follows the stent implantation 

in CoA patients. The Cardiac Atlas Project (CAP) is an imaging database for computational 

modeling and statistical atlases of the heart [67]. The patient MRI data in this study 

contributes to CAP database and more cardiac imaging data are expected to be obtained 

both from the database and CoA patient studies. 

The FEM models are geometric models without functional properties. It is possible to 

optimize the passive material properties and simultaneously compute the unloaded 

reference geometry of the ventricles for stress analysis using unloading algorithms [72]. 

Material properties of active cardiac muscle contraction are to be optimized to match 

ventricular pressures. The components can be integrated into patient-specific biomechanics 

model of contracting hearts. 
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The non-linear finite element ventricular model of aortic coarctation patients can be 

applied to cardiac growth law and thus predict the structural and functional cardiac 

response, such as the hypertrophy that developed by concentric and eccentric cardiac 

growth. A strain-based cardiac growth law for heart simulations subjected to chronic 

pressure and volume overload has been employed to predict concentric and eccentric 

cardiac growth [68]. The stress-dependent formulation for finite volumetric growth has 

been proposed earlier and the deformation form has been used as a basis for different 

growth laws [69-71]. Pressure and volume overload models coupled with circulation as 

well as model validation of chronic changes need to be built.  Thus patient specific 

biomechanics models can be used to test and improve the proposed growth law that predicts 

chronic physiological responses of the pressure-overloaded and volume-overloaded (e.g. 

aortic coarctation and mitral regurgitation) patient heart. 
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