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Abstract

Background and purpose: The Revivent Myocardial Anchoring System (RMAS) is a surgical ventric-
ular reconstruction technique that plicates the scarred region with anchors to achieve at least 30%
reduction in the Left Ventricular (LV) volume and at most 40% occlusion of the Right Ventricular Out-
flow Tract (RVOT) by the plicated region. As this is a minimally invasive procedure, the surgeons need
to rely on pre-surgical imaging rather than peri-procedural visuals to plan the location of the anchors.
This study presents an in-silico modelling tool to estimate the effect of this reconstruction procedure
on the function and geometry of the residual LV.
Methods: The planning tool developed in this study is based on pre-operative (mainly cine Cardiac
MR) imaging from which the LV contours are extracted. The proposed solution corrects for slice mis-
alignment due to breathing motion and patient movement during image acquisition. The extent and
the location of the scar are identified on contrast enhanced Cardiac MR images and used to classify
the LV short axis contour points into scarred and healthy segments. The surgery is simulated by re-
constructing each residual LV short axis contour as a circle obtained from the healthy segment. The
simulated residual LV volumes at end-diastolic and end-systolic phase, stroke volume, and ejection
fraction are compared with the baseline characteristics. Occlusion of the RVOT by the plicated scar is
quantified. The shape of the residual LV is also compared with that of two geometrical models using a
shape descriptor called curvedness as a parameter.
Results: The in-silico analysis was performed for all four patients who have been treated or consid-
ered to be treated with the RMAS at the AMC. Visual analysis of the images corrected for breathing
motion and patient movement showed a smoother transition of the LV between short axis image slices
compared to the original image stack. Volume reduction of the in-silico analysis in the range of 34 –
55% at end-systolic phase and 29-51% at the end-diastolic phase was observed. An improvement of
ejection fraction in the range of 12-96% was also observed. The required functional end-points are
met for all four patients.
Conclusion: The presented approach allows the surgeon to simulate different LV residual models by
changing the location of the anchors. This tool shows promising results but needs to be validated by
comparing using a larger database with post-surgical scans to determine the accuracy of the in-silico
method and to obtain a more comprehensive understanding of the surgery.

Keywords: Surgical ventricular reconstruction, Planning tool, Ischemic Cardiomyopathy
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1
Introduction

1.1. Ischemic Cardiomyopathy
Ischemic Cardiomyopathy (ICM) is a disease that affects the myocardium and is caused by narrowing of
the coronary arteries leading to a decrease in the supply of oxygen to the myocardium [1]. According
to the World Health Organisation, ICM is the most common cause of death globally. Heart failure
in the developed world is mostly caused due to ICM [2]. Treatment of acute myocardial infarction
through techniques like thromolytic and percutaneous coronary intervention have been successful in
improving patient survival. But, these techniques can cause Left Ventricular (LV) remodelling and
chronic myocardial dysfunction, thus, increasing morbidity. According to [2], ICM is defined as “LV
systolic dysfunction with one or more of the following: a history of prior myocardial revascularisation
or myocardial infarction, more than 75% stenosis in the left main stem or left anterior descending
artery, or two vessels or more with a greater than 75% stenosis”.
ICM consists of a spectrum of differing physiological, molecular and structural changes ranging from
myocardial stunning, hibernation and myocardial scarring [2]. Myocardial stunning refers to a state
of persistent reversible hypo-contractility even after blood flow has been restored following transient
or recurrent ischemia. Hibernation also presents similar physiological changes that are followed by
structural changes at the cellular level. Chronic hibernation can lead to an increase in the extra-cellular
space and fibrosis development, resulting in scarring. The three phases of this spectrum will lead to
LV remodelling, which can occur at any stage of the spectrum. LV remodelling that occurs in the early
stages consists of dilation and wall thinning, while, the later stages lead to irreversible geometric and
functional changes [2].

1.2. Management of Ischemic Cardiomyopathy
The management of ICM involves differentiating patients with hibernating myocardium from the pa-
tients that have scarring and related irreversible remodelling. Imaging modalities like Echocardiogra-
phy, Nuclear Imaging, Computed Tomography and Cardiac Magnetic Resonance are used to identify
the viable myocardium i.e, the region of the myocardium that consists of cells that are alive and upon
restoring the metabolic activity of the membrane, can become contractile due to their reserve contrac-
tile function. Myocardial viability is often used as a predictor of revascularisation therapies aimed to
restore LV function. The physics governing the different modalities is closely related to the functional
assessment provided by that modality [2]. This section briefly describes the role of Cardiac Magnetic
Resonance in the management of ICM.

Cardiac Magnetic Resonance (Cardiac MR)
Cardiac MR can help to obtain information about the underlying etiology and to identify viable, at-
risk and ischemic regions of the myocardium. A prior infarction, especially in the coronary arteries
can lead to abnormal wall motion and regions of akinesis, which can be identified through Cardiac
MR. Thinning of myocardium in cine Steady State Free Precision images is used to detect akinetic
regions (Figure 1.1(a)). Administering gadolinium contrast helps to locate regions of myocardial fibrosis
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2 1. Introduction

as the gadolinium contrast accumulates in regions of expanded interstitial space (fibrotic or scarred
regions). This accumulation increases the T1 signal intensity in inversion recovery T1 weighted signals.
The pattern of high intensity regions can distinguish the underlying etiology. For example, ICM is
characterised by a transmural scar, where the extent of transmurality is correlated with the severity of
the condition. On the other hand, non-ischemic cardiomyopathy is generally characterised by diffuse
or patchy scarring not corresponding to a coronary artery. The extent of scarring is used as a marker
to predict recovery in contractile function after revascularisation. Late Gadolinium Enhancement less
than 25% is considered as viable, 25-75% as intermediate and above 75% as nonviable. T2 weighted
images are used to recognise areas of risk as the high signal areas are larger than in the corresponding
Late Gadolinium Enhancement images, indicating regions that can regain their contractility function
after revascularisation. However, reproducibility is a disadvantage of this method owing to high signal
artefacts by the high signal from blood flow and field inhomgeneities [3]. Cardiac MR offers flexibility

Figure 1.1: (a) Cine SSFP image of a slice at systole. Thinning of the myocardium is indicated by the arrows. (b) Delayed
Hyper-Enhancement (DHE) Cardiac MR of the same slice with the corresponding transumral scar pointed by the arrows

.

to image the heart in any plane without being limited by a window as in the case of echocardiography.
This allows for functional information to be assessed with higher accuracy and reproducibility without
geometrical assumptions. Improving imaging techniques to speed up the acquisition may increase the
popularity of Cardiac MR to make it available for routine assessment of patients [3].

1.3. Treatment
Treatment options for ICM include heart failure medications, revascularisation therapies through an-
gioplasties or bypass surgeries and cardiac or left ventricle assist devices and transplantation. Patients
with ICM due to myocardial infarction undergo a remodelling process that causes dilation of the LV
leading to an increase in its volume and a decreased contractile function. The prognosis decreases as
the remodelling increases leading to a more spherical LV shape. Such patients are treated with surgical
therapies. Coronary Artery Bypass Graft is the most basic treatment technique, however, it cannot
produce sufficient improvement in the LV function as the remodelling process continues despite the
revascularisation of the ischemic area [4].
Surgical Ventricular Reconstruction (SVR) has been introduced to treat patients with severe ICM and
it aims to restore the effects of LV remodelling in terms of shape, size and function by reducing the
LV wall stress. According to Laplace’s Law, LV wall stress is directly proportional to the LV radius and
pressure while being inversely proportional to LV wall thickness. Under cardioplegia, an opening is in-
troduced in the center of the scarred region after performing other surgical procedures when required.
The non-contractile myocardial regions are excluded by placing a Dacron patch at the junction of the
healthy endocardial muscle and scarred myocardium. A balloon or a mannequin of appropriate volume
and geometry is introduced into the LV to ensure that residual volume of the cavity is sufficient. The
balloon or the mannequin is removed before closing the LV (Figure 1.2). In cases of extreme apical di-
lation, the distal inferior wall is plicated before placing the Dacron patch. Myocardial revasclarisation of
the proximal Left Anterior Descending artery is performed along with mitral valve repair when required
[5].
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Figure 1.2: Top: Schematic representation of a mannequin used in SVR Bottom: The mannequin is used to guide the
reshaping of the ventricle to achieve the required elliptical shape (left) and the Dacron patch closes the opening in the LV
(right) [5]

.

1.3.1. Revivent Myocardial Anchoring System
Revivent Myocardial Anchoring System (RMAS) (Bioventrix Inc., San Ramon, CA) has developed a tech-
nique called Less Invasive Ventricular Enhancement that aims to achieve similar LV configuration as
obtained from the SVR techniques but, without the incision of the LV and the requirement of cardiopul-
monary bypass. The four components of the Myocardial Anchoring System are - a catheter-based
delivery system, pairs of titanium anchors coated with polyester fabric, a retrieval system and a force
gauge. The scarred myocardial region is plicated and excluded by the anchors - one of the anchors
passes through the septum to its right side and the other anchor secures the LV epicardial position [6].
A schematic representation is shown in Figure 1.3 and Figure 1.4 shows a slice of the post operative
CT scan indicating the anchors that plicate the apical region and the maximal intensity projection of
the 3-D volume.

Insight from other studies
This section presents the methods used for analysing the cardiac function at baseline, selecting the
locations for anchor placement and results of other studies based on RMAS. Cine Steady State Free
Precision or Transthoracic Echocardiography (along with Simpson’s method) has been used to estimate
LV End Diastolic Volume and Ejection Fraction. In one study, TEE is used to identify the aneurysm in the
anterior part of the apex, which is then verified through cardiac CT [6]. Late gadolinium enhancement
is used to locate the transmural scar, which in one study, also identified an apical thrombus.
Direct Fluroscopic and/or Trans-esophageal echocardiography are used to guide the placement of the
anchors. Seven anchors are required to completely plicate the scar in one study that is conducted on
one subject [6]. Post-mortem studies of ovine models conducted by one group observed erosion of
the anchors in the myocardium. In order to securely place the anchors, the use of a compressive force
of 4N is suggested [7].
In the study conducted on one subject, an improvement in the New York Heart Association Class, sig-
nificant volume reduction and improvement in ejection fraction is observed. No leakage is recorded
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Figure 1.3: Schematic representation of the Less Invasive Ventricular Enhancement Technique [6]
.

Figure 1.4: (a) A slice of the post operative scan and (b) Maximum Intensity Projection (MIP) of the 3-D cardiac volume. The
blue arrows point to the anchors that are used to plicate the scarred myocardium (pointed by the red arrows)

between the healthy myocardium and the excluded scarred region right after the surgery, however,
some leakage is present at the 6-month follow up. Leakage causes a risk of clots [6]. Another study,
considering the results of 11 patients reported a significant decrease in End Systolic Volume and End
Diastolic Volume. The volumes remained constant 6 and 12 months after the procedure, suggesting
that there is no erosion in the anchors. The volume reduction obtained with this technique is compa-
rable to other LV restoration techniques and exceeds the results obtained in the STITCH trial [7].

Due to the minimally invasive nature of the RMAS technique, surgical planning depends on the pre-
procedural imaging ratehr than on the peri-procedural imaging. There is a clinical need for in silico
modelling to estimate the effect of the surgery on the LV geometry and function. Virtual modelling of
the surgery can be used as a tool to quantify the scarred regions. Such an approach can be potentially
used to understand the effect of the position of the anchors on the residual cavity’s geometry and
function [8] so as to accurately estimate the optimal LV reconstruction.

1.4. Aim of the Project
The aim of the project is to develop an in-silico modelling tool that aids in the planning of surgical
ventricular reconstruction through Revivent Myocardial Anchoring System by simulating the effect of
the surgery and analysing the geometry and function of the residual left ventricle.



2
Literature Review

Analysing the effect of surgical ventricular reconstruction consists of quantifying the residual left ven-
tricular geometry and function. This can be performed by comparing the left ventricular characteristics
either with baseline characteristics and/or with an ideal left ventricular model. This review stems from
the requirement to identify parameters or constraints that are used to describe left ventricular geom-
etry and function. This review consists of descriptors used in left ventricular analysis and the methods
used to estimate them. The results of the review are categorized into pre-processing and segmenta-
tion methods, classification of cardiac parameters into traditional and non-traditional descriptors, and
methods used to estimate them.

2.1. Search and Selection
A literature search was conducted in Pubmed with the following search query:

(((cardiac & morphology) & (modelling | remodelling)) OR (geometric &
(modelling | remodelling)) OR (biomechanical & (modelling | remodelling)))

AND (magnetic & resonance)

The inclusion criterion are:

• Papers that developed/ described/ implemented methods to obtain descriptors of cardiac struc-
tures from anatomical MR/ CT images

• Papers that derive left ventricular functional parameters to describe LV remodeling in different
pathologies

The exclusion criterion are:

• Papers describing cardiac parameters that do not assess LV geometry

• Papers describing biomechanical/electrophysiological models not derived from geometrical mod-
els or anatomical image data

• Studies that are performed on non-human data

• Unavailability of paper

The search resulted in 331 papers and the first 75 articles are studied after using “most relevant” filter.
Table 2.1 shows the classification of the results.
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6 2. Literature Review

Table 2.1: Classification of results obtained in the literature review

Papers describing methods to correct for motion artefacts from Cardiac MR images 1
Papers developing/implementing anatomical/statistical models to estimate cardiac
parameters or to develop biomechanical/electrophysiological models 12

Papers describing cardiac parameters for evaluating LV remodeling 33
Papers describing use of Cardiac MR for diagnosis/management of cardiac pathologies 2
Papers excluded 27

2.2. Pre-processing and Segmentation Techniques
Cardiac MR imaging is a part of the routine assessment of cardiac function. However, it generally suffers
from slice misalignment induced from breathing motion and patient movement. A Cardiac MR image
dataset generally consists of three orthogonal long-axis images and also parallel short axis images.
These images are acquired over multiple breathing cycles and thus, imaging at different diaphragm
locations. Patient movement during the image acquisition can further lead to misalignment, thus,
decreasing the accuracy of the developed model [9]. This section first describes the techniques that
are used to correct for these artefacts and then describes the segmentation methods found in this
literature review that are used to develop models of cardiac structures.

2.2.1. Methods to correct breathing motion artefacts in Cardiac MR images
The methods available to correct breathing motion induced artefacts can be broadly classified into im-
age based and geometry based techniques. Image based techniques use registration techniques aimed
to increase the pixel similarity between consecutive short axis slices or between short axis and long
axis slices at the intersection of these slices. A method that maximises pixel similarity by comparing
several cost functions is also introduced. According to [9], correcting for breathing motion artefacts
based only on images may lead to inaccurate results owing to non-uniformity and heterogeneity in
images and large slice spacing (typically 8mm).
Geometry based techniques are based on aligning the geometric information (generally, contours de-
lineating the left ventricle in short and long axis slices) to correct for slice misalignment. The short-axis
contours may be aligned so the centroids of each short axis plane is better aligned to the long axis
planes. In [10], an energy function based on the curvature of the LV geometry is minimized. This
approach is based on the assumption that LV shape is generally convex at most vertices. However,
these methods may not be successful in realigning slices for cases with LV remodelling, as with pa-
tients suffering from severe ischemic cardiomyopathy. Another drawback of geometry based approach
is the pre-processing step to extract contours. This can be circumvented by using semi-automatic or
automatic segmentation techniques [9].
In [9], a method to correct for motion artefacts in multi-planar cine Cardiac MR images is presented.
This method has three steps - contour delineation, registration and reconstruction of LV shape from cor-
rected contours. Contours of the LV endocardium at diastole are manually delineated on all short-axis
and long-axis views using CMRtools suite. The 2-D contours from all the views are then projected
into the 3-D Patient Coordinate System which is defined by image specifications (image orientation,
pixel spacing and image position). Each short axis contour is registered to the set of long axis contours
and each long axis contour is registered to the set of short axis contours iteratively using generalized
Iterative Closed Point Algorithm (ICP) until convergence. The realigned short axis contours are then
used to reconstruct the LV shape by first interpolating between consecutive short axis slice, then, gen-
erating a tetrahedral mesh and finally segmenting a variational mesh and extracting the surface [9].
Figure 2.1 shows the surface obtained from short axis contours before and after realignment.
This method is verified by determining the intersection between the surface reconstructed from the
realigned contours and the long-axis contours that are initially drawn using Hausdorff distance, Dice
Similarity Coefficient and Jaccard Similarity Coefficient. An improvement in accuracy from the original
LV shape, mainly according to Dice and Jaccard Similarity Coefficient is observed [9].
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Figure 2.1: Surface reconstructed from short axis slices (a) before and (b) after realignment [9]
.

Table 2.2: List of software platforms that perform cardiac analysis found in this literature search

Software Platform Producer Articles
Segment Medviso [8][11][12]
Mass Medis [13][14][15][16][17][18][19]
TomTec 4D TomTec Imagingsystems [20][18]
Syngo Siemens Healthcare [21][22][23]
CMR Tools Cardiac Imaging Solutions [24][25]
View Forum Philips Medical Systems [26]
Cardio Viewer Bio-Lynx [27]
Argus Siemens Healthcare [25][28][29]
ImageJ National Institutes of Health, USA [30]
GE Advantage GE Healthcare [31]

2.2.2. Segmentation Techniques
The following section classifies the segmentation techniques found in this review into three categories
- manual contour delineation, semi-automatic and automatic methods, based on the level of user input
required for segmentation.

Manual contour delineation
Several software platforms are available that allow manual contour delineation for segmentation and
also to perform geometrical and functional analysis of the left ventricle. The list of software found in
this literature search are shown in Table 2.2.

Software based semi-automatic segmentation
1. Custom-built Software:

HeartGen:
In [32], a web service (HeartGen) that provides a meshing solution for cubic Legrange or cubic
Hermite meshes with maximum stability and accuracy to generate personalized computational
meshes of the left ventricular, right ventricular and/or bi-ventricular geometry is presented. In-
put to the system is a binary mask that represents the ventricular domain. The personalization
of the template (truncated ellipsoids with topology and number of elements set by the user) is
achieved through four steps. First, geometrical features are extracted from the binary mask and
then used to initialize the template. The initial binary mask and the template are then aligned
through affine registration. A user-defined parameter is introduced to address the trade-off be-
tween fitting accuracy and numerical stability. After warping the template through a variational
technique, post processing to increase the quality of the mesh by modifying the derivative at each
node in the radial direction so that it is forms a straight line between opposite nodes (across the
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wall) is performed. This technique provides smooth meshes, even in cases with sparse data and
can also be extended to extract other anatomical segments too. However, it still requires the
initial shape (binary mask) and the template to be defined.
MRICad:
In [33], a computer package, MRICad to generate tetrahedral meshes of the thorax and the heart
to solve the forward and inverse electrocardiographic problems is introduced. The resulting tetra-
hedral meshes for each organ can be distinguished on the basis of their properties which depend
on the electrical conductivity of that organ/tissue. DICOM slices are accepted as input where
the user can semi-automatically segment the various organs (and assign a tissue label from 33
pre-defined labels) using splines. A poly-line or a contour line is used to attach the new point to
the previous point to obtain a segmentation. Edge detection filters are incorporated to highlight
the edges. A graph map for each organ is then generated by the software. Cubic meshes are
generated from these maps and used as input to TetGen that produces Delaunay tetrahedral-
ization along with incorporating the electrical characteristics of the regions thus, allowing these
meshes to be used for solving the forward ECG problem through Finite Element Analysis. Though
this technique allows to produce accurate tetrahedral meshes for different applications, it is still
time-consuming.

2. Active Shape Model:
In [34], an active shape model of the endocardial surface is generated by computing the mean
of aligned surfaces as the average of the coordinates and the result of PCA is used to determine
the minimum number of nodes required to describe the variability in the data. The endocardial
surface segmentations are obtained from echocardiographic data of 205 subjects using the semi-
automatic segmentation software - Tomtec. The shape model is then applied on short axis
Cardiac MR images (after correcting for mis-alignment) by initializing six points in the two and
four chamber views. The shape model is optimized by deforming so that it matches the LV
endocardial positions in all short axis slices simultaneously, until a stable segmentation is obtained.
The results are compared with the ejection fraction and end systolic volume and end diastolic
volume estimated through disc area summation method and direct volume estimation (from area
of triangular patches) with the golden standard (disc area summation of the contours delineated
on the SAX images). The results of the segmentation include short axis contours which can be
used to calculate LV volumes and as 3D endocardial meshes which can be extended for finite
element analysis or mechanical studies. Though the LV volumes obtained from the contours and
the mesh are comparable with the ’gold standard’, the accuracy of the volume estimation depends
on the variability of the training dataset.

3. Other Software:
Several software platforms are also available that allow semi-automatic segmentation of the car-
diac segments. In [35], Mimics software is used to segment the aorta based on thresholding
and region growing algorithms and this software also provided a platform for manual editing.
In [34], TomTec software is used to semi-automatically segment LV endocardial surfaces from
echocardiographical data and export the surface as nodes and faces. The user needs to define
the nodes of the mitral valve, aortic valve and the LV apex.

Automatic segmentation
Automatic localization of the left ventricle to identify a local region of interest is an important step
towards reducing the volume of interest available for the automatic segmentation of the left ventricle.
The methods available for automatic localization can be broadly classified into either pattern-recognition
based techniques or temporal dimension approaches. In pattern recognition based approaches, the
required “donut” pattern is first modelled as a multi-dimensional vector and then as a Markov process.
Manually recognized positive and negative examples are used to train the system which then classifies
the image pixels into the LV boundary. The accuracy of the system then depends on the relevancy of
the training examples [36].
Temporal approaches exploit the fact that the heart shows substantial motion in cine images. The
variance or the harmonic images (based on Fourier Analysis) produce high intensity regions that cor-
respond to the left and the right ventricle. A circle Hough transform is then used to localize the left
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ventricle. However, the robustness of this approach is affected by the movement of RV, leading to in-
accurate LV region identification. To overcome this problem, in [36], it is observed that the dominance
of RV in the harmonic image increases as the harmonic order increases. In this article, the first and
the fifth harmonic image are used to anisotrpically weight the circle Hough Transform. The first har-
monic image has the most visible LV and thus, is weighted positively, while the higher order image has
higher dominance of RV and hence, is weighted negatively. This helps to reduce the RV interruption
producing a better LV localization. In most segmentation techniques, the result of localization on one
slice is generally projected to the other slices. However, LV and RV are present in small regions in the
basal slices and the apical slices are subject to a high variation (due to motion) [36]. In this literature
search, the techniques mentioned below have been used to produce automatic segmentation results
which are later used for different applications.

1. Shape-constrained Deformable Models:
In [37], to allow Cardiac MR-guided LV lead implantation, the slowest mechanically activated
regions of the healthy myocardium are identified and then combined with fluroscopy during im-
plantation. To facilitate this process, the epicardial and endocardial surfaces of left ventricle,
left atrium, right ventricle, right atrium are segmented automatically using a shape constrained
deformable model. This is done with the help of a deformable mesh represented by vertices and
triangles describing all required cardiac segments mentioned above. The first step is to localize
the heart using 3-D Generalized Hough Transform that is applied on a thresholded edge map of
the down-sampled Cardiac MR image. The images used for training are also used to obtain the
R-table of Global Hough Transform, the mean mesh and to describe a boundary function for every
triangle. The mesh is adapted by repeating the boundary detection step (searching for boundary
points along the normal of the triangles) and by deforming the mesh so as to minimize the dis-
tance between the boundary points and the triangle centers. To constrain the deformation, the
objective function is then defined to minimize energy (which is the the sum of external (distance
between the target points and the triangle centres) and the weighted internal energy that is used
to constrain the shape deformation). The boundary detection step and the energy minimization
are iterated until a stable segmentation is obtained. This method can produce segmentations in
less than a minute. Moreover, image calibration to correct for image intensity variations further
decreases the segmentation errors, mainly reducing the number of triangles with medium to large
errors [38].

2. Marginal Space Learning and Steerable Features
In [39], the right ventricle is extracted from cine Cardiac MR images using machine learning
techniques, to ultimately build a statistical shape model that can predict RV remodelling at end
diastole in patients with Tetralogy of Fallot (a congenital heart disease). A geometric model is used
to segment the RV endocardium by first determining its orientation, position and scale in cine
images automatically using Marginal Space Learning. A combination of Probabilistic Boosting
Tree (PBT) and Haar like features along with steerable features is used for classification. The
boundaries are then detected locally through the PBT and the statistical shape model. Manual
correction is done where required. The ideal template that represents the population can be
obtained from these surface meshes [40][41].

2.3. Cardiac Descriptors
Cardiac descriptors can be broadly classified into global or regional descriptors. Some examples of
global descriptors are end systolic volume, end diastolic volume, ejection fraction and stroke volume
while myocardial wall thickness is an example of local or regional parameter. The following section
provides a list of descriptors that are found in this literature search along with normal values of some
descriptors as mentioned in [42] and [43].

2.3.1. Traditional Cardiac Descriptors
Global Descriptors
1. LV End Diastolic Volume (LVEDV) and LV End Systolic Volume (LVESV): [44]-[22][23]-[31]:
LVEDV is the volume of blood in the LV cavity when it is fully relaxed and when LVESV is volume
of blood in the LV cavity when it is fully contracted. LVEDV and LVESV are sometimes indexed to
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body surface area or height to allow comparisons between patients.

2. Left Ventricular Stroke Volume [45][26][11][22][23][25][12][29][19][31]:
It is defined as difference between the LVEDV and LVESV and represents the amount of blood
ejected from the LV during a contraction.

𝑆𝑡𝑟𝑜𝑘𝑒𝑉𝑜𝑙𝑢𝑚𝑒(𝐿𝑉𝑆𝑉) = 𝐿𝑉𝐸𝐷𝑉 − 𝐿𝑉𝐸𝑆𝑉
When indexed to the body surface area, the normal Stroke Volume Index is 45 ± 8𝑚𝑙/𝑚ኼ

3. Left Ventricular Ejection Fraction [45]-[23][46]-[31]:
This cardiac parameter describes the volume of blood that is pumped out of the LV cavity. It is
represented as a percentage and is given by:

𝐸𝑗𝑒𝑐𝑡𝑖𝑜𝑛𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛(𝐿𝑉𝐸𝐹) = 𝐿𝑉𝐸𝐷𝑉 − 𝐿𝑉𝐸𝑆𝑉
𝐿𝑉𝐸𝐷𝑉

Normal Value: 67% ± 5%
4. Left Ventricular Mass [44][45][14][15][26][27][16][11][17][23][47][48][28][49][29][19][50][30]:
LV Mass is the mass of the myocardial tissue and is given by the product of the myocardial tissue
density (1.05𝑔/𝑐𝑚ኽ) and the difference between the volume within the epicardium and LV cavity.
Normal Value: 2.4 ± 0.2𝑔/𝑘𝑔

5. Left Ventricular Cardiac Output [15][11] :
LV Cardiac Output is the product of the heart rate and LVSV and it describes the “systemic flow
per minute”. LV Cardiac Output is sometimes indexed to body surface area or height to allow
comparisons between patients.

6. LV Index [44][15][16][49][29][19]:
The ratio of the LV mass to LV volume at end diastole is called LV Index and it is used for describing
LV remodelling.

7. LV Sphericity Index:
LV length is defined as the ratio of the LVEDV and the volume of a sphere whose diameter is
described as the longest axis of the left ventricle [26]. In [19], LV Sphericity index is defined as
the ratio of distance between the apex and the mitral valve to the width of the LV at the level of
the papillary muscles and is used as a measure to describe the geometrical remodelling of the LV.

8. LV Length[16]:
The distance between the apex and mitral valvular plane in a cine horizontal long axis image.
Longitudinal contractility can be derived as the ratio of the difference between LV length at diastole
and systole and the LV length at diastole.

9. LV Septal Lateral Delay [51]:
It is defined as the product of the frame delay and the temporal resolution and is used to describe
mechanical dyssnchrony of the LV using cine Cardiac MR sequences. The temporal resolution is
given by the inverse of the product of the R-R interval and frame-rate, while the frame delay is
the number of frames between the beginning of septal thickening and lateral thickening during
systole.

Local Descriptors
1. LV Wall Thickness:
The distance between the LV endocardial and epicardial contours gives an estimate of the LV
Wall Thickness [20][26][48][49]. The center-line method describes the LV wall thickness through
chords that are perpendicular to the centre-line and this method has also been extended to 3D
by estimating the medial surface [42]. LV wall thickness can be used to further describe the LV
cavity remodelling w.r.t LV myocardial remodelling by obtaining the ratio of the LV wall thickness
and LV volume [26]. LV Relative Wall Thickness is defined as the ratio of the two times the
infero-lateral wall thickness and the diameter of the left ventricle at end-daistole [44][47]. An
asymmetry ratio that describes the asymmetric thickness of the myocardium can be derived as
the ratio of maximum and minimum thickness in one slice [44].
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2. Apical Conicity Ratio [52]:
Apical Conicity Ratio is defined as the ratio of the volume of the apex at end-diastole to the volume
of the cone with the height as the long axis of the apex and base described by the short axis area
of the apical region. It is used as an index to describe LV apical geometry and the presence of
LV aneurysms.

3. Systolic Dyssynchrony Index [20]:
The Systolic Dyssynchrony Index is defined “as the standard deviation (SD) of the regional times
to peak volume change, maximum muscle thickness or peak strain.” The volume SDI is found to
be a predictor for response of cardiac re-synchronization therapy.

4. Ventricular septum thickness [47]
The authors do not mention the method used to estimate the inter-ventricular septum thickness.

5. Motion and Strain Analysis [42]:
Motion analysis is performed by analysing point correspondences between landmarks that repre-
sent anatomical locations. Strain analysis is performed to describe myocardial deformation. This
is done by considering the neighbouring point to estimate a deformation gradient tensor, which
is then used to estimate shear and axial strains.

2.3.2. Non-Traditional Cardiac Descriptors
These descriptors help to describe the geometry of the left ventricle locally, but are not generally used
in routine assessment as they are computationally intensive.

1. Geometric Descriptors

(a) Curvature:
The principal curvatures, 𝑘ኻ and 𝑘ኼ, describe the maximum and minimum bending of a
surface. The Gaussian curvature ((𝑘ኻ + 𝑘ኼ)/2) and mean curvature (𝑘ኻ.𝑘ኼ) are used for
local geometrical analysis. [42].

(b) Shape Index and Shape Spectrum:
Shape index and curvedness are two parameters that are scale invariant (unlike the above
parameters). Curvedness has been used to compare left ventricular geometry locally be-
tween healthy controls and patients with myocardial infarction in [24]. Shape index varies
from -1 (for cup like umblic shapes) and +1 (for peak like umblic shapes). Shape Spectrum
is derived from shape index and is defined as a fractional area of LV with a certain shape
index at time t. SSPs can then be formed by connecting points that have the same shape
index. Tracking these SSPs either locally or globally can provide insight into the geometry
and motion of the left ventricle and also allow comparison with other pathologies [42].

(c) Local Stretching:
Local stretching of the LV epicardium is computed for corresponding patches of the LV epi-
cardium before and after motion as the change in Gaussian curvature and a polynomial
stretching model [42].

2. Model Specific Descriptors
Global motion analysis based on deviation from an affine model: A polyhedral mesh of each
time-frame is represented through moments and centre of mass. It is assumed that the mo-
tion induced differences between polyhedral meshes of different time-frames can be represented
through affine transformations. To quantify the inter-frame variations, a corresponding defor-
mation based on affine model is used to extract global motion parameters. This has then been
used to distinguish between healthy controls and severely diseased LV. However, this method
only provides a global analysis and not a localised analysis regarding the dysfunction of the LV
[42].
[42] describes methods to perform motion analysis through superquadric or other related mod-
els, and through planispheric transformation. Other descriptors like Geometric Cardiogram (GCG)
and Deformation Spectrum can be obtained through model specific analysis of left ventricular ge-
ometry and function [42].
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2.4. Methods Used to Estimate Cardiac Descriptors
Methods found in this review to estimate cardiac descriptors can be classified into computational tem-
plate based approaches or geometrical template based approaches and this section describes these
two approaches.

2.4.1. Computational Template Based Estimation
In [53], computational cardiac atlases which can be used to develop models to represent populations
with a certain pathology, or to determine subject-specific functional models or to perform multi-modal
image analysis for diagnosis are described. In their study, Cardiac MR image datasets consist of a
large number of images, thus, limiting the analysis to global volume findings or qualitative regional
assessment. Model based analysis uses mathematical models to quantify volume, regional wall motion
and asynchronous LV contraction across populations with different pathologies and also offers the
option to combine different imaging protocols. Model-based methods can be used to derive statistical
descriptors of different cardiac parameters that allow comparison of patient specific models to healthy
controls. Since computational atlases align all patient specific models to the same cardiac coordinate
system, the point correspondence between shapes can be used to perform principal component analysis
to represent any shape with a parameter that is weighted sum of the modes of deformation that describe
the maximum variation and the mean model. Independent Component Analysis has been used to
derive clinically relevant modes of deformation by determining the probability density function for each
parameter (on a training set of healthy controls) and representing this probability density function of
ICA elements in the spatial domain. Partial Least Square Regression is used to derive modes that are
correlated with cardiac parameters is used for generating biomarkers to assess the aortic arch or the
right ventricle [35][39].

2.4.2. Geometric Model Based Volume Estimation
In this literature search, it has been observed that almost all studies incorporate volume measurements
while analyzing the LV function. Some of the studies used geometrical models to estimate LV volumes.
An advantage of using geometrical models is the reduction in measurement and acquisition time.
Geometrical models are used to analyse echocardiographic data and also for Cardiac MR data. [54]
compares the performance of different geometrical models in estimating volumes from Cardiac MR
data. LVEDV, LVESV, LVSV and LVEF are calculated using the methods/geometric models shown in
Figure 2.2. The volume measurements obtained from the 3-D reconstruction or disc area summation
method are used as the gold standard for comparing with the results from the geometrical models
shown in Figure 2.2. The Modified Simpson’s Method and Biplane ellipsoid are the most accurate and
reproducible models, with a little underestimation from the results of Biplane ellipsoid model. The
Hemisphere Cylinder model overestimated the volumes, thus, underestimating the LVEF, probably due
to the difference in location of mitral valve and/or papillary muscles. The Single Plane Ellipsoid method
showed better correlation with healthy controls compared to its correlation with patients. The Modified
Teichholz formula underestimated volumes in most cases, especially in more spherical ventricles. The
accuracy obtained from using geometrical models to estimate volumes is subject to the estimating the
cross-sectional areas, especially near the middle of the ventricular cavity. Moreover, the geometrical
models may not be very accurate in calculating volumes of ventricles with pathologies like ischemic
cardiomyopathy as they do not account for LV remodelling.

2.5. Discussion
2.5.1. Pre-processing and segmentation techniques
The use of Cardiac MR for functional and geometrical analysis of the heart is increasing owing to its
ability to accurately describe a wide range of cardiac descriptors. However, the accuracy of the analy-
sis is affected due to the presence of artefacts induced from breathing motion and patient movement.
This literature search presents techniques that are only based on image-based or geometry-based ap-
proaches. Further research to combine these techniques may help to compensate the disadvantages
of the individual approaches [9]. The accuracy of the analysis also depends on the segmentation
technique that is employed to generate the cardiac model from which the descriptors are estimated.
This section discusses some of the factors that need to be considered while choosing between seg-
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Figure 2.2: Geometrical models for volume measurements from cine Cardiac MR images.
Al: Largest LV cross-sectional area observed on a horizontal Long Axis image Am: LV cross-sectional area 1cm below the
mitral valve Ap: LV cross-sectional area at the base of the papillary muscles D: LV cavity’s diameter 1cm below the mitral
valve L: Longest LV length observed in Long Axis (horizontal) plane LVV: LV Volume [54]

.

mentation techniques. The size of the data-set available for training or analysis plays an important
role in selecting between manual, semi-automatic or automatic segmentation methods. When small
data-sets are available, manual contour drawing may produce more accurate results. Though manual
contour delineation is the most common technique used to segment the left ventricle, it can be very
time-consuming (it takes about 2 hours for a trained professional to delineate an entire Cardiac MR
data-set of 11 slices with 25 time-frames) and also be subject to inter/intra observer variability [36].
To circumvent these disadvantages, techniques based on active shape models, level sets, active ap-
pearance models, deformable models and atlas based approaches have been used to automate the
process. However, semi automatic and automatic segmentation require large data-sets for training to
produce models that incorporate higher subject variability to be applicable to larger populations. This is
also observed in [34], where the volume is estimated incorrectly from the model for one patient whose
volume is beyond the limit considered while building the shape model. Another criterion that needs
to be considered while selecting a segmentation technique would be the level of accuracy required
for a certain application. However, the parameters used to describe the segmentation accuracy and
the imaging modalities from which the segmentation is obtained vary between studies. Thus, more
standardized measures to describe accuracy are required to compare different methods [43].

2.5.2. Methods used to estimate cardiac descriptors
In this literature search, it is observed that several studies used manual contour delineation for seg-
menting and quantifying the left ventricular function. There is variation in the delineation methods
used between studies - mainly with respect to including/excluding papillary muscles, myocardial tissue
and LV outflow tract. The study presented in [55] describes the variabilities that are induced in volume
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measurements owing to differences in methods used for contour delineation, basal slice identification
and selection of end systolic and end-diastolic frame. Three scenarios - one with including the pap-
illary muscles and trabeculae only for volume and not mass measurements, the second including the
papillary muscles and trabeculae for both volume and mass measurements and third using a semi-
automatic contour segmentation tool that included papillary muscles and trabeculae for mass but not
volume measurements are compared with each other and also with the results from using geometrical
models. The first scenario produced underestimated volume measurements compared to the other,
especially for ESV measurement, probably owing to the compacted region available for delineation,
though the simplified contour delineation is less time-consuming. This study observed that there is a
poor agreement between the volume measurements obtained from geometrical models and the con-
ventional analysis as the repeatability coefficients are 13% or higher when calculating the LVEF. These
results contradict those obtained by [56]. According to [55], this disparity is because of the difference
in parameters used to assess the performance of geometric models in both studies with [56] using
“mean relative difference” which does not represent the confidence interval of the difference between
techniques for an individual, but rather of the sample of individuals and [55] using the “absolute mean
difference” obtained larger limits of agreement. This study presents the disadvantages in using geo-
metrical models and advices to not use these geometrical models for Cardiac MR images owing to the
real-world variabilites.
[57] provides standards and recommendations for qualitative and quantitative analysis of Cardiac MR
images by the Task Force for the Post Processing of the Society for Cardiovascular MR (SCMR). Ac-
cording to this recommendations list, the papillary muscles, myocardial tissue and the LV outflow tract
must be included as the blood pool while delineating contours for functional analysis. The most basal
slice during systole can be selected by identifying the left atrium as either the cavity whose volume
is increasing during systole or by the presence of myocardium in the blood pool and then considering
the most basal slice with atleast 50% ventricular myocardium. However, the review presented in [43]
states that there is no consensus to either include/exclude the papillary muscles from the blood pool.
Appropriate normal values must be used for comparing between healthy controls and patient groups
[55].
Use of deformable models, ASM or AAM and atlas-based approaches may help to circumvent these
disadvantages by providing more robust and reproducible functional analysis. Computational cardiac
atlases can produce a more encompassing functional and geometrical analysis of the cardiac cham-
bers owing to their ability to be applied to different imaging modalities. The computational atlases
can also be used to develop patient specific models by propagating the mean model to the image and
using image evidence to stabilize the model. One of the major challenges for constructing computa-
tional atlases is the requirement for manual contour delineation for large data-sets, which can be very
time-consuming. Recent developments towards building statistical models from imaging data should
be extended to patient repositories to allow comparing healthy controls with disease specific subjects
[53].

2.6. Conclusion
This literature review presents pre-processing techniques that can be used to correct breathing mo-
tion artefacts and segmentation techniques that are available to derive patient specific models for
cardiac analysis. Cardiac descriptors are classified on the basis of their applicability in routine clinical
assessment and methods used to estimate them are mentioned. Future work towards automating at-
las computation and their applicability to larger databases with different patient subgroups may allow
automatic identification of cardiac morphological patterns and the underlying pathophysiology [53].
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This chapter provides an overview of the techniques used to simulate surgical ventricular reconstruction
using the RMAS. The planning tool consists of several subsequent steps. First, the contours of the LV
endocardium, epicardium and Right Ventricle are delineated on Cardiac MR cine images. Since the cine
images of the heart are taken at different times, the 3D model may be affected by slice misalignment
due to breathing motion and patient movement. The transformation required to correct for breathing
artefacts and patient motion is estimated and applied to the original images. The scarred myocardium
is identified on the contrast enhanced Cardiac MR image and is registered to the image stack of cine
Cardiac MR images at end-diastole. Parts of the contour are classified based on their location with
respect to the scar location. The healthy myocardium is simulated to represent the residual LV after
the surgery. The effect of the surgery is subsequently quantified using functional and geometrical
analysis. The success of the surgery is estimated through the following end-points:

• At least 30% reduction of end systolic and end diastolic volume

• Less than 40% obstruction of the RVOT by the plicated scarred myocardium

3.1. Image acquisition and contour delineation
Cardiac MR data-sets consisting of cine images and contrast enhanced images are acquired along
different imaging planes using a Siemens 1.5T scanner. Cardiac imaging planes used in this study
include the vertical long axis view (two-chamber view), LV outflow tract view (three-chamber view),
horizontal long axis view (four chamber view) and the Short Axis (SA) planes. These planes extend
from the LV apex to the centre of the mitral valve (long axis of the heart) on axial-plane images. The
SA plane is perpendicular to the long axis of the heart at the mid-ventricular level. The number of SA
slices obtained depends on the size of the LV. The four chamber plane is selected as the horizontal plane
perpendicular to the short axis plane and the two-chamber plane is vertical plane perpendicular to the
short axis plane [58]. The cine images acquired in all planes generally have 25 phases (time-frames)
across the cardiac cycle. Figure 3.1 shows Cardiac MR images obtained along the different long-axis
views. Example of a SA cine image along with the corresponding scar tissue is available in 1.1. These
images are used to analyse LV function and also to identify and quantify the scarred myocardium.
Different imaging planes are used to obtain a more accurate model of the LV thus, improving the
quantitative analysis.
The endocarial, epicardial and right ventricular borders are manually delineated on the SA images
along with the endocardium in the two- ,three- and four chamber views at end-diastolic and end-
systolic phases using MASS (Medis, Leiden, The Netherlands) software by an experienced radiologist.
As seen in Figure 3.2(a), the papillary muscles and the myocardial tissue are included in the endocardial
border. Figure 3.2(b) shows a complete set of SA contours at end-diastolic and end-systolic phase.

3.2. Correction of breathing artefacts
A Cardiac MR image dataset generally suffers from slice misalignment due to breathing motion as the
images are acquired over multiple breathing cycles and hence, at different diaphragm locations. More-

15
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Figure 3.1: (a) Two- , (b) three - and (c) four - chamber views at diastole
.

Figure 3.2: Endocardial (red) , epicardial (green) and right ventricular (blue) contours drawn at (a) a SA slice (b) The
complete stack of SA contours showing endocardial (red) , epicardial (green) and right ventricular (blue)
contours

.

over, patient movement during the image acquisition further decreases the accuracy of the developed
model [9]. The following section describes the method used to correct for in-plane misalignment intro-
duced due to breathing motion and patient movement. The steps include registration of the contours
into the patient coordinate system, down-sampling the long axis contours at the location of the closest
SA planes, applying Iterative Closest Point Algorithm to obtain the required transformation of each SA
contour to correct for in-plane breathing artefacts and applying the same on the original SA image.

Registration into the patient coordinate system

The endocardial, epicardial and right ventricular SA contours along with the contours of the endo-
cardium in the two- ,three- and four chamber views at end-diastolic and end-systolic phases are reg-
istered into a three dimensional space described as the patient coordinate system using three image
properties that are obtained from the DICOM tags - image position (DICOM tag - (0020,0032)), image
orientation (Dicom tag - (0020,0037)) and pixel spacing (DICOM tag - (0028,0030)). The following
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Figure 3.3: End-diastolic SA contours(red) along with two-chamber (green), three-chamber (blue) and four-chamber (ma-
genta) contours projected into the Patient Coordinate System with black arrows pointing to slices that suffer from severe
misalignment

.

transformation is used [59]
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(3.1)

where,
𝑃፱፲፳ = coordinates of the voxel in the Patient Coordinate System
𝑋፱፲፳ = row direction cosine component obtained from Image Orientation
𝑌፱፲፳ = column direction cosine component obtained from Image Orientation
i = column index in the image plane
j = row index in the image plane
s = slice number of the image plane
N = number of slices
𝑇ኻ and 𝑇ፍ = image position of the most apical and most basal slice available in the slice set
Figure 3.3 shows the contours after they are projected into the patient coordinate system.

Down-sample long axis contours at the closest Short Axis planes
To account only for in-plane misalignment, the extent of the LV is determined on each SA plane by the
the position of the long axis contours points that are closest to that SA plane. This section describes the
steps incorporated to down-sample the contours of the two-, three- and four - chamber at the location
of the closest SA planes. First, the SA plane corresponding to each contour is estimated. Four points
of the two-, three- and the four- chamber contours that are closest to each SA plane are identified by
computing the distance of each long axis contour point to every plane along the direction of the plane’s
normal. These four points are then projected onto the SA plane using the following equations (Figure
3.4):

𝑡 = (n ⋅ 𝑃𝑜𝑖𝑛𝑡ኻ) − (n ⋅ 𝑃𝑜𝑖𝑛𝑡ፋፀ)
𝑛𝑜𝑟𝑚(n) (3.2)

𝑥ኺ = 𝑥 + 𝑡𝑎; 𝑦ኺ = 𝑦 + 𝑡𝑏; 𝑧ኺ = 𝑧 + 𝑡𝑐; (3.3)

where, [𝑥ኺ, 𝑦ኺ, 𝑧ኺ] = LA point projected onto the SA plane
n = normal vector of the corresponding SA plane
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𝑃𝑜𝑖𝑛𝑡ኻ = point on the SA plane (mean of the contour points)
𝑃𝑜𝑖𝑛𝑡ፋፀ = one of the four LA points closest to the corresponding SA plane

Figure 3.4: End-diastolic SA contours(red) along with two-chamber (green), three-chamber (blue) and four-chamber (ma-
genta) contour points that have been down-sampled at the level of each SA plane projected into the Patient Coordinate
System

.

Estimation and application of the transformation matrix
The SA contour points are registered to the down-sampled long axis points on each short axis plane
using the Iterative Closest Point Algorithm. The Iterative Closest Point Algorithm performs a rigid
registration (translation and rotation) to estimate the transformation matrix that minimizes the point-
to-point distance between the SA contour points and the down-sampled LA points on the SA plane.
Figure 3.5 shows the effect of applying the Iterative Closest Point Algorithm on the LV Endocardial
contours. The transformation matrices obtained from the Iterative Closest Point algorithm are then

Figure 3.5: End-diastolic SA contours (red) along with the result of applying the Iterative Closest Point algorithm (blue) and
the two-chamber (green), three-chamber (blue) and four-chamber (magenta) registered into the Patient Coordinate System
with black arrows pointing to contours that were misaligned and have been corrected

.

applied to each SA image using MeVisLab network and the corrected images are combined to form a
stack.
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3.3. Estimation of Scar
The scarred region is visualised on contrast enhanced Cardiac MR images as a region with increased
intensity and this is delineated using ITK-SNAP software [60]. To facilitate evaluation of scarred
tissue on the SA contours, the contrast enhanced Cardiac MR image stack is registered to the stack of
end-diastolic SA images obtained from the previous step. The registration is performed in two steps
- a rigid followed by an affine registration using elastix software. Multi-resolution registration is
performed at 5 resolutions, a gradient descent optimiser with an adaptive gain is used as the optimiser
and Normalised Mutual Information is used as a similarity metric. The segmentation of the scarred
myocardium is transformed to the space of the fixed image (stack of SA images at end-diastole) using
transformix [61][62].
There is a need to establish point-to-point correspondence between SA contours across different slices,
so as to allow identification of scar location and extent, and to build a 3D model of the LV. To establish
point to point correspondence, the angle each contour point of a SA contour makes with the x-axis is
first determined. The difference between the angles of consecutive contour points is determined. The
contour point at the index of the minimum difference is selected as the first contour point and the other
contour points are re-ordered accordingly. The contour points are then sampled at 64 angle points.
This process is repeated for all SA contour slices.
To identify the location of the scar on a short axis contour, the transformed scar is visualized along with
the contour on the SA image of the corresponding slice (Figure 3.6).

Figure 3.6: (a) SA endocardial contour visualized on the image of the corresponding SA along with the scar segmentation
of that slice.(b) Points describing the extremity of the scar tissue are highlighted. (Black - points selected by the user and
green - closet contour points that are selected)

.

Two points that describe the extent of the scar along the decreasing y-direction are manually se-
lected. Each contour point is then given a label based on its location when compared to the manually
selected scar extremities. Figure 3.7 shows the SA contour set highlighting the scarred region in both
Image Coordinate System and the Patient Coordinate System. The length of the scar tissue is deter-
mined at each SA slice as the sum of distances between consecutive sampled contour points with the
scar label. The length of the healthy myocardium is also determined by computing as the difference
between the scar length and the distance between all consecutive contour points.

3.4. Simulation of surgical ventricular reconstruction
To simulate the procedure of reconstruction through RMAS, three assumptions are made. Firstly, it
is assumed that the anchors are placed at every SA slice, thus, modifying the geometry of each SA
contour that has been identified to have a scarred segment. Secondly, it is assumed that the scarred
segment of the SA contour is plicated such that it forms a circle, also, leaving behind a circle of healthy
myocardial segment. The centre of the scarred segment is calculated, and it is assumed that the
scarred segment is plicated such that it plicates at this point 3.8.
The circumference of the SA contour is first calculated to be say, 𝐿 units and it is then represented
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Figure 3.7: Scarred tissue located in the inter-ventricular region highlighted on SA contours in (a) Image Coordinate System
and (b) Patient Coordinate System. (Right ventricular contours - blue, healthy LV endocardial contours - red and scarred
tissue - black

.

Figure 3.8: (a)Original SA contour with the scar highlighted (b) Simulation of the surgical ventricular reconstruction on a SA
contours

.

as two segments, namely, the scar (𝐿፬ፚ፫ units) and the healthy segment (𝐿፡፞ፚ፥፭፡፲ units). The circle
of the residual SA contour and the scarred segment are obtained by considering the length of the
corresponding segments to be the circumference of that circle. The circle of the residual SA contour
at both end-diastolic and end-systolic frame are placed at the center of mass of the SA contour of that
slice at the end-diastolic phase. The centre of the scar circle is determined by identifying the angle at
which the centre of the scarred segment is sampled on the original SA contour and then translating
the center along that angle by the radius of the scar circle. Figure 3.9 shows a simulation on the
set of SA contours in both Image Coordinate System and the Patient Coordinate System. To visualize
and quantify the effect of the simulation on the geometry of the residual LV, surface models of the SA
contours before and after simulation are generated. This is achieved by triangulating the contour points
such that the normal of each patch points outwards. The vertices are contained in a [N X 3] matrix,
where N is the total number of contour points in the entire stack and faces describe the triangular
connectivity of these vertices.

3.5. Analysis
This section describes the methods used to quantify the residual LV by comparing its function with the
baseline characteristics and analysing its geometry.
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Figure 3.9: Simulation of the RMAS on SA contours in (a) Image Coordinate System and (b) Patient Coordinate System.
(Right ventricular contours - blue, healthy LV endocardial contours - green and scarred tissue - black

.

3.5.1. Functional Analysis
Four parameters - LVEDV, LVESV, Stroke Volume and Ejection Fraction are used for functional analysis
of the LV. To determine the volume at a time-frame, the area enclosed by each SA contour is calculated
and is multiplied by the sum of slice thickness and slice gap. The sum of volumes obtained from all
slices is considered to be the volume of the LV at that time-frame. The scar volume at the end-systolic
and the end-diastolic phase is also obtained with the same procedure. Stroke Volume and Ejection
Fraction are estimated as mentioned in the previous chapter. The values of the pre-surgical and post-
surgical LV are compared with the baseline characteristics obtained from the MASS (Medis, Leiden, The
Netherlands) software.

3.5.2. Geometrical Analysis
Geometrical analysis of the effect of the LV reconstruction involves quantification of the amount of
occlusion of the RVOT by the plicated scar and comparison of the geometry of the residual LV with
other LV geometrical models. The amount of RVOT obstruction is estimated by first defining the extent
(diameter) of the RVOT at the most basal slice the right ventricular contours are defined at. It is
assumed that the RVOT forms a circular annulus and this circle is estimated from the user defined
extent. The overlap between the circular annulus of the RVOT and the scar circle at that slice is
calculated 3.10.
According to [55], the Modified Simpson’s Model and the Biplane Ellipsoid Model are the most accurate

Figure 3.10: (a) Most basal right ventricular contour visualised on the corresponding Cardiac MR image to select the extent
of the RVOT (b) Estimation of the RVOT annulus along with scar circle at the slice

.
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and reproducible geometrical models for volume measurements, compared to the other models. Hence,
in this study, these models are constructed and the curvedness is used to compare these models with
the residual LV. As shown in Figure 2.2, the Modified Simpson’s Model describes the LV as a combination
of a cylinder from the base of the LV to the mitral valve, a truncated cone from the mitral valve to the
base of the papillary muscles and a cone until the apex. On the other hand, the Biplane Ellipsoid Model
describes the LV as an ellipsoid using the length of the LV and the cross-sectional area of the LV 1cm
below the leaflets of the mitral valve in the short-axis view.
In [24], time series of a surface shape descriptor called curvedness is used as an index to quantify
geometrical remodelling in the LV after a myocardial infarction and also to distinguish patients from a
control group. In this study, the triangulated meshes of the residual LV and those of the geometrical
models are compared using curvedness. The principal curvatures 𝑘ኻ and 𝑘ኼ are obtained by fitting a
quadratic surface to a local region of the LV and are used to define curvedness as shown in equation
3.4:

𝐶 = √𝑘
ኼ
ኻ + 𝑘ኼኼ
2 (3.4)

The curvedness value obtained at each vertex is subsequently compared with the value at the corre-
sponding vertex of both the geometrical models.
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Results

A total of 4 male patients between the age-group of 49-69 years with ejection fraction less than 40%
are studied, with one of the patients having both pre- and post surgery scans. Cardiac MR data is used
as the imaging modality for pre-surgery scans of three patients except one (who had a CT scan due
to the presence of a pacemaker). A graphic user interface is built on Matlab that guides the user
sequentially through the steps mentioned in the previous chapter. Figure 4.1 shows a few screen-shots
of the same.

Figure 4.1: Screenshots of the Graphic User Interface
.

This chapter first describes the results of the method used to correct for breathing motion and patient
movement induced artefacts, followed by the results of simulation and of the quantification.

4.1. Correction of breathing artefacts
This method is applied on all the patients who have Cardiac MR data. The SA contours before and after
correction are triangulated and Figure 4.2 shows the effect of the method on the contours and also on
the SA image stack.

23



24 4. Results

Figure 4.2: Result of method to correct for breathing and patient movement artefacts. (a) Stack of SA images before
correction and (b) surface model generated from contours before correction. (c) Stack of SA images after correction and
(d) surface model generated from contours after correction.

.

4.2. Simulation
Figure 4.3 shows the triangulated surface of the contours before and after simulation at end-diastole
for all the patients.

4.3. Analysis
4.3.1. Functional Analysis
The LV volumes at systole and diastole obtained from the method described in the previous chapter
are compared with the values obtained from the MASS software in Table 4.1. The stroke volumes
and ejection fractions are also compared with the values obtained from MASS software in Table 4.2.
The contour method mostly agrees with the MASS estimate with a minimum difference of 0.18% and
maximum of 14.5%. The stroke volume produced a minimum difference of -1.1% and a maximum
difference of 18.5% The difference in the ejection fraction is in the range of 1.6% to 11.9%.

Table 4.3 shows the difference in the volume of the scar estimated at the end systolic and end
diastolic phase. Table 4.4 and Table 4.5 show the reduction in functional characteristics of the simulated
residual LV compared to the baseline characteristics obtained from the MASS estimate and the contour
method. The reduction in the volumes obtained at end-systolic and end-diastolic phase meet the
requirements of the surgery.

Table 4.1: Comparison between LV volumes obtained from the MASS software and the contour method at end-systolic and
end-diastolic phase

Pat. No. End Systolic Volume (ml) End Diastolic Volume (ml)
MASS Estimate Contour Method Estimate Difference MASS Estimate Contour Method Estimate Difference

1 187 211.3 13% 291 333.2 14.5%
2 110 111.6 1.45% 178 172.2 -3.27%
3 272 272.7 0.26 290 290.5 0.18%
4 483 456.4 -5.52% 585 563.6 -3.65
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Figure 4.3: Triangulated surface obtained from (a) original contours and (b) simulated contours at end-diastolic phase for
all patients.
The triangulation of LV models of Patient 4 when exported to mesh lab produced a scaling defect, and hence, the result of
visualization in matlab is displayed

.

Table 4.2: Comparison between LV stroke volume and ejection fraction obtained from the MASS software and the contour method
at end-systolic and end-diastolic phase

Pat. No. Stroke Volume (ml) Ejection Fraction (%)
MASS Estimate Contour Method Estimate Difference MASS Estimate Contour Method Estimate Difference

1 103 122 18.4% 36 36.6 1.69%
2 67 60 -9.58% 38 35.2 7.40%
3 18 17.8 -1.11% 6 6.1 2.17%
4 102 107.3 5.19% 17 19 11.9%

The results of the functional analysis performed for the post-surgical scans of one patient are
compared with those obtained from MASS software in Table 4.6.
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Table 4.3: Difference in scar volume estimated at end-systolic and end-diastolic phase

Pat No Scar Volume (ml)
Systole (ml) Diastole (ml) Difference (%)

1 31.4 29.4 -6.97
2 21.4 26.6 19.7
3 73.4 69.9 -4.90
4 48.1 52.2 7.95

Table 4.4: Comparison of reduction of LVESV and LVEDV of the simulated residual LV with the baseline characteristics estimated
by MASS software and Contour Method

Pat No
End Systolic Volume (ml) End Diastolic Volume (ml)

Simulated Volume
(ml)

Reduction (%) Simulated Volume
(ml)

Reduction (%)
MASS Estimate Contour Method Estimate MASS Estimate Contour Method Estimate

1 119.1 36.3 43.6 224.6 22.8 32.6
2 64.6 41.8 42.0 107.9 39.4 37.3
3 124.1 54.4 54.5 141.2 51.3 51.4
4 303.2 37.1 33.6 398 32.0 29.4

Table 4.5: Comparison between LV stroke volume and ejection fraction obtained from the simulation with baseline characteristics
estimated from MASS software and contour method

Pat No
Stroke Volume (ml) Ejection Fraction (%)

Simulated Volume
(ml)

Difference (%) Simulated Ejection Fraction (%) Difference (%)
MASS Estimate Contour Method Estimate MASS Estimate Contour Method Estimate

1 105.5 2.43 - 15.6 47.0 30.5 28.3
2 43.3 -35.4 - 28.5 40.1 5.61 12.3
3 17.1 -5.09 - 4.03 12.1 100.2 95.8
4 94.9 -6.97 -11.6 23.8 40.2 25.3

Table 4.6: Comparison of the post-operative functional analysis with the result of simulation

MASS Estimate Image Estimate Difference (%)
Image Estimate Simulation

End Systolic Volume (ml) 150 156.1 4.09 17.3
End Diastolic Volume (ml) 218 198.9 - 8.76 35.2
Stroke Volume (ml) 68 42.8 37.1 75
Ejection Fraction (%) 31 21.5 30.65 61

4.3.2. Geometrical Analysis
Figure 4.4 shows the surface plots of the simulated residual LV models of all the patients and the residual
LV model derived from the post-surgical scan of one patient at the end-diastolic phase highlighting the
curvedness values. Figure 4.5 shows the curvedness values of the Modified Simpson’s Model and the
Biplane Ellipsoid Model obtained for each patient. Table 4.7 shows the mean and standard deviation of
the simulated LV models of all patients and the residual post-surgical LV of one patient and the mean and
standard deviation of the difference obtained while comparing these models with their corresponding
geometrical models.

Table 4.7: Mean and standard deviation of curvedness values (፦፦ᎽᎳ) of the simulated residual LV of all patients and the residual
post-surgical LV model of one patient along with the mean and standard deviation of the difference obtained when comparing
these models with their corresponding geometrical models

Patient Number Residual LV Model
(Mean, Standard deviation)

Difference
Modified Simpson Model
(Mean, Standard deviation)

Biplane Ellipsoid Model
(Mean, Standard deviation)

1 0.0414 ±0.0458 0.0157 ±0.0448 - 0.0028 ±0.0488
2 0.0582 ±0.0816 0.0253 ±0.0871 0.0175 ±0.0826

3 Simulated LV 0.0513 ±0.0304 0.0005 ±0.0307 - 0.0205 ±0.0307
Post-surgical LV 0.0315 ±0.0353 0.0225 ±0.0331 0.0229 ±0.0329

4 0.0222 ±0.018 -0.0001 ±0.0204 0.0084 ±0.0203
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Figure 4.4: Surface plots of simulated residual LV Models highlighting curvedness values normalised between 0 and 1 for (a)
Patient 1 (b) Patient 2 (c) Patient 4 (d) Patient 3 (e) post surgical model of Patient 3

.

Figure 4.5: Surface plots of geometrical LV Models highlighting curvedness values normalised between 0 and 1 for (a) Patient
1 (b) Patient 2 (c) Patient 4 (d) Patient 3 (e) post surgical model of Patient 3 obtained after removing the segments that
contain leakage of contrast

.
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Discussion

In this study, a planning tool that allows in silicomodelling of SVR by RMAS is developed whilst this pro-
cedure has been introduced in clinical practice. All developments and considerations whilst introducing
this procedure can be included into this tool. Functional improvement is characterised by at least 30%
decrease in LVEDV and LVESV and also a maximum of 40% obstruction of RVOT. The method has been
used on all four patients, and when comparing the functional outcomes of the simulated residual LV,
it is observed that the required end-points of the procedure for functional improvement are met for all
patients when comparing these characteristics with the baseline characteristics obtained from either
the contour method or from the MASS software.

5.1. Pre-processing techniques
Pre-processing techniques to correct for breathing motion artefacts were validated through visual ex-
amination of the LV shape. Figure 4.2 shows the improvement in the geometrical structure of the LV
of one patient. After realignment of SA contours, the distortion in the LV structure has decreased.
This can also be visualised by comparing the image stacks as the corrected image stack produces a
smoother transition between slices.
However, there are two main drawbacks with this approach. Firstly, it has been observed in some pa-
tients that the long axis contours are not completely defined at all regions, thus, leading to inaccurate
registrations (Figure 5.1). In this study, the slices at which the LA contours are not completely defined
are not modified to correct for breathing artefacts - they are copied without modification into the new
image stack. The study presented in [9], uses an iterative approach to register the SA contours to
the set of long axis contours and to register long axis contours to a set of SA contours. This iterative
process, when restricted to only in-plane movement of contours, may help to improve the accuracy
of the model obtained. Secondly, in this study, the improvement in the quality of the model after
correcting breathing artefacts is not quantitatively analyzed. Comparing the intersection of the model
with the long axis images and the contours of the long axis images before and after correction can by
used as a parameter as shown in [9].

5.2. Simulation
Previous studies that analysed the effect of LV reconstruction through RMAS did not use a simulation
tool to estimate the effect of the surgery [4][5]. To the best of our knowledge, this is the first tool
developed to aid in the planning of LV reconstruction through RMAS. The simulation technique used
in this study implements an ideal method to plicate the scar by folding the scarred myocardium at
its center at the level of every SA slice. However, this technique has a few drawbacks. Firstly, the
assumption that only the scar tissue at each SA slice level is completely plicated, may not be practical
at all slice locations due to the presence of other cardiac structures, which are not accounted for in
this study. Figure 5.2 shows the segmentation of the LV obtained from the post-surgery scan at the
end-diastolic phase which shows the leakage of contrast into the plicated region. This indicates that
the scar could not be completely plicated in this patient due to the presence of the conduction system
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Figure 5.1: Contours in the Patient Coordinate System with black arrows pointing to instances where the delineated long axis
contours are not defined at SA slice locations

.

of the heart. In addition, it is not practical to place anchors at each SA slice level (8mm-12mm). This
may be required when the scar length and/or location varies between slice levels. In such situations,
a part of the healthy myocardium can also be plicated. Moreover, the shape of the residual LV at
each slice level and the change in the location of the center of the residual LV must be analysed by
comparing with a larger data-sets. This will help to understand the effect of the reconstruction on the
other cardiac structures, thus, providing a more comprehensive understanding of the surgery. Lastly,
the effect of stress induced due to the placement of anchors on the myocardium and movement of the
anchors is not accounted for in this planning tool as was considered in the initial ovine studies of [5].

5.2.1. Functional Analysis
Functional analysis of the LV includes evaluating four parameters - LVEDV, LVESV, estroke volume and
jection fraction. The volume estimation of patient 1 presents a larger difference (Table 4.1) compared
to the other patients. This difference in estimation of volumes is also propagated to a difference in
the estimation of stroke volume, but is not present in the estimation of ejection fraction. This patient
could also be an outlier - which can be verified by using a larger database of patients.
Table 4.3 also shows some discrepancy in the scar volume that is observed between end systolic and
end diastolic phase, even when the same scar segmentation is used for delineation. This can be
attributed to the fact that the scar is manually delineated on each slice. Moreover, in Patient 2, the
difference in the scar volume is also because the most apical contour is not defined at the end-systolic
phase to account for movement of LV during contraction.
Previous study performed on one patient observed a reduction of greater than 50% in the LVESV and
LVEDV immediately after the surgery. A slight improvement of ejection fraction immediately after the
surgery and 39% improvement six months after the surgery was observed. In another study conducted
on 11 patients, a percent reduction of 36.2 ±18.3 and 39.6 ±14.8 in the LVESV and 28.6 ±18.8 and
21.2 ±14.9 in the LVEDV was observed 6 and 12 months respectively. In this study, while comparing the
reduction in simulated residual LV volume at end diastolic and end-systolic phase, a higher reduction at
the end-systolic phase is observed. This can be expected as the result of the registration between the
contrast enhanced MR and the cine Cardiac MR image stack at the end-diastolic phase is used without
modification to delineate scar at the end-systolic phase, to account for the ischemic nature of the
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Figure 5.2: Segmentation of the LV obtained from a post-operative scan showing leakage of contrast into the plicated region
(pointed by yellow arrows)

.

scar. Almost all patients for whom the baseline volume characteristics were overestimated, the volume
reduction is also overestimated. All simulations produced the required reductions when compared to
the baseline characteristics estimated by the MASS software or those estimated by the contour method.
A reduction in stroke volume and an associated increase in the ejection fraction is also observed (4.5).
The post-operative scan of one patient has been used to derive functional characteristics which have
been compared with those obtained from the simulation. Table 4.6 shows that the volume is largely
under-estimated in the simulation when compared to the post-operative scenario. This can be attributed
to the fact that the simulation assumes complete plication of the scar. However as shown in Figure 5.2,
there is leakage of contrast into the plicated region, indicating incomplete plication. There is a large
difference in the ejection fraction estimated by simulation and the post-operative scan. The simulation
calculates the ejection fraction based on difference in the area enclosed by the healthy segment of
the contours at end-diastole and end-systole. The length of the healthy segment is obtained after
delineation of the scar segment. As the ejection fraction of this patient is extremely low, there will
be little difference in the length of the contour at end-diastole and end-systole. By plicating the same
amount of the scar segment from both time-frames, the ejection fraction is under-estimated. However,
in the post-surgical scenario, the contraction of the healthy myocardium produces the ejection fraction,
unlike in the simulation where the difference in the contour segment is used to produce the ejection
fraction. The accuracy of these results can be validated by comparing the post-operative data with
those of the simulations produced by an experienced radiologist on larger databases.

5.2.2. Geometrical Analysis
No occlusion of the RVOT by the plicated scar has been observed in any patient in this study. However,
the results need to be validated by accounting for the change in the location of the right ventricle due
to the plication, so to provide a more realistic estimation of the occlusion. This can be done through
intensity based methods on the Cardiac MR image dataset.
The geometry of the residual LV model is analysed by comparing the curvedness values at each vertex of
the LV model with that obtained at the corresponding vertex of the patient-specific geometrical models.
Curvature information has been used for quantitative regional analysis of the LV in [63] [64], and has
shown to provide accurate results. The choice to use curvedness as the shape based descriptor by
[24] over the more common curvature based descriptors like Gaussian curvature and mean curvature
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stemmed from the observations that these descriptors can sometimes be misleading. The Gaussian
curvature fails to describe extent of curvature in toroidal surfaces as it depends on the intrinsic geometry
of the surface. The mean curvature at a saddle point is zero, even though the surface is curved. On
the other hand, curvedness value is the magnitude of curvature at a point on the surface, and thus,
can be used to measure the “degree of curvature at a point”[65]. Moreover, curvedness can be easily
extended to estimate 3-D wall stress as shown in [65].
However, there are three major drawbacks with this analysis, due to which it is not possible to accurately
interpret the results. Firstly, by calculating the mean and standard deviation of the entire model, the
local changes in geometry are not accounted for. Due to this, it is difficult to select the geometrical
model, that best describes the simulation of the surgery. Using the 16-segment LV heart model as
in [24] to produce localised time series of curvedness values, can produce more accurate results.
Secondly, the selection of slices that indicate 1cm below the mitral valve leaflet, base of the papillary
muscle and the length of the LV need to be annotated by an experienced radiologist, to allow more
uniformity and accuracy in the geometrical models that are produced. Lastly, larger databases of pre-
surgical and corresponding post-surgical scans, can help to identify the ideal geometrical model more
accurately.
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Conclusion

Surgical ventricular reconstruction is a treatment modality that is used for patients with severe ICM.
RMAS is a reconstruction technique that aims to restore the LV geometry and function by plicating the
scarred region with anchors. Due to the minimally invasive nature of the procedure, surgical planning
mainly depends on pre-procedural imaging rather than on peri-procedural imaging. This study devel-
ops an in-silico modelling tool that simulates the effect of the reconstruction to allow functional and
geometrical analysis of the residual LV.
The planning tool developed in this study corrects for slice mis-alignment caused from breathing motion
and patient movement. Location of the anchors is selected at all short axis slice levels that contain
scarred tissue. Functional analysis includes determination of the LV volume at the end-diastolic and
end-systolic phase, stroke volume and ejection fraction. The baseline LV characteristics are compared
with the results of the simulated LV. Geometrical analysis includes quantifying the overlap of the oc-
clusion of the RVOT by the plicated scar and comparison of the curvedness values obtained at each
contour point of the simulated residual LV model and the geometrical models. The required end-points
for the procedure are atleast 30% reduction in the LV volume at the end-diastolic and end-systolic phase
when compared with baseline characteristics and at most 40% occlusion of the RVOT. By changing the
location of the anchors, the user can simulate different residual LV models and analyse their function
and geometry.
The accuracy of the results obtained in this study needs to be validated by comparing the residual LV
models that are generated from the anchor locations that are selected by an experienced radiologist
and the post-surgical LV models for large datasets. Moreover, the improvement in the LV models after
the pre-processing step also needs to be quantitatively analysed.
Acquiring contrast enhanced images at all time frames instead of only at the end-diastolic phase can
help to reduce the registration errors that are introduced while defining the scar location and extent.
The accuracy of the simulation can be improved by considering other cardiac structures like the con-
duction system of the heart while selecting the anchor positions. In addition, simulation on large
datasets can help to understand and quantify the effect of the reconstruction on the other cardiac
structures, thus, simulating more realistic residual LV models. Larger datasets can be used to build a
statistical shape model of the post-surgical residual LV that can be used to obtain a more encompassing
understanding of the effect of reconstruction on both function and geometry of the residual LV.
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Appendix

The in-silico planning tool for the Revivent Myocardial Anchoring System is implemented on Matlab
2016b and a Graphic User Interface (GUI) is developed to guide the user sequentially through the
steps described in the “Methods” section. Before implementing the GUI on Matlab, the DICOM cine
Cardiac MR images at the end-systolic and end-diastolic phases are stored in folders called Systole
and Diastole respectively. The DICOM files are converted to .mhd format using the Praxis tool.
The .mhd files are combined to form one .mhd file ensuring that the apical slice is the first slice and
is stored in the corresponding folder. The folder of each patient also contains the short axis and long
axis contours.

Inputs to the Graphic User Interface:
The GUI requires the user to select the patient whose data needs to be evaluated. This selection can
be performed on the drop-down list located on the top-right corner. The Load Contours button is
activated and it allows the user to select the long axis contour files (two-chamber, three-chamber and
the four-chamber views) and the SA contour files. The SA contours (LV Endocardium, LV Epicardium
and RV) are then displayed at the end-systolic and end-diastolic phase in the Image Coordinate System.
The Transform to World button is then activated and when selected allows the user to select the
folders containing the two-chamber, three - chamber, four-chamber DICOM images and the folder with
the SA DICOM images at the end-diastolic phase. The GUI requires the slice number corresponding to
the most apical and most basal slice. By selecting the time frame (either systole or diastole), all the
contours of that time-frame can be viewed by selecting the View World Coordinates. The GUI
also provides a tool to rotate the figures. The button to correct for breathing artefacts is activated.

Pre-Processing to correct for breathing motion and patient move-
ment:
On selecting the Correct Breathing Artifacts button, planes corresponding to the SA contours
are estimated by normalizing all SA contours points by their corresponding mean values. Eigen analysis
is performed on the covariance matrix obtained from the reduced points and the principal directions
are extracted to obtain the normal to each plane. The normals of all SA planes are aligned to point in
the cranial direction. The SA planes are then be obtained using the normal and the point on the plane
(mean of each SA contour). The algorithm estimates the extent of LV on each SA plane as described
in the “Methods” section. Iterative Closed Point Algorithm to estimate the transformation matrix that
minimizes the point-to-point distance between the SA contour points and the down-sampled LA points
on each SA plane is implemented using an inbuilt function called pceregrigid.
The Make mhd file button is activated and when selected, makes a folder in either the Systole
or Diastole (depending on the chosen time-frame), called BreathingCorrection. The apical
and basal slices that are present in the SA contour set are then given as input and the algorithm
makes sub-folders corresponding to these slice numbers. The transformation matrices obtained from
the Iterative Closest Point algorithm are applied to each SA image using MeVisLab network and the
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corrected images are combined to form a stack. A schematic representation of this network is shown
in Figure 7.1. Firstly, the .mhd files of the original slices are loaded into the itkImageFileReader
network in MevsiLab and the transformation matrix is applied to the World Coordinate System of
the image. Image slices with different orientation information may not be stored as a single volume
and to circumvent this issue, the result obtained from applying the transformation matrix is registered
into the the World Coordinate System of the original image. Each slice is then saved as a DICOM
file. After applying the transformation to all SA images, checking the box on the screen allows the
user to convert each SA DICOM file into a .mhd file and to combine all the individual slices into a file
called BreathTrial.mhd. This file is then used as input to the MeVisLab network and saved as
BreathTrialCorrect.mhd in the same folder after correcting for the sub-voxel shift.

Figure 7.1: Schematic representation of the approached used to correct breathing motion artefacts on image data.
The .mhd file obtained from the DICOM file (a) is transformed using the transformation matrix obtained from the Iterative
Closest Point algorithm and then registered into the World Coordinate System of the original image (b) and is saved as a
DICOM image. The stack of DICOM images are converted into a single .mhd file (c) and the stack of SA images is saved
again after correcting for sub-voxel shift (d)

.

Scar estimation and delineation
By selecting the Register and Transform Files button, the algorithm performs the registration
process described in Section 3.3. This step requires the user to define a binary region of interest
and save it in the appropriate BreathingCorrection folder as BreathingMask.mhd. The re-
sults of the registration are stored in RegisteredBreathing folder in the Diastole folder as the
contrast enhanced image is only registered to the end-diastolic phase. The user is then indicated
to change the order of the “FinalBSplineInterpolationOrder” in the TransformParameters.0 and in
the TransformParameters.1 to 0, after which the algorithm transforms the scar segmentation from
the contrast enhanced image space to the fixed image space (image stack at the end-diastolic phase).
On selecting the Convert Registration to ICS, the SA contours that have been corrected for
breathing motion and patient movement are converted into the Image Coordinate System using the
inverse of the transform matrix estimated for the SA DICOM images.
Select Scar on Contours displays the result of the transformation on the appropriate SA image
and allows the user to place the anchor points in the decreasing y-direction. The second anchor point
is selected by a double click. The SA contours are then classified into healthy or scarred regions based
on their location with respect to the anchor points. The most basal right ventricular contour is also
displayed on the corresponding slice, if the scar is present at that level. This allows the user to define
the extent of the RVOT’s annulus.
View Scar Selection plots the SA contours on the corresponding SA image highlighting the scarred
region in black and the healthy region in red. The user can then select between Image Coordinate



37

System and Patient Coordinate System in the drop-down list and the scar can be visualized in the
appropriate coordinate system.

Simulation
On selecting the Simulate button on the GUI, the algorithm computes the length of the scar and
healthy segments. These lengths are used as circumference of the circle that represents the contour
of the residual LV. The occlusion of the RVOT (if the scar is present at the RVOT level) is calculated as
the overlap between the binary masks of the residual LV and the RVOT annulus. The amount of overlap
is displayed on the GUI. View Results allows the user to visualize the results of the simulations in
the coordinate system selected in the drop-down list. Triangulate button triangulates the contour
points such that the normal of each patch points outwards. The vertices are contained in a [N X
3] matrix, where N is the total number of contour points in the entire stack and faces describe the
triangular connectivity of these vertices. Two sets of triangles are formed - one estimating the surface
between consecutive slices from lower slice to the higher slice and the other estimating the surface
in the opposite direction. The Triangulate button produces triangulation of the original contours,
the contours that have been corrected for breathing motion and patient movement and the simulated
contours that represent the residual LV. These triangulations are stored in either Systole or Diastole
folder (depending on the chosen time-frame) in .stl format [66]. The results of the triangulation can
also be visualized on the GUI.

Functional Analysis
Compute Volume determines the volume at the selected time-frame. Each SA contour is first convert
into a binary image. The area enclosed by the contour at each SA slice is computed as the product
of the number of pixels contained within the contour (obtained from the bwarea function), the pixel
spacing in the x- direction and the pixel spacing in the y-direction. The area is then multiplied by the
sum of slice thickness and slice gap. The sum of volume obtained from all slices is considered to be
the volume of the LV at that time-frame. The volume of the original LV, simulated residual LV, the
reduction in LV volume and the scar volume are displayed on the GUI. After obtaining the volume at
both the time-frames, the original and simulated stroke volume and ejection fraction are computed
and displayed on the GUI on selecting the Compute Ejection Fraction button. The most basal
contour of the second patient is excluded from the volume computation. It represents the level of the
LV Outflow Tract and when included in the volume measurements, produced overestimations compared
to the volume measuements obtained from the MASS software.

Geometrical Analysis - Curvedness
The slice numbers corresponding to 1cm below the level of the mitral valve and the base of the papillary
muscle (selected here as 1 slice apical to the slice that displays papillary muscles) are provided as input.
The Modified Simpson’s model is constructed as a combination of a cylinder (from the most basal SA
contour to the the level of the mitral valve), a truncated cone (from the level of the mitral valve to
the base of the papillary muscles) and a cone (from the base of the papillary muscles to the apex of
the LV). The truncated cone and the cone are placed at the centre of the contour at the level of the
mitral valve. To construct the Biplane Ellipsoid model, an ellipse is fit to the contour at the level of the
mitral valve. The semi-major and semi-minor axes obtained from the regionprops function along
with half the length of the LV (determined from the number of slices, slice thickness and slice gap) are
used to construct the model using ellipsoid function. The model is placed at the center of the SA
contour at the mitral valve, but translated to the vertical center of the LV (obtained from the number
of slices). The contours at each slice level are obtained from the contour function. The geometrical
models (sampled at 64 angle points) and the simulated residual LV models are triangulated.
patchcurvature [67] is used to determine the principal curvatures at each vertex using third order
neighbourhood. The principal curvatures are used to determine the curvedness value of each vertex.
These values are normalized between 0 and 1 to produce the visualizations. The difference is computed
on the original curvedness values and is normalized for visualization.
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