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Resumen

Las enfermedades cardiovasculares se han convertido en una de las principales
causas de muerte en los ultimos anos. Para poder elaborar un diagndstico apropiado
y asi disminuir su influencia dentro de las principales causas de muerte, es nece-
sario contar con herramientas tecnolégicas capaces de proporcionar estimaciones
cuantitativas en forma confiable. Actualmente hay una gran variedad de equipos
disponibles clinicamente los cuales proporcionan descripciones cualitativas a través
de imagenes del estado de algunos érganos del cuerpo humano, incluido el corazén.
Sin embargo, la interpretacion de estas imdgenes depende en gran medida del médi-
co que elabora el estudio, lo cual ha afectado considerablemente la incorporacién
completa de estas técnicas de imagen. Dentro de las modalidades de imagen cardia-
ca disponibles esta la resonancia magnética. Este tipo de imagen tiene la ventaja
de ser una técnica no invasiva, ademas de brindar la oportunidad de estudiar al
corazon en vivo, por lo que el uso de ella esta adquiriendo cada vez mayor popula-
ridad. Debido a la uniformidad con que el miocardio se observa en la imégenes de
resonancia magnética, solo es posible obtener medidas globales de la deformacion
de éste. Es por esto que se ha creado una variante de esta forma de imagen en la
cual han logrado tener marcajes que pueden ser seguidos en el tiempo. Como dichos
marcajes se deforman en la misma medida en que lo hace el miocardio, su segui-
miento describe la cinematica de forma confiable. A estas imagenes se les nombra
de resonancia magnética marcada.

En esta tesis, se presenta un método para la modelaciéon de la cinematica del
ventriculo izquierdo basada en el andlisis de imégenes de resonancia magnética
marcada. Se presentan un estudio del problema y éste se divide en: segmentacién
del miocardio, seguimiento de los marcajes, modelacién en 3-D, y comparacién
entre sujetos. Se establece el método usado para la segmentacion del miocardio.
En el seguimiento de los marcajes se propone una nueva técnica basada en filtros
de Gabor, aprovechando la frecuencia caracteristica del patrén de marcaje. Para
realizar la modelacién se requiere combinar la deformacién obtenida de los planos
de imagen, por lo que es necesario que éstos estén alineados entre si. En esta tesis
se presenta un método para corregir problemas de desplazamiento entre planos
basado en la informaciéon mutua normalizada a lo largo de las lineas de interseccion.
Se sugiere un procedimiento para obtener los vectores de deformacion en 3-D a
partir de la combinacién de vectores en 2-D. Ademds, se muestra una forma de
interpolacién para distribuir las deformaciones sobre el miocardio en imagenes de
eje corto. Posteriormente, ademés de los resultados de cada técnica, se exponen
un estudio estadisticos de la rotacién y torsiéon del miocardio en una poblacién
de sujetos sanos. Por ultimo, una conclusién y discusion son abordadas junto con
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algunas lineas futuras de investigacion.



Abstract

In recent years, cardiovascular illness have become one of the most frequent
causes of death. To elaborate a sound diagnosis, and hence reduce its effects,
it has become essential to have images to describe qualitatively the state of
the human organs, including the heart. However, the interpretations of these
images depends greatly on the physician skills which make it error prone and
hence reduce the reliability of these interpretations. One of the techniques
available in the area of cardiac imaging is the magnetic resonance. These
images have the advantage of being non-invasive, giving the opportunity of
studying living hearts, and hence are becoming very popular. Due to the
stability of the magnetic resonance myocardium images, it is only possible
to obtain global measures about it. On the contrary, tagged can be tracked
down in time. Since these tags deform along the myocardium, its cinematic
is equivalent to the heart one. These images are called tagged magnetic
resonance images. In this thesis, we develop a method to model the left ven-
triculus cinematics based on tagged magnetic resonance image analysis. Our
study includes: segmentation of the myocardium, tracking of the tags, 3-D
modeling, and patients comparison. We describe in detail the method used
to segment the myocardium. Also, we propose a novel technique to track the
tags using Gabor filters using the tag pattern characteristic frequency. Our
method to model the myocardium requires to estimate the deformation in
the image planes, thus it is necessary to align them. Our study includes a
method to solve the plane shift problem based on normalized mutual infor-
mation along the intersection lines. We suggest a procedure to obtain the
deformation vectors in 3-D from their combination in 2-D. Indeed, we de-
velop and interpolation procedure to distribute the deformation on the short
axis images. Later on, we show the results and the statistical studies for
the myocardium rotation and torsion in a healthy population. Finally, we
conclude discussing future lines of research



Capitulo 1

Introduccion

Durante los ultimos anos las enfermedades cardiacas se han convertido en una de
las principales causas de muerte en todo el mundo. De acuerdo con la Organizacién
Mundial de Salud (OMS), las enfermedades del corazén representaron el 30 % de las
muertes en 2005 en todo el planeta[l]. Este dato las ubica como la principal causa
de muerte dentro de las enfermedades no contagiosas, lo cual es de especial tras-
cendencia tomando en cuenta que varias de estas tltimas se encuentran erradicadas
en muchos paises. En México, de acuerdo con el Instituto Nacional de Estadistica
Geografia e Informatica (INEGI), las enfermedades cardiovasculares fueron la pri-
mera causa de muerte en personas mayores de 65 anos y la tercera en personas de
30 a 64 afios de 1994 a 2004[2].

El corazén humano puede ser considerado como un organo muscular el cual
bombea sangre oxigenada hacia el sistema circulatorio encargado de distribuirla por
todo el cuerpo humano. Este proceso se realiza en coordinacién con los pulmones
quienes se encargan de oxigenar la sangre. De tal forma que mediante contracciones
del musculo cardiaco el corazoén realiza su funcién. Dos de sus principales partes son
el ventriculo izquierdo y el ventriculo derecho. Ambos realizan la tarea principal
complementandose entre ellos. Por un lado el ventriculo derecho bombea sangre
proveniente del sistema circulatorio hacia los pulmones para ser oxigenada. Por
otro lado el ventriculo izquierdo es el responsable de bombear la sangre proveniente
de los pulmones hacia el sistema circulatorio. El lapso de tiempo cuando ambos
ventriculos pasan de maxima contraccién a relajacién completa es llamado didstole.
Por el contrario, el tiempo entre relajacién y maxima contracciéon se le nombra
sistole.

Debido a que numerosas enfermedades cardiacas estan relacionadas con disfun-
ciones del ventriculo izquierdo, el andlisis de su funcionamiento es de vital importan-
cia para elaborar un diagnéstico apropiado. Como ejemplo se puede citar la isquemia
del tejido miocardico. En este caso, el funcionamiento del ventriculo izquierdo pierde
sincronia debido a la atrofia de un segmento de la pared del miocardio ocasionando
una disminucién en la presion necesaria para la correcta irrigacion de la sangre a
través del sistema circulatorio.

Actualmente existen varias técnicas de imagen médica capaces de proporcionar
una descripcion visual de la anatomia y funcionamiento del corazén y sus partes.
Estas técnicas van desde ecocardiogramas hasta diferentes tipos de tomografias. To-
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10 CAPITULO 1. INTRODUCCION

das tienen sus ventajas y desventajas y muchas de ellas se complementan o son més
usadas para diagnosticar enfermedades especificas. Dentro de las técnicas de tomo-
graffa, las imdgenes de Resonancia Magnética (MRI) sugieren una alternativa para
estudiar el comportamiento global del ventriculo izquierdo. Esta modalidad esta ba-
sada en la produccién de imagenes internas con caracteristicas fisicas y quimicas
de un objeto con senales de resonancia magnética. Empleando campos magnéticos
altos y ondas de radio, el equipo de resonancia colecta y relaciona reflexiones cau-
sadas por los dtomos del cuerpo para formar las imagenes. Es por esto que esta
técnica ofrece imagenes relativamente definidas permitiendo a los médicos observar
estructuras internas del cuerpo con gran detalle.

Para poder estudiar la deformacién global del ventriculo izquierdo las imagenes
de resonancia magnética representan una opcién confiable y viable. En una sesion
tipica de captura de imagenes, una serie de vistas de eje corto y eje largo son adqui-
ridas. Si se considera al ventriculo como un cilindro, las vistas de eje corto son cortes
radiales donde el misculo cardiaco se observa como un anillo. Por el contrario, las
vistas de eje largo son cortes adquiridos sobre el eje central del ventriculo donde éste
puede observarse de base a dpex. De esta forma es posible combinar la informacion
geométrica y de deformacién de ambas vistas dado que son complementarias.

A pesar de que las imagenes de resonancia magnética permiten la obtencién de
pardmetros globales de deformacion, la uniformidad con que el tejido del miocardio
se observa limita su capacidad para saber que pasa dentro de éste. Esta propiedad
de la técnica limita su capacidad para obtener un desplazamiento denso a través de
la estimacion del flujo 6ptico. Para ofrecer una solucién a este problema se ha crea-
do una variante a esta modalidad de imagen, la resonancia magnética marcada. En
esta técnica se generan perturbaciones magnéticas en el tejido tal que éstas puedan
ser visibles produciendo varios puntos de referencia. Este patron de puntos marcan
el tejido mediante la suma de una senal de radio frecuencia en la magnetizacién de
éste para producir un numero de planos de saturacién. Este proceso es realizado
en dos fases de adquisicion. Una para producir un patrén espacialmente modulado
en la fase de la magnetizacion, y la otra para adquirirlo durante un ciclo cardiaco.
A este proceso se le llama Modulacién Espacial de Magnetizaciéon (SPAMM). Para
generar un punto de referencia en el tiempo, el arreglo de marcajes es sincronizado
con el electrocardiograma para inicializarlo al principio de la sistole cuando la re-
lajacion del ventriculo es maxima. Conforme éste se va contrayendo, los marcajes
van deformandose de acuerdo a como lo hace el miocardio. Finalmente cuando la
didstole ocurre, los marcajes van siendo restaurados a su forma original. Ejemplos
de imdgenes de resonancia marcada se muestran en la figura 1.1.

Una de las limitaciones de esta variacion a la resonancia magnética es la gradual
desaparicion de los marcajes. Esto ocurre debido a la relajacion del tejido a través
del tiempo, por lo que al final de ciclo cardiaco los marcajes practicamente han
desaparecido. Para tratar de contrarrestar este fenémeno, se ha creado la Modu-
lacién Espacial de Magnetizacion Complementaria (C-SPAMM). En esta variante,
dos imagenes marcadas mediante SPAMM son creadas con un desfase de 180° y
restadas entre si. Sin embargo, la principal desventaja de esta modificacion es el
tiempo de adquisicién que tipicamente es de 18 segundos, lo cual requiere que el
paciente aguante la respiraciéon mientras se realiza el estudio. Este inconveniente li-
mita el uso de C-SPAAM dado que el esfuerzo para soportar la respiracién durante
este tiempo es considerable. Para una mayor descripcién de los principios clinicos,
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(a) (b)

Figura 1.1: Imégenes de resonancia magnética y su representaciéon en resonancia
marcada. (a) Imdgenes de eje largo en el final de la sistole. (b) Imégenes basales de
eje corto en el final de la sistole.

vease el apéndice A.

Para fines de esta tesis, se han empleado imédgenes SPAMM para el andlisis
de la cinemaética del ventriculo izquierdo. El equipo de adquisicién de resonancia
magnética usado es un Siemens Avanto de 1.5 Teslas el cual se encuentra en el
Hospital de la Creu Blanca en Barcelona Espana. Las imagenes son proporcionadas
por los cardidlogos Francesc Carreras Costa y Sandra Pujadas Olano del Hospital
de la Santa Creu i Sant Pau y del Hospital de la Creu Blanca respectivamente.

En esta tesis, la cinematica del ventriculo izquierdo es analizada basandonos en
imagenes de resonancia magnética marcada. A partir de un conjunto de imagenes de
eje corto y de eje largo, las deformaciones en 3-D son inferidas. El flujo 6ptico para
cada pixel en los planos de imagen es calculado. Posteriormente, estos planos son
alineados para que concuerden entre ellos en el espacio 3-D. Después, los vectores de
desplazamiento calculados para los puntos de interseccion entre planos son combi-
nados para obtener las deformaciones en 3-D en ellos. Finalmente, esta informacion
es distribuida en las vistas de eje corto para completar las deformaciones obtenidas
sobre ellas. Adicionalmente, la rotacién y torsién del ventriculo izquierdo son exa-
minadas para proporcionar una potencial herramienta médica. Un estudio de las
técnicas existentes para el analisis de imédgenes de resonancia magnética marcada
es desarrollado en el apéndice B.
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Capitulo 2

Materiales y Métodos

El analisis de las imagenes de resonancia magnética marcada puede ser dividido
en los siguientes pasos[3]:

= Preparacion de imagenes

= Segmentacién del miocardio

= Seguimiento de los marcajes

= Reconstruccion de la deformacién en 3-D

= Comparacién entre sujetos y generacién de un modelo estadistico

La preparacion de imagenes consiste en realizar un preprocesamiento con el fin
de excluir ciertos errores inducidos por la técnica de adquisicién. Este paso es de
especial importancia cuando se usan los niveles de gris en el analisis. La falta de una
escala de grises estandarizada y la variacién del fondo de las imagenes son algunos
de los problemas que deben corregirse. Sin embargo, la solucién que se presenta
aqui esta basada en una caracterizacién espectral de las imédgenes lo cual disminuye
considerablemente estos errores. Ademds de esta ventaja, debido a las caracteristi-
cas técnicas del equipo de resonancia las imagenes presentan un fondo uniforme
alrededor del corazén. Es por esto que se ha suprimido este preprocesamiento en el
método presentado en esta tesis.

Para la segmentacion del miocardio se ha designado usar las imagenes de re-
sonancia convencional o CINE. A causa de la ausencia de los marcajes en estas
imégenes el ventriculo izquierdo es mas facil de segmentar. Debido a que las secuen-
cias que se obtienen del equipo comercial contienen informacién espacial en formato
DICOM (Digital Imaging and Communication in Medicine), es posible establecer
correspondencias geométricas entre una imagen CINE y una marcada. Por lo tan-
to, al disenarse un protocolo de adquisicién en el cual para las vistas marcadas se
obtenga sus correspondientes en CINE, una segmentacién hecha en esta modalidad
puede llevarse a las imagenes marcadas. De esta forma se toma ventaja de ambas
modalidades para obtener resultados mas acertados.

En la segmentacion de las imagenes de eje corto se ha usado el método desa-
rrollado por Garcia et al.[4]. En esta solucién el miocardio es inicializado mediante
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14 CAPITULO 2. MATERIALES Y METODOS

Figura 2.1: Segmentacion del ventriculo izquierdo para vistas de eje corto de acuerdo
a la American Heart Association (AHA) AN - Anterior. AL - Anterolateral. IL -
Inferolateral. IN - Inferior. IS - Inferoseptal. AS - Anteroseptal.

una serie de puntos localizados manualmente los cuales describen al miocardio en
seis regiones: anterior, anteroseptal, inferoseptal, inferior e inferolateral, de acuerdo
a la American Heart Association[5]. Dichas regiones se muestran en la figura 2.1.
Mediante estos puntos la forma del miocardio es alterada de acuerdo a un mapa
de deformaciones calculado a través del seguimiento de los marcajes. Sin embar-
go, deformar esta forma con base unicamente en esta informacién puede conducir
a segmentaciones no validas debido a errores en el seguimiento. Para resolver este
problema se emplean los modelos de forma activa (ASM).

En ASM una forma puede ser representada mediante un conjunto de puntos los
cuales la describen. Para nuestro caso tenemos 6 regiones ddandonos 6 puntos en el
epicardio y 6 en el endocardio. Para completar la forma, los puntos intermedios entre
regiones pueden ser obtenidos mediante splines o snakes, donde estos segmentos son
interpolados a un polinomio de un orden determinado[6].

Una vez las curvas han sido definidas, se crea un modelo estadistico capaz de
corregir errores en ellas y adaptarlas a unas plausibles. Aunque la creacién de una
base de formas plausibles parece ser una tarea viable para ser hecha automatica-
mente, en general esta base se crea manualmente para garantizar la mayor certeza
posible. Teniendo este conjunto de entrenamiento, se hace un anélisis de componen-
tes principales para reducir la dimensionalidad de las formas y tener un rango de
ellas creible. Por tanto, una correccién en la deformacin puede hacerse con base en el
rango obtenido. Una explicaciéon més detallada de esta segmentacion es presentada
en el apéndice C.

Habiendo estimado la segmentacién, se realiza el seguimiento de los marcajes.
Dentro de las métodos propuestos para resolver el problema estdn los que se basan
en la extraccion de los marcajes y su seguimiento. Una vez deformados, la informa-
cién de desplazamiento obtenida se distribuye en el area del miocardio. Uno de los
principales problemas de esta manera de atacar el problema es el desvanecimiento
de los marcajes ocasionado por la relajacion del tejido a través del tiempo. Para
disminuir este problema, uno de los procedimientos mayormente aceptados es me-
diante la obtencién de imédgenes de dngulo. A través del uso de la técnica de fase



15

arménica (HARP) es posible obtener esta caracterizacién[7]. Debido a la frecuencia
de los marcajes, el espectro comin de una imagen de resonancia magnética marcada
muestra una serie de picos armonicos centrados en multiplos enteros de la frecuencia
de estos. Por lo que una imagen marcada puede verse como una senal modulada
en esta frecuencia. De tal forma que en HARP se propone extraer el primer pico
arménico y filtrarlo inicamente en un lado del espectro de la imagen generando un
repuesta compleja. Al obtener la fase de la salida, se puede establecer ésta como una
propiedad material de cada punto en la respuesta. Por lo que, mientras los marca-
jes sean capaces de generar picos armonico, el seguimiento de la fase es robusto. La
principal ventaja de esta caracterizacion es la posibilidad de calcular el flujo éptico
para cada pixel de la imagen.

A pesar de las mejoras incorporadas por HARP, la naturaleza de esta técnica es
global. Cuando los marcajes no han sido deformados la deteccién de ellos es trivial
dado que el contenido de frecuencias en toda la imagen es en general el mismo.
Sin embargo, conforme los marcajes se van deformando el contenido va variando en
forma local por lo que éste tiene diferente distribucién en distintas regiones. Debido
a que la extracciéon del primer armoénico asume una frecuencia predominante en
toda la imagen, en muchas ocasiones pierde deformaciones locales. Para mejorar
este problema, en esta tesis hemos aplicado un banco de filtros de Gabor para
realizar esta caracterizacion.

Un filtro de Gabor puede considerarse como una envolvente Gausiana modulada
por una senoidal compleja. El espectro de Fourier de éste resulta ser igualmente
una Gausiana pero con desviaciones estandar invertidas y centrada en la frecuencia
de la senoidal. Debido a que el filtro es una funcién compleja su espectro no es
simétrico respecto a la frecuencia cero, lo cual produce un resultado similar que con
HARP. Sin embargo, al aplicar varios filtros se puede saber cual se adapta mejor
por zonas en la imagen mediante la magnitud de la respuesta. Por lo que para
mejorar su adaptacion, se localiza el primer pico armdnico, se genera un rango de
filtros alrededor de esta frecuencia y se aplica cada uno a la imagen. La imagen
final se forma extrayendo la maxima magnitud por pixel de las distintas respuestas.
Mediante este analisis se logra una mejor descripcién del contenido de frecuencias de
los marcajes por regién. Como el resultado de la combinacién de filtros es también
una imagen compleja, se puede extraer su fase y formar una imagen de angulo mas
acertada que con HARP.

Una vez que se tienen imégenes de angulo capaces de permanecer constantes a
través de la secuencia, se aplica un algoritmo de seguimiento para obtener el flujo
oOptico para cada punto del miocardio. Para este caso, se aplica una adaptacién
del método de Newton-Raphson para la obtencién ceros de una funcién. En este
problema se asume que el valor de fase se mantiene constante por lo que se busca
el punto en el cual esto se cumple alrededor de su posicién original en la siguiente
imagen de la secuencia permitiendo resolucién subpixel en la busqueda[7]. En la
figura 2.2 se muestra un ejemplo del flujo 6ptico obtenido. Para una explicaciéon
mas detallada del seguimiento de los marcajes véase el apéndice D.

Para el analisis de las imédgenes de eje largo se realiza el mismo proceso que en eje
corto. Sin embargo, la segmentacién del ventriculo no se lleva a cabo. Esto es debido
a que, para fines de esta tesis, estas imagenes se usan Unicamente para completar
la deformacién en 3-D del ventriculo y no se extraen pardmetros especificos de
ellas. Como es posible encontrar las intersecciones entre un conjunto de imagenes
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Figura 2.2: Ejemplo de deformaciones obtenidas mediante el flujo éptico en las
imégenes de dngulo. (a) Vectores de deformacién calculados. (b) Regién selecciona-
da.

de eje corto y otro de eje largo, la segmentacién realizada en uno de ellos puede
ser reflejada en el otro para los puntos de interseccién. Por otro lado, en eje largo
la regién del apex resulta dificil de segmentar ademéas de que tedricamente en este
punto del ventriculo su grosor es muy pequeno.

Una vez que los mapas de deformacién han sido obtenidos, para reconstruir la
deformacién en 3-D es necesario correlacionar la informacién de los planos de eje
corto con los de eje largo. Para poder realizar esta reconstrucciéon es necesario asumir
que las secuencias de imagenes han sido tomadas en el mismo lapso de tiempo. No
obstante, lo que ocurre a la practica es que las secuencias son adquiridas una a una y
en diferentes tiempos. Para realizar la captura, se le pide al paciente que aguante la
respiracién mientras la secuencia es gravada. Un problema tipico es que la posicién
del ventriculo no es la misma en todas la secuencias a causa de movimientos del
paciente o desplazamientos inducidos por su respiracién[8]. Para solucionar este
problema de registracion, en esta tesis se presenta un método basado en el uso de
la Informacién Mutua Normalizada (NMI)[9]. En la figura 2.3 se muestran algunos
ejemplos de las intersecciones entre planos de eje corto y largo.

En el método presentado en esta tesis, se calculan las lineas de interseccién entre
los planos de todas la capturas usando la informacién DICOM. A estos planos se
les asocia la primera imagen de las secuencias CINE y se establece un rango de
valores a partir de una regién de interés seleccionada manualmente. Posteriormente
se extraen los niveles de grises a lo largo de estas lineas formando parejas de valores
entre planos. Si hay una buena correspondencia entre ellos, estos valores tenderan
a ser iguales. La comparacion de estos niveles se ha hecho usando la Informacién
Mutua Normalizada la cual permite variaciones en contraste o falta de uniformidad
en el fondo.

Una vez establecida una medida de adaptacién entre planos, se ha empleado un
método de optimizacion para maximizarla. Para esto, el espacio de bisqueda se ha
establecido igual al niimero de planos menos uno multiplicado por tres. Esto sale de
que cada plano es trasladado libremente en 3-D. El método de optimizacién usado
es una versién particular del gradiente descendente desarrollada en [10]. De esta
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Figura 2.3: Ejemplos de intersecciones entre planos en una sesiéon de imagen tipica.
(a) Intersecciones entre una vista de eje largo y tres de eje corto. (b) Otra vista de
eje largo donde los dos ventriculos pueden observarse con tres vistas de eje corto.

forma los planos son ajustados para obtener una buena correspondencia entre ellos
y poder lograr una acertada descripciéon de la anatomia del ventriculo izquierdo.
Este método es detallado méas profundamente en el apéndice E.

Habiendo ajustado las vistas disponibles, la obtencién de las deformaciones com-
pletas puede realizarse con mayor certeza. A lo largo de las lineas de interseccion
entre los planos hay desplazamientos obtenidos del seguimiento de las fases. En esta
tesis, las deformaciones en 3-D son calculadas a partir de la combinacién de los vec-
tores sobre cada plano. Teniendo la informacién completa de deformacion en estas
intersecciones, el resto de los desplazamientos sobre los planos de eje corto es in-
terpolado para la componente ortogonal a los marcajes. Este método permite tener
mapas de deformacién para las segmentaciones del miocardio en vistas de eje corto.
Debido a la naturaleza de las deformaciones cerca del apex y a la probabilidad de
error en la interpolacion en esta region, los desplazamientos en las vistas de eje largo
no han sido completados. Los detalles técnicos de este técnica son desarrollados en
el apéndice F.
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Capitulo 3

Resultados

Para validar las mejoras del método de seguimiento de los marcajes expuesto
en esta tesis, se ha elaborado una comparaciéon basada en la correlacién entre las
imégenes deformadas de acuerdo al mapa de desplazamiento obtenido. La técnica
de alineacién desarrollada ha sido validada mediante movimientos inducidos en for-
ma aleatoria a los planos. En general, este método mejora considerablemente las
deformaciones obtenidas en 3-D. Esto es porque las correspondencias entre planos
resultan ser mas acertadas. En la figura 3.1 se muestra un ejemplo de los vectores
en 3-D calculados para las vistas de eje corto.

Para crear una herramienta robusta y que pueda usarse en los ambientes clini-
cos, es necesario realizar un modelo estadistico que refleje un comportamiento es-
table entre sujetos sanos como primer paso. En esta tesis, se analiza la rotacién
del ventriculo izquierdo en distintas latitudes desde la base hasta el dpex. Este
parametro ha sido definido como el cambio de dangulo de una imagen a otra en la
misma secuencia obtenido de representar las deformaciones en forma polar respecto
al centro del miocardio[4]. De esta manera, ha sido estudiada la relacién de este
parametro con la latitud de la vista de eje corto en el ventriculo. Adicionalmente,
la torsién, definida como la diferencia de rotaciones entre la base y el dpex, ha si-
do estudiada. Para analizar los esquemas de validacién y los resultados numeéricos,

Figura 3.1: Vectores de deformacion calculados para el ventriculo izquierdo en 3-D.
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véase el apéndice G.



Capitulo 4

Conclusion y Discusion

Una nueva técnica para caracterizar las imagenes de resonancia magnética mar-
cada ha sido descrita en esta tesis, la cual es capaz de manejar el problema del
desvanecimiento de los marcajes. Un método certero para alinear las vistas de eje
corto y eje largo entre si ha sido presentado, el cual ha sido capaz de eliminar des-
plazamientos provocados por el movimiento del paciento o su respiracién. Mediante
el estudio del comportamiento de la medida de alineamiento y los vectores de inter-
seccién, se ha detectado que hay mas de una solucién al problema, lo cual pone a
prueba el método de optimizacién usado.

Un método para reconstruir las deformaciones en 3-D libre de asunciones ha
sido disenado, el cual estd basado en los puntos de intersecciéon entre los planos de
eje corto y los de eje largo. Ademds un algoritmo para combinar los vectores de
deformacion en 2-D de cada uno de los planos ha sido detallado. Se ha presentado
una manera de interpolacién para distribuir las deformaciones obtenidas en las lineas
de interseccién sobre todo el drea del miocardio en vistas de eje corto.

Por 1ltimo, la rotaciéon del miocardio y la torsién del ventriculo izquierdo han si-
do estudiadas. Se ha presentado un andlisis estadistico sobre un conjunto de sujetos
sanos. Esto se ha hecho con le fin de introducir estos parametros en el diagndstico
clinico. Para esto el primer paso es crear una linea base fundamentada estadistica-
mente. Posteriormente, la comparacién entre esta base de sanos y alguna patologia
debe ser estudiada para poder presentar una herramienta médica ampliamente acep-
tada. Para una descripcién maés detallada de estos puntos y las posibles lineas de
investigacion futura véase el apéndice G.
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Apéndice A

Clinical Background

A.1. Cardiac Diseases: An Important Cause of Death

In recent years, the treatment of cardiac diseases have become an extremely
relevant issue. According to the World Health Organization (WHO), among the
non communicable diseases, cardiovascular deficiencies were the leading cause of
death responsible for 30 % of all defunctions around the world in 2005 (about 17,5
millions). These were followed by cancer and chronic respiratory diseases[1]. In figure
A.1 this distribution is shown.

In Mexico, ischemic heart diseases represented the 5% of the total number of
deaths in 2002, just after diabetes mellitus which was the first cause[1]. It denoted
52 thousands of people for a single year. In table A.1 the main causes are listed. Mo-
reover, according to the National Institute of Informatics Geographic and Statistics
(INEGI) cardiovascular diseases were the first cause of death in people over 65 and
the third cause in people from 30 to 64 years old from 1994 to 2004[2]. Therefore,
the importance of creating reliable tools to asses cardiac diagnosis has become a
priority.

There are several cardiac diseases which are related with myocardial dysfunc-
tions such as ischemia, coronary artery diseases (CAD) and acute infraction among
others[11]. These are consequences of an asynchronous ventricular motion along the
cardiac muscle. Then, the reliable estimation of the heart motion is a powerful tool
to detect abnormal patterns in order to emit an accurate diagnosis and design an
efficient treatment.

A.2. Heart Structure and Function

The human heart can be considered as a muscular pump. While most of the
hollow organs of the body have muscular layers, the heart is almost entirely muscle.
It functions by contractions causing the muscle cells to shorten during the cardiac
cycle. The muscle is composed of intercalated disks which are connections between
two adjacent cardiac cells. These disks help the cells to contract rapidly as a unit.
It is important for the heart to function properly since this muscle can also contract
more powerfully when it is stretched slightly. Additionally, when the ventricles are
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Figura A.1: Main causes of death for 2005 around the world. The total number of
deaths was 58 million, where non communicable diseases were estimated to account
for 35 million. 16 million of these occurred in people aged under 70[1].

Cuadro A.1: Major causes of death for all ages in Mexico during 2002. From the
WorldOrganization of Health [1].

Deaths in thousands

Causes Number %
All Causes 469 100
Diabetes Mellitus 55 12
Ischaemic Heart Disease 26 6
Cerebrovascular Disease 26 6
Perinatal Conditions 26 6
Cirrhosis of the Liver 24 5
Chronic Obstructive Pulmonary Diseases 16 4
Lower Respiratory Infections 15 3
Congenital Anomalies 12 3
Road Traffic Accidents 12 3
Hypertensive Heart Disease 10 2
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Figura A.2: Schematic heart anatomy[15].

filled, they are stretched beyond their normal resting capacity. Consequently, a more
powerful contraction is achieved ensuring that the maximum amount of blood can
be forced from the ventricles to the arteries during each beat[12, 13].

Anatomically, the heart is composed of four chambers, two atria and two ven-
tricles. The atria are responsible for receiving blood from the veins leading to the
heart. When they contract, the blood is pumped into the ventricles. Then, the heart
receives deoxygenated blood from the upper body via the superior vena cava, and
from the lower body via the inferior vena cava. These two veins join together to
return the deoxygenated blood to the right atrium. The right atrium is separated
from the right ventricle by an atrioventricular valve, also known as the tricuspid
valve, which ensures that the blood only flows in one direction. Next, the blood from
the right ventricle is sent into the lungs where it is oxygenated. Once the blood is
purified, it returns to the left atrium through the left atrioventricular valve, also
called as mitral valve or bicuspid valve, and then into the left ventricle. Finally, the
blood from this is returned to the systemic circulation via the aorta, the largest
artery of the body[14]. This process is called a cardiac cycle since it is repeated
periodically. Respect to the left ventricle, the region after the mitral valve and the
aortic valve is named as base or basal section. The opposite side of the base along
the long axis of the ventricle is named as apex or apical section. Figure A.2 depicts
the heart anatomy.

The pressures associated with the filling and emptying of the cardiac ventricles
are referred to as diastole and systole. Diastole is the pressure measured in the
arterial system when the ventricles are relaxed and filled with blood. Systole is the
pressure associated with ventricular contraction, when the blood is being pushed
into the systemic and pulmonary circulations. The heart can vary the speed of its
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Figura A.3: From left to right and from top to bottom the cardiac cycle. In the top
the diastole period is shown while in the bottom the systole is illustrated.

contractions based on feedback received from the body and the brain. When the
body requires more oxygen, such as during exercise or when frightened, the heart
increases its rate of contraction. When the heart is noticed that more oxygen is
needed, it begins beating faster and increases the heart rate[14]. In figure A.3 the
heart function is drawn.

A.3. Cardiac Measurement Tools

The left ventricular function has been demonstrated to be highly associated
with ischemic diseases[11]. The myocardium is of especial interest for physicians
since it constitutes the wall muscle of the left ventricle. Then, a detailed description
of the complex myocardial function useful for diagnosis can not be observed easily.
Common imaging tools, such as cardiac ultrasound and angiography are unable to
extract more specific motion information than just the heart boundary deformation.

Within tomographic imaging techniques, Magnetic Resonance Imaging (MRI)
suggests an alternative imaging modality to estimate cardiac motion since it can
measure the global parameters of the cardiac motion. This technique is based on
producing images of internal physical and chemical characteristics from an object
with nuclear magnetic resonance signals. Using strong magnetic fields and radio
waves, MRI collects and correlates deflections caused by atoms into images[16].
Thus, MRI offers relatively sharp pictures that allow physicians to see internal
bodily structures with great detail. In order to appreciate the heart anatomy and
motion, two general angle views have been established. A long axis view is said to
be an image perspective where the left ventricle is observed along its longest axis.
In contrast, a short axis view is said to be an image perspective where the left
ventricle is appreciated radially. Here, its orientation is orthogonal to the longest
axis of the ventricle. In addition, the short axis views are identified depending on



A.3. CARDIAC MEASUREMENT TOOLS 27

Septum

Aortic valve

Right atriu
Interatris] septum_4

papills pillary
muscle muscle

Figura A.4: Examples of MR images compared with the a schematic anatomical
explanation. On the top a long axis of the left ventricle is shown. On the bottom a
middle short axis of the left ventricle is illustrated. Schematic images obtained from
[17].

the long axis region (i.e. basal, middle, or apical). Examples of two MR images and
their schematic relations are illustrated in figure A.4.

However, MRI does not posses reliable landmarks to follow a specific type of
tissue, therefore local measures within the tissue can not be achieved. This lack
of landmarks undermines the estimation of local motion such as rotation and me-
chanical strain in the cardiac tissue. To create a reliable type of marking in these
images, Tagged Magnetic Resonance was created. Here, some magnetic perturba-
tions in the magnetized material (the heart wall) are created such that these can
be visible. These patterns are generated by adding Radio Frequency (RF) signals
to the magnetization of the material in order to produce a few saturated planes
in the heart wall. Then the Tagged MR images are generated from 2 acquisition
phases, one to produce a spatiality modulated phase pattern of magnetization in
the heart wall, and other to acquire this pattern in one cardiac cycle. This process
is called Spatial Modulation of Magnetization (SPAMM)[18, 3, 19]. The pattern
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Figura A.5: MR images and their corresponding tagged version. (a) Long axis view
at the beginning of the systole. (b) Same perspective at the end of the systole. (c)
Basal short axis view at the starting of the systole. (d) Same view at the end of the
systole.

created is synchronized with the electrocardiogram to initialize the tagging marks
at the beginning of the systole when the contraction of the ventricle is the least. As
the systole occurs, the myocardium contracts, and the tagging marks are deformed
based on this contraction. Finally, when the diastole happens, these marks are res-
tored to their original form. In figure A.5 a short axis and a long axis images are
shown. Here, the MR images are compared with the tagged ones. It can be observed
how it is not possible to estimate the motion within the myocardial tissue in the
MR images. On the other hand, this motion is described with more detail by the
tag deformations.

One weakness of these tagging marks is the tag fading due to the muscle re-
laxation. Here, the tags tend to blur along the time such that, at the end of the
cardiac cycle these practically have disappeared. To minimize this fading effect the
complementary SPAMM, or C-SPAMM, is applied. In this technique two tagged
images with SPAMM patterns that are 180° out of phase with each other are sub-
tracted. However, the main disadvantage of this improvement is the acquisition
time. It typically takes around 18 seconds to performed the tagging and capture all
the sequence for one cardiac cycle. As a result, the acquisition of one cycle several
times is done. It suggests that some of the images could be misaligned because of
the patient respiration and movement[3].



Apéndice B
Previous Work

Since the development of tagged Magnetic Resonance (MR) images [19, 18],
many imaging techniques has been proposed to estimate cardiac dynamics and mo-
tion. Before this advance in radiology, it was not possible to compute cardiac motion
reliably as the myocardium is a highly uniform tissue in conventional MR images
(CINE images). Unfortunately, due to the time needed by most of the available
approaches, tagged MRI has not become clinically viable. However, in recent years,
many improvements have been done in the speed of the imaging sessions, analysis
process, and the accuracy of the systems has been ameliorated significantly. Some
examples of conventional CINE images and tagged MR images are shown in figure
B.1.

The analysis of tagged MR images allows the measurement of global and regional
cardiac functions due to the tagging improvement over the CINE images. According
to Axel et al.[3], this analysis can be divided in five steps:

= Image Preparation

= Boundary Surface Extraction
= Tag Tracking

= 3D Motion Reconstruction

= Intersubject Comparison and Statistical Model Formation

Image preparation step consists basically in removing image artifacts and stan-
dardizing the gray level of the images. It is necessary when gray levels are used
directly to performed tracking or to ease the boundary surface extraction step. In
this step, the myocardium mass is segmented by delineating the epicardium and en-
docardium, and performing the extraction of the ventricular boundary. Some global
function measures, such as ventricular mass, stroke volume, cardiac output, among
others, can be extracted from tagged cardiac MR images through the obtention of
boundary surfaces of the left ventricle. These measures are comparable to those
from CINE images[20]. In addition, both type of images can be correlated making
possible to perform a good segmentation in CINE MR images and apply it to tagged
MR images. By doing it, we can take advantages of both sequences.

29
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Figura B.1: Example CINE and tagged MR images. (a) CINE images of the left
ventricle in a short axis (SA) view at the starting of the systole and at the end
systole. (b) CINE images of the left ventricle in a long axis (LA) view at the starting
of the systole and at the end systole. (¢)-(d) The corresponding tagged MR, images
of (a) and (d) respectively.

The performed segmentation can be useful in the determination of some of the
local functional measures, such as wall surface curvature and thickening[21]. It has
been used to ease the tag line tracking and 3D motion reconstruction[22, 23]. By
tracking the motion of the tag lines within images of the heart wall, deformation
maps can be built [24, 25, 26, 7]. Some of the proposed approaches are based on
the tags extraction and the propagation of the their deformation to obtain dense
displacement fields[27]. Some others are based on a physic model of the tagging
process to estimate a dense displacement map using optical flow techniques|7, 28,
29, 30].

Given a 2D dense deformation field obtained from a number of single short axis
(SA) and long axis (LA) planes, and their orientation, a full 3D deformation field can
be reconstructed, which more fully characterize the motion of the myocardium[22,
31, 32, 33, 34]. However, only a number of planes can be obtained yielding some
gaps between planes. Thus an interpolation should be performed in a certain way
and, due to the complex motion of the heart, it represents a challenging task. On the
other hand, some researchers have suggested to fit a model to the available data and
deform it based on the 2D motion measurements and a smoothness constraint[32,
35, 36, 37].

Intersubject comparisons, which consist in obtaining motion parameters inva-
riant through subjects, should be computed to create a baseline to assist the cardio-
logists in diagnosis. Some comparisons have already been performed with statistical
models of regional contractility[3] enabling the generation of clinical results. In fact,
due to the lack of a reliable validation technique, this practice is usual in many ap-
proaches. The correlation among deformation parameters, between healthy people
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(a) (b)

Figura B.2: Example of background intensity variation problem in a cardiac tag-
ged MR image. (a) MR image with a problem in the variation of the background
intensity pixels. (b) Background intensity distribution. Images taken from [24].

and with some kind of pathology is explored in some medical articles[38]. However,
because of a variety of discrepancies in the way of getting these parameters, and
the processing time of many approaches which could be hours, the integration of
the tagged MR imaging as a clinical practice has been delayed.

In this chapter, the steps in which the problem is divided are explored. Certain
advantages and disadvantages of the tendencies to solve the problem are discussed.
Additionally, representative results from these approaches are shown.

B.1. Image Preparation

Image preparation process typically includes three steps: suppression of back-
ground intensity variation due to non-uniform RF fields, suppression of thermal
noise, and normalization of image intensities which vary from subject to subject[3].
In general, these problems are caused because the nature of MR imaging process
itself provokes undesired artifacts'. Although some scientists have treated the pro-
blem of suppressing background intensity variation in MR images and thermal
noise[39, 40, 41], this problem has received less attention. It is mainly because,
due to the high variation of grey levels in MR images, the proposed approaches
to find myocardial deformation are usually based on more reliable image features,
such as frequency distribution. In any case, there are image artifacts that should be
corrected. Figure B.2 shows an example of a tagged MR image with this problem.

The lack of an absolute scale for MR image intensities causes the variation of
nominal intensity for a given tissue among different subjects. Although this problem
has been treated in brain MR images[42], this variations are less critical in cardiac
tagged MR images. Essentially, it is because the intersubject comparison are done
based on motion estimates, and the boundary extraction techniques usually per-
formed some kind of normalization. Nonetheless, Montillo et al.[41] have applied a

1For a detailed description of the physics and process of MR imaging and its artifacts including
thermal noise, and non-uniformed RF fields, consult [16].
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method of normalization previously applied on brain MR images.

Because of improvements in MR imaging techniques and MR scanners, this
problem is becoming less important. Even though some variations in background
intensities are present and thermal noise is susceptible to appear, most of the propo-
sed approaches to estimate cardiac motion do not address this problem. The work
showed in this thesis has been done using a Siemens Avanto magnetic resonance
equipment of 1.5 Tesla. In particular, the supplied images do not show this problem.
Therefore, it has been preferred to avoid this preprocessing.

B.2. Boundary Surface Extraction

Boundary surface extraction consists in the delineation of the epicardium and
endocardium in MR images in order to segment the myocardial muscle. If a 3D
analysis is desired, this extraction should be done in the space to generate a surface
capable of isolate the left ventricle.

The extraction of the endocardial and epicardial surfaces of the heart from tag-
ged MR images is challenging for several reasons. The tag lines and the distribution
of the pixels values around the myocardium are some of the difficulties. Image ar-
tifacts and noise should be suppressed. It is recommended to remove the tag lines,
but there is evidence that given a boundary surface extraction obtained from CINE
MR images, it can be reflected in tagged MR images.

In any case, the features outlining the boundaries must be identified in order
to extract them. Additionally, the image data generally sample the volume of the
heart with some gaps and non-uniformed spacing between images planes, and due
to the complex geometry of the heart this task is particularly difficult.

Many times, it is more relevant for the physicians to estimate the motion of the
heart instead of achieving an efficient boundary extraction. Thus, many researchers
have resorted to do this task manually and focussed on the development of methods
in other aspects of the analysis[22, 23, 35]. Nevertheless, some approaches have been
proposed to solve the problem by semi-automatic methods in which a user-guide
active geometry was employed to locate the boundaries of the myocardium[43, 44].

In the same line, Garcia et al.[4] have proposed a method to delineate the epi-
cardium and endocardium of the left ventricle in short-axis tagged MR images.
Here, after placing a set of points at the beginning of the sequence, the myocar-
dium contours are completed and deformed according to the estimated motion. It
is achieved using Active Shape Models (ASM) technique, which allows us to de-
form a given model based on a set of shapes previously learned, letting a smooth
active shape capable of correct errors during the deformation[45]. Thus, a set of
possible shapes of the myocardium, segmented by cardiologist, are chosen. Then a
group of landmarks are specified establishing a point distribution model, and the
covariance matrix of this distribution is built. Having this matrix, the eigenvalues
and eigenvectors are computed, and a range of different myocardial shapes are ob-
tained. Thereafter, a Principal Component Analysis (PCA) is implemented. Figure
B.3 shows an application of the method.

The idea of ASM has already been applied to 3D models in CINE MR images[46].
As it was mentioned before, it is possible to establish a point-to-point correspon-
dence between a given tagged MR image and CINE MR image acquired at the same



B.3. TAG TRACKING 33

Figura B.3: Segmentation proposed by Garcia et al.[4]. A segmentation is initialized
by placing twelve points and automatically generating the initial shape in the CINE
image. Later the proposed shape is deformed according to the calculated motion
from the tagged MR sequence and adapted to a valid deformed shape using ASM.
(a) First initialization in the CINE sequence. (b) A mid-systole CINE image after
deforming the shape. (¢) An end-systole CINE image with the performed shape.
(d)-(f) Corresponding tagged MR images of (a)-(c).

orientation. So, even though some methods based on tagged MR images have been
developed[37, 47, 48], the segmenting problem has been more studied in CINE MR
images[46, 49, 50], due to the interest of estimating global measures such as wall
thickening and volume variation. Basically, it is proposed to start from a set of ma-
nually segmented images, and then create a volume from them. So, an automatic
generation of landmarks is achieved from a triangulation process using the marching
cubes method[51].

Even when relevant approaches have been done to solve this problem in CINE
MR images, it is still an active research area. A reliable method to pick consistent
landmarks among subjects is still a challenging problem, and a fully automated met-
hod has not arrived yet. Additionally, more research needs to be done to succesfully
mix CINE and tagged MR images.

B.3. Tag Tracking

Probably the most studied issue of the entire problem, tag tracking is actually the
essence to estimate the cardiac motion. During acquisition of MR images, tagging
planes are created in the heart in an orthogonal direction to the image plane. These
tag planes are manifested as dark bands through the myocardium. To reconstruct
the myocardial motion, the intensity heterogeneity representing the tagged planes
must be tracked through the cardiac cycle. Because the tracking is constrained to
the image plane, only limited components of the 3D myocardial motion can be
recovered from a given set of 2D image data.
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Figura B.4: Cardiac deformation estimated using a mesh of B-Splines. Here de-
formation between tags is calculated by interpolating the motion from a mesh of
B-Splines. (a) Interpolated deformation from the vertical tags. (b) Interpolated de-
formation from the horizontal tags. Results taken from [27].

The proposed methods to extract motion from tagged images are based on using
different aspects of the myocardial intensity heterogeneity, including: tracking the
dark tag bands as intensity minima, employing optical flow, or using harmonic phase
(HARP) methods. The last two methods do not explicitly track the tags, instead a
complete tracking of each pixel is performed.

The first method involves the development of a model of the time-varying inten-
sity profile of a tag line. Although some methods typically begin by having a manual
location of the tags, these can be segmented using approaches such as morpholo-
gical operations to identify dark bands in the image[25], matched filters[35, 37], or
a Gabor filter bank[24, 52]. While the latter two techniques tend to be relatively
robust with respect to tag fading, a limitation of all tag line tracking methods is
that temporal correspondences are available only for pixels along the tag lines and
not for the pixels between them. Some methods have been developed to improve this
limitation by creating a mesh based on B-Splines and estimating the deformation of
them([32, 53]. Based on this deformation, an interpolation step has been proposed
to estimate a dense displacement field[27]. It is shown in figure B.4. However, this is
susceptible to propagate errors and to introduce artifacts due to the interpolation.
A somewhat related tag tracking approach is the use of nonrigid registration to
match corresponding tagged regions[34]. Here a interpolation is achieved based on
registration.

Optical flow-based techniques try to overcome the limitation of relatively sparse
tag data and provide a spatially dense estimate of the 2D apparent motion field. The
basis for this technique is a brightness constraint equation[54]. Thus, this method
involves estimating the spatial gradient of the intensity image, using finite differences
of the intensities at neighboring pixels, and the temporal intensity derivative. It is
estimated by subtracting the intensity at a pixel from one time-frame to the next
in CINE acquisition.

Even though some methods assume the time derivative of the brightness to be
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(¢)

Figura B.5: Example of the application of HARP to obtain the Angle Images. (a) A
tagged MR image at end diastole. (b) Fourier transformed in decibels of the image.
(c) Obtained Angle Image by isolating the first horizontal harmonic peak, extracting
the inverse fourier transformed, and computing the phase value of the complex
response (black pixels represent phase values of —r and white pixels represent +).
For clarity, the myocardium has been delineated.

zero[55], i.e. a given pixel preserves its brightness value through the entire sequence,
the intensity of the myocardial pixels may actually experience significant changes
due to tag fading, through plane motion, and noise artifacts. Several strategies have
been proposed to either preprocess the images to suppress the effects of the tag
fading[56] or to model the tag fading portion of the variation based on the MR
imaging physics[54].

In Spatial Modulation of Magnetization (SPAMM) tagging pulse sequences, tags
are generated with a sinusoidal cross-sectional intensity profile. Hence, at any point
on or between tags, the tissue has both a magnetization intensity and a spatial
phase of the periodic tag magnetization pattern that are dependent on position[3].
In addition, it has been shown that a given tagged MR image can be written as a
sum of multiple complex images obtained from the isolation of a number of harmonic
peaks and filtered them[29].

Harmonic Phase (HARP) takes advantage of these features of the tagged MR
images. So, it is possible to track the phase of the tissue tagging pattern in Angle
Images, which are a representation of this phase for each pixel[7, 28]. Thus, angle
images are derived from the phase of the complex image that is computed from the
inverse Fourier transform of one of the harmonic peaks, usually the first one which
corresponds to the frequency of the sinusoidal tags. Figure B.5 illustrates how the
harmonics are present in the spectrum of the image.

In HARP processing, one spectral peak is extracted from the raw Fourier data
of the tagged MR image, and the assigned phase value is assumed to be an intrinsic
property of the tissue. For instance, this method can be viewed as an effective
optical flow in the spectral domain. However, it may not be reliable near the edges
of the heart wall due to partial volume effects, such as the through-plane effect as
it is shown in figure B.6. In addition, there are some limitations due to the essence
of the method. Although the discontinuities from —7 to 7 can be handled by an
interpolation step in the complex image instead of in the phase image, the numerical
stability is not guaranteed completely due to this wrapping. Notice that the aliasing
of the phase for shifts greater than 27 can lead to ambiguity equivalent during the
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tracking. Additionally, the global nature of this approach has demonstrated to be
insufficient in high local deformations of the myocardium|[24, 52].

Despite of the weakness of HARP, this is actually one of the most popular
methods to estimate myocardial motion from tagged MR images. Its capability to
estimate dense displacement maps in 2D short axis and long axis views of the left
ventricle has contributed significantly to find parameters of medical importance
such as ventricular torsion and rotation indices[57], which can be correlated among
healthy people and with some kind of hear disease.

B.4. 3D Motion Reconstruction

Once a method to estimate 2D deformation has been implemented and there
are 2D displacement fields, a reconstruction of the 3D information can be compiled.
While the extension from plane motion to space motion seems natural due to the
availability of orthogonal views, this issue is still an open research area.

When the motion is obtained based on one tagging direction, only one component
of the real deformation can be derived. One example is shown in figure B.2(a). When
2D tagging are performed by the MR equipment during the scanning session, two
components of the motion can be obtained. Figure B.5(a) shows an example of
2D tagging. Note that the estimated motion here is apparent since it represents a
projection of the real one. In addition, the effect of through-plane emerges through
the time. This effect occurs when the myocardium becomes thicker due to the
contraction of the left ventricle through the orthogonal axis of the image. Figure
B.6 depicts this effect.

It is possible to stack tag lines from adjacent images to form a tag sheet by
inferring the correspondences[22, 58]. So, at tag sheet intersections, all three com-
ponents of the motion can be measured. When optical flow methods are used (spa-
tial or spectral), two components of the motion can be estimated at every pixel.
However, it is not possible to measure three components of motion for any given
point from 2D tagging methods. There have been proposed methods such as slice
following[59] or SENC method[60], which may help to eliminate this limitation.

A variety of approaches have been suggested to compile 2D information into a
dense, smoothly varying, 3D motion field[32, 35, 36, 37]. In general, these methods
involve fitting a model, using an optimization function which balances fidelity of the
final 3D motion field to the 2D motion measurements and a smoothness constraint.
This constraint either interpolates missing information, such as motion between the
sparse tag sheet intersections, or suppresses errors in harmonic phase motions fields.
An example of a typical model is shown in figure B.7 done by Radeva et al.[32].

Several researches have modelled the motion of the left ventricle with a reduced
number of parameters in the hopes of obtaining a more revealing description of
normal and pathological motion, which is a typical validation technique. Declerk
et al.[61] have employed a 3D B-spline tensor product to reconstruct the defor-
mation field. The motion is modelled as a 4D continuous displacement function in
time and space. More general splines have also been proposed including both 3D
splines[32, 35, 37], and 4D spline models[62] that treat time as the fourth dimension.
These models often have difficulties capturing the motion of the apex. To compen-
sate this limitation, both prolate spheroidal coordinates(3, 35] and 4D planispheric
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Figura B.6: Through-plane motion effect. This effect is produced when the myocar-
dium becomes thicker than it is at the beginning in short axis views. It is because
the contraction observed in long axis views, from base to apex, provokes an appa-
rent increment in the myocardium mass. (a) Initial segmentation in short axis. (b)
Mid-systole short axis view. (c) End systole short axis view. (d) Long axis view at
the starting systole. (e) Mid-systole long axis view. (f) End systole long axis view.

Figura B.7: Model used by Radeva et al. in [32] to estimate the deformation of the
left ventricle. (a) Coordinate system of the B-Solid (u,v,w) and the left ventricle
model (@,7, ). (b) Left ventricle model located in the B-Solid.
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Figura B.8: (a) Material mesh used to estimate the motion of the left ventricle. S;
is a short axis image plane and L; is a long axis image plane. M is the material
mesh. (b) Diagram of the intersection of the material mesh and image planes, as
well as a description of the in-plane motion of intersection points in SA. (¢) The
same for LA views. A detailed description is presented in [33].

coordinates[61] have been used to increase the numerical stability over spherical
coordinates when reconstructing the motion at the apex of the left ventricle.

In any case, the introduction of a model adds, in a certain way, a bias to a specific
model of deformation which depends on the flexibility of it. As it is mentioned
above, HARP takes advantage of phase invariance produced by taking the tagged
MR images as modulated images in 2D. This idea has already been carried to 3D
analysis by Pan et al.[33]. Here a simple mesh is imposed to the set of image views
of the left ventricle, short axis and long axis. From these views, under the idea of
phase constancy, a 3D vector of phases is initialized for each of the mesh points, so
a tracking is performed for each of the three dimensions. In order to deal with the
sparsity of the available data, a interpolation method is computed to estimate the
motion of a mesh mark out of the image views. Figure B.8 shows the general mesh
used and how it is deformed to estimate the motion.

A typical imaging session is composed of a number of imaging captures. Here, the
required views are acquired during different breath holds. A necessary assumption
to reconstruct 3D motion is to consider all the views as instantaneously acquired,
since currently it is not possible to generate a set of tagged MR image sequences
at the same time. So, a potential patient movement and a displacement of the left
ventricle due to respiration can lead to misalignment errors. Some methods have
been proposed to solve the problem in conventional CINE MR images[63]. Thus,
due to the source of this data, it is susceptible to occur in tagging sequences too.
Figure B.9 shows some examples of misalignment.

B.5. Intersubject Comparison and Statistical Mo-
del Formation

Intersubject comparison is probably the most useful benefit for cardiologists.
Regardless of how well motion is computed, a given scheme is practically useless if
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Figura B.9: Example of misalignment between a given short axis and long axis views.
The intersection of both planes is shown. Here some misalignments are present in
the correspondences of the wall of the left ventricle.

a comparison among subjects is not possible. Although some methods use synthetic
images to validate their results, a typical validation technique used in many ap-
proaches is to establish a division between healthy people and those with some kind
of pathology. Thus, an intersubject comparison is intrinsically established. Howe-
ver, only the motion parameters can be compared and not the deformation model
fittings.

Generally, the imaging protocol is not fulfilled completely and it is difficult to
obtain the same views for every patient. Even when these views could be localized
for each patient, the left ventricle size is not always the same yielding a scaling
issue. Thus, to establish a number of landmarks invariant through patients is not
an easy task.

Few methods have been suggested to solve the problem in conventional CINE
MR images. The use of 3D ASM have been proposed to generate an automated 3D
segmentation invariant through subjects[46, 49]. Firstly, an ideal model is adapted
to fit the image data of a given patient. Secondly, the landmarks are created au-
tomatically in the deformed model. Finally, these are used as an entrance to the
ASM atlas[46]. Thus, the landmarks are created with some certainty of being the
same through subjects, and it is possible to reconstruct the left ventricle in 3D from
sparse and arbitrarily oriented MR image views[49]. In figure B.10 some of these
results are shown.

In spite of the advancements done in automated 3D landmarks generation th-
rough subjects, it has not been applied to tagged MR images yet. The correspon-
dence between conventional CINE MR images and tagged MR images is still being
studied. Nonetheless, the generation of comparable motion data among subjects is
under development. The creation of a standard set of parameters and shapes for
healthy people is the first step in the introduction of tagged MR imaging to clinical
diagnosis. Later, comparisons of parameter and shape data are generally studied
among a variety of pathologies, yielding a strong tool for diagnosis.
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Figura B.10: Automatic 3D segmentation invariant through subjects. (a) Adapta-

tion of and ideal model and the automatic generation of landmarks. (b) Proposed
segmentation after the use of 3D ASM. Results taken from [49].



Apéndice C
Clinical Framework

In this approach, the estimation of the left ventricular motion is treated. Alt-
hough some researchers have analyzed the motion of the right ventricle[23], it is
more useful for cardiologists to study the left ventricle. It plays an extremely im-
portant role since it distributes the blood for the entire body while the right ventricle
pumps the blood to the lungs. In addition, several studies suggest that some of the
heart diseases are related with the left ventricle performance[38], and there are some
physicians interested in analyzing the left ventricular rotation and torsion[57]. As
a result, the approach proposed in this thesis is focussed on the estimation of the
rotation and torsion, and on the modelling of the left ventricular motion as a volu-
me to study their behavior. Here, only the systole of the cardiac cycle is analyzed,
because the tagging sequence is synchronized with the electrocardiogram so as to
start the tagged MRI sequence at the beginning of the systole, and because of the
tag fading through the time, only during this period of the cycle reliable tagging
marks can be preserved.

In spite of the improvements done to tagged MR images by the image preparation
step, in this approach it has been preferred to skip it since the gray scale images
are no used for tag tracking. Even when some variations in background intensities
are present and thermal noise is susceptible to appear, in this approach a frequency
analysis is used to generate the features to track. In particular, the supplied images
do not show the problem of the background intensity variations. These have acquired
using a Siemens Avanto magnetic resonance equipment of 1,5 Tesla.

C.1. Surface Extraction

In order to produce reliable measures, a segmentation of the short axis (SA)
views has been implemented. Here, the method proposed by Garcia et al.[4] is
used. In this approach, the left ventricle is initialized by manually placing a set
of landmarks and dividing the left ventricle in six regions (anterior, anteroseptal,
inferoseptal, inferior, inferolateral, anterolateral), according to the American Heart
Association]5]. These regions are shown in figure C.1. Having this segmentation, the
myocardium shape is deformed according to a dense displacement map calculated
from the tag tracking step, generating a new shape. However, adapting the con-
tours based only on this information usually drives the segmentation to implausible

41
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Figura C.1: Left ventricular segmentation for SA views proposed by the American
Heart Association (AHA). AN - Anterior. AL - Anterolateral. IL - Inferolateral. IN
- Inferior. IS - Inferoseptal. AS - Anteroseptal.

shapes. It is mainly because of image artifacts and errors in the tracking. Thus, to
solve this problem the Active Shape Models (ASM)[45] are used.

In ASM a shape can be thought as a set of landmarks. The configuration of
these points are invariant under a certain transformation, such as translation, ro-
tation, and scaling. Good points for landmarks should be consistently located from
one image to another. These ones could be T junctions, projections, points of high
curvature, biological landmarks, among others. This representation allows a com-
pact description of a shape. There are some points between landmarks which are
called pseudo-landmarks. These are necessary to complete the shape, but these are
not essential in the model definition. Formally, let x; be a vector describing the n
points corresponding to each landmark of the ith shape, this shape is defined as the
following set:

_ T
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In the case of segmenting the left ventricle, the dividing points between regions
are used. Since there are six regions, as it is shown in figure C.1, 12 points are used
to represent the ventricular shape in SA views, 6 for the epicardium divisions and
6 for their projections onto the endocardium. The rest of the shape is modelled by
deformable models, such as splines and snakes[6].

Once the landmarks have been defined, landmarking process is performed to
create a statistical model. Although their placement seems feasible to be done au-
tomatically, it usually implies manual localization. Thus, a training set of the left
ventricle is created manually to establish a statistical model. Here a Principal Com-
ponent Analysis is performed to reduce the dimensionality of x;, and to have a
range of plausible shapes. Therefore, a correction to the shape deformed can be
done based on a set of valid ones. A detailed description of the method used and
the application of ASM in medical image analysis, is presented in [6].
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C.2. Tag Tracking

Once a segmentation of the left ventricle is performed in SA views, it is necessary
to establish a method to estimate its motion. One of the improvements done in
cardiac MR images is the development of tagged MR imaging[19, 64]. It is a variant
of the conventional CINE imaging which generates a tag pattern within the tissue.
This pattern is represented by a grid of dark bands which deform according to the
heart during the cardiac cycle. Hence, in order to estimate an accurate description
of the ventricular motion, a technique to calculate the tracking of this tags has to
be performed so as to find their deformation.

A wide range of techniques and approaches to estimate the tag tracking have
been developed. One of the most popular methods is Harmonic Phase (HARP)[7].
It is based on the extraction of the first harmonic peak of the fourier transform of
the tagged MR images. Then, the inverse fourier transform of this peak, a complex
image, is obtained. There is a direct correlation between the phase discontinuities
and the tagging marks. In addition, this value has the important property of being
invariant through the sequence despite of the tag fading. Thus, it is used for tracking
instead of the direct gray value, because of its stability and the opportunity to track
not only the tagging marks, but also each of the pixels between tags. In this thesis,
the idea of HARP is used to estimate the myocardial motion on the image planes.

Due to the nature of the fourier transform, in practical cases the use of HARP
provokes several mistakes, especially when there are high local deformations in the
myocardium. For example, there exist cases where three tagging marks are too close
that they are reported to be only two but widely separated. These type of mista-
kes are extremely important at the time of performing the tracking, because they
could affect the overall deformation of an entire region. Consequently, an alternative
scheme is suggested in this thesis to improve these mistakes.

A method to generate the phase maps is proposed to improve the tag tracking.
Here, the phase maps are created too, but the method to obtain them is different.
The Gabor filters, a special case of wavelets, are employed in this approach. These
filters have the advantage of achieving optimal resolution in both, the spatial and
the frequency domains. Thus, when there are regions of high local deformation in
the myocardium, the Gabor filtering is a suitable technique to solve the problem.

Having the phase maps, the tracking of each value is solved by an iterative
method[7]. The phase invariant property is assumed through the sequence to com-
puted the displacement maps. It allows the estimation of the optical flow for each
pixel, but using the phase value as the feature to track.

C.3. 3D Motion Reconstruction

Once the displacement information has been estimated for each of the SA pla-
nes, a 3D motion reconstruction can be estimated by calculating the displacement
information in the long axis (LA) views and correlating them with the SA ones.

In order to calculate the displacement information from the LA views, the met-
hod applied for the SA planes is applied too. However, there has not been implemen-
ted a segmentation step. It is because it is possible to project each of the performed
segmentation on the LA views. Thus, to estimate the ventricular deformation on
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this view a simple region of interest containing the left ventricle is chosen, then the
phase maps are found, and the displacement fields are calculated.

During an imaging session, it is possible to obtain spatial information of each of
the planes. A translation of the initial corner of the image, two orientation vectors,
and a scale factor to convert pixels into millimeters are stored automatically with
each image as part of the Digital Imaging and Communications in Medicine (DI-
COM) standard information. Having this information, it is possible to place each
view in a common space and find correspondences among views.

When the displacement information is calculated for single views, two apparent
motion components are found from two orthogonal tagging marks. The real motion
of left ventricle corresponds to a more complex three dimensional deformation,
which can be calculated by relating the two dimensional displacement maps of
each image and building a more realistic deformation field. Hence, the displacement
information calculated for the image views is assumed to be a projection of the real
one. Thus, the intersection between a SA view and a LA one is calculated, then the
displacement information of both views are combined to build the three dimensional
deformation for these points. Finally, this information is disseminated through the
segmented myocardium to complete the estimated motion.

To correct possible misalignments among the 2D views, a framework based on
the intersection lines have been developed. It is based on the use of the Normalized
Mutual Information (NMI) in registration problems[9]. Here, the problem turns
to be an optimization issue where a particular version of the steepest descendent
method developed in [10] has been implemented.

C.4. Intersubject Comparison

In order to create a useful diagnostic tool for cardiologist, it is necessary to
establish a baseline to distinguish between healthy patients and those with some
kind of pathology. It suggests, as a first step, to generate this baseline supported
by a huge set of healthy people parameters. Thus, the constancy of the obtained
results and the statistics of them need to be stable.

In this thesis, the rotation and torsion parameters in SA views are studied.
The rotation is ordered by their relative position according to the long axis of the
left ventricle, i.e. base, middle, apex. The torsion represents a global measurement
of the left ventricle where the difference between the basal and apical rotation is
computed. Here, the image data used were obtained from healthy volunteers. The
current database consists of 8 real cases. The rotation results have generated a well
defined tendency during the systole. The diastole has not been analyzed because of
the fading effect, which could cause a false deviation within the experiment, since
it is not guaranteed the generation of reliable deformation information.



Apéndice D

Improved Deformation in
Cardiac Tagged MR Images

One of the tasks in the analysis of tagged MR images is the tag tracking. There
exist many approaches to solve the problem, which can roughly be divided into three
groups according to what they use to extract the motion. One of the most popular
methods to achieve this task is the harmonic phase (HARP) method developed
by Osman et al.[7]. They introduce the concept of Angle Image. It is basically a
representation of a tagged MR image which recovers the relative position of the
tissue respect to the distorted tags. Thus, cardiac deformation can be estimated.
In this chapter, a novel approach to generate Angle Images using a bank of Gabor
filters in short axis cardiac Tagged MR images is described. The proposed method
improves the Angle Images globally obtained by HARP, with a local frequency
analysis. It is proposed to use the phase response of a combination of a Gabor
filter bank, and take advantage of it to find a more precise deformation field of the
left ventricle. The accuracy of the method over HARP is demonstrated by several
experimental results.

D.1. Introduction

Cardiovascular diseases have arisen as one of the main causes of mortality in re-
cent years. A complete knowledge of the heart function, and how pathologies affect
local and global myocardial contractility, would lead to a more accurate diagnosis.
As the myocardium is a highly uniform tissue, when it is depicted in conventional
CINE MR images, only the displacement of myocardial wall boundaries is appre-
ciated. Tagged MRI (figure D.1) is a variant of this technique which generates a tag
pattern within the tissue. It is represented by a grid of dark bands, which deform
according to the heart during the cardiac cycle. This pattern is called SPAMM
(Spatial Modularization of Magnetization)[18, 64].

Since the appearance of Tagged MRI [19, 64], several computational techniques
have been developed in order to extract motion information from these images.
Some of them treat tags as sparse features that have to be tracked, while others
directly retrieve dense displacement maps. Regardless of the method, all of them
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Figura D.1: Examples of cardiac CINE MR images and tagged MR images. The
first row contains the CINE MR images, while the second shows the corresponding
tagged MR images. (a) Left ventricle at the starting of the systole. (b) Left ventricle
images during the systole. (c) Left ventricle at the end of the systole.

share the same aim, which is to obtain automatically (or semiautomatically) these
maps that cover the whole myocardium.

Harmonic Phase (HARP) is one of these methods which is based on the ex-
traction of the first harmonic peak from the Fourier spectrum of the image. Then
the phase image is generated from the extraction of this peak, which is called An-
gle Image [7]. Thus, the tracking process consists of tracing image pixels with the
same phase parameter. Although this approach gives a good global estimation of
heart motion, it treats the image by an approximation of one frequency of the tags
to all the image. In practice, the myocardium deforms through the time, and the
frequency of the tags changes locally. This processing can overestimate locally the
heart deformation. In addition, it is not an easy task to design a bandpass filter
that can achieve good resolution in spatial and frequency domains. When the first
harmonic peak is not well concentrated, HARP increases the its bandwidth. There-
fore, if the tagging lines deform a lot locally, the method is susceptible to increase
the error.

On the other hand, Z. Qian et. al. [65] have proposed a variant to localize the
tags by using Gabor filters based on the limitations of HARP [24]. They proved
that Gabor filters are more reliable to recover the tags than HARP when there is a
high level of deformation locally. However, they use this approach only to localize
the tags which implies a lack of dense displacement maps as it can be done with
Angle ITmages used by HARP.

This chapter is focus on the Angle Images due to the fact that these images
are strongly related to the movement of the myocardium in tagged MR images.
This concept is explained in section D.2. A new method based on the use of Gabor
filters to obtain them from a local analysis is presented, which is strongly inspired in
HARP. It can be said that the proposed technique behaves as local HARP. In section
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D.3, the Gabor filter fundamentals are described. In section D.4, the application of
this filtering tool to tagged MRI to obtain Angle Images is stated while in section
D.5 the tracking method is presented. Finally, in section G.1, some experimental
results are shown.

D.2. Principle of Angle Images

According to Osman and Prince in [28], a Tagged MR image can be expressed
as sum of multiple images:

K
b= > U,
k=—K

where 1, is a complex image whose phase is called Angle Image, and it is linearly
related to the true motion of each point in the myocardium [4, 29]. By this fact, the
phase of points becomes an intrinsic property of the tissue that remains constant
during the cardiac cycle. Therefore, tracking tissue points is equivalent to track
their phases.

Angle images are very similar to tagged MR images, except that they seem to
have tags that are sinusoidal patterns. There are two of these patterns, a cosine
pattern and a sine pattern, which correspond to the real and imaginary parts of the
complex response after filtering one of the harmonic peaks ¢ from the tagged MR
image power spectrum. When the heart moves, the described pattern of each angle
image changes. For example, contraction of the heart tissue provokes the crests of
the sinusoidal pattern to get closer, while elongation causes the crests to separate
each other.

Consider the 1D tag pattern shown in figure D.2. The initial pattern changes
by a deformation and fading. It can be observed that the phase response changes
as well, but in a more limited way. In fact, the phase of a given point does not
change due to motion [29]. Because of this property, it is possible to track one point
in the image, generate a dense displacement field, and calculate different motion
parameters, like rotation, deformation, among others.

D.3. Definitions

The Gabor filter was introduced by Daugman firstly in [66]. It is an special case
of wavelets [67], and is essentially a Gaussian g modulated by a complex sinusoid
s. In 2D, a Gabor filter has the following form in the spatial domain:

W, y) = g(a',y') - s(x,y),
where g(2',y’) and s(x,y) are defined as:

g(@'y') = mexl){*%[(fw, )2+ (5%

s(z,y) = exp[—i2n(Uz + Vy)].

The rotation of the Gaussian is established by:
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Initial Time Later Time

Tag

Pattern
Phase
Response

Figura D.2: Principle of Angle Images. A sinusoidal tag pattern and its phase res-
ponse at the initial time, and a short time later.

' =xcosf+ysinf, y = —xsinfh -+ ycosh.

z’ and y’ represent the spatial coordinates rotated by an angle 6. o, and oy
are the standard deviations for the Gaussian envelope and they may not coincide
necessarily. This allows us to deal with anisotropic envelopes. An aspect ratio A and
its orientation are defined as:

A=2 ¢ = arctan V/U

2/
O'y/ ’

where U and V represent the 2D frequencies of the complex sinusoid.

It is well known that the Fourier transform H(u,v) of h(z,y) is a Gaussian
centered on (U, V). Thus, the Gabor filter can be treated as a bandpass filter, and
can achieve optimal resolutions in both, the spatial and frequency domains [24].

D.4. Gabor Filters in Tagged MR Images

A tagged MR image can be seen as a CINE MR image modulated by a sinusoidal
tag profile. Although this tagging pattern could have crisp geometric profiles, this
change only generates a sequence of equally spaced peaks needed to approximate a
square signal. Hence, a single peak contains the enough information of the original
signal in order to reconstruct it. As a matter of fact, it possible to regenerate the
tagging pattern at other orientation by taking advantage of this idea[68]. Thus, the
main goal is to perform a reliable filtering technique robust to local tag frequency
changes.

As it is mentioned above, a Gabor filter is a bandpass filter with a Gaussian
envelope. Then, by extracting the central frequency of the first harmonic peak
11, it is possible to isolate this peak and take advantage of the Gabor resolution
achievement. In order to localize it, a region of interest is designed, which depends on
the pattern analyzed in 2D orthogonal tagging, then a search of the maximum value
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(d)

Figura D.3: Examples of Gabor filters centered at the first harmonic peak in both
directions of tagging. (a) Short axis MR image at the starting of the systole. (b)
Power spectrum of the MR image. (c) Filter designed to analyze the horizontal
peak. (d) Filter designed to analyze the vertical peak.

in this area is performed. Figure D.3(c) shows the localization of these frequencies
for a given image.

The bandwidth of the filter has been established through o, and A. Thus, the
value of g, is fixed by:

Op = s
VUZ+V2?
where (U, V) are the frequencies of ¢ of the input image [24]. The orientation of
the Gaussian has been designated to be equal to the orientation of the complex
sinusoid, ¢ = ¢ [69].

The intersections between both orthogonal tagging marks in 2-D generate a
harmonic peak with an angle orientation of 45 between the orthogonal ones. It
should be ignored since each component of the 2-D motion is contained in the
distribution of the tagging marks in each direction. Thus, it has been designed
A = 2 to isolate the desired peak. Figure D.3(c) shows the Gabor filter for the
horizontal peak, while the figure D.3(d) displays the filter for the vertical one.

Based on this analysis, we can verify that applying a Gabor filter centered on
the first harmonic peak is a variant of HARP. The only difference is the shape of
the filter. Therefore, we can deal with the phase response of the filtered image as an
Angle Image, and estimate a displacement field by tracking points with the same
estimated phase. However, applying only one filter does not improve HARP at all.
It is because it roughly assumes one frequency for all the image, and it generates a
level of error especially when large local deformations are present.

By designing a set of Gabor filters, the most relevant information for a specific
frequency can be recovered. In [65], an approach using Gabor filters is described.
However, they suggest to vary the central frequency of the first harmonic peak by
the equations:

U=R{(U+i-V) -m-exp(i A¢+w),

Vi=3{({U+i-V) -m-exp(i-Ad + w)
where m, A¢ and w, are parameters to vary, and deal with the w map as a phase
image which is recovered from the maximum response of the filters tested for each

pixel. U and V are the central frequency of the first harmonic peak. The ranges of
the parameters are established as:

m € [0,85,1,3], A¢ € [-n/12,7/12], w € [-m, 7]
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Figura D.4: Scanned space of frequencies for the horizontal and vertical first har-
monic peak. (a) Scanned space suggested in [65]. (b) Mapped space tested to look
for local variations of the central frequency.

Although the advantages of the Gabor filters are used, the variations in the
frequency space is out of range, because it tests Gabor filters with frequencies that
are out of a possible deformation in the tags, as it is shown in the figure D.4(a).
In fact, as the Gabor filters reaches low frequencies, it is more influenced by the
contours of the heart. Additionally, it has a high computational cost besides HARP
and the method proposed, and it suggests the estimation of a displacement map
based on the parameters of the filters that maximize the response.

On the other hand, it is proposed to deal with the phase response obtained
from the use of a set of Gabor filters, which were generated by varying the central
frequencies according to the following equations:

U=R{({U~+i-V) -m-exp(i-A¢)},
V' =S{(U+i-V)-m-exp(i- Ad)},

where m represents a linear variation on the frequency, and A¢ represents a angle
orientations of the frequency. In other words, m represents whether how the tags
open among them, elongation in the heart tissue, or how the tags shorten among
them, tissue contraction. Because the Gaussian envelope of the Gabor filters is
adaptable to the 2-D frequency orientation, and the bandwidth is a function of the
frequency, it is possible to modulate m and A¢ to map the frequencies that could
be present in the cardiac motion. Thus, a more precise Angle Image can be built by
creating a Gabor filter bank, and taking the highest response for each pixel. The
parameters used to modulated are in the following ranges:

mel08,12), A¢e|-r/12,7/12].

These ranges map to frequencies that are around the center of the first harmonic
peak. It is expected to match the local patterns mostly in this space. The scanned
space is shown in the figure D.4(b).

Based on this analysis, it is proposed to modulate the bank of Gabor filters
to recover a more accurate local deformation. The phase of the complex image
generated by the extraction of the maximum response of the filtered images at
each pixel is taken. It is done in order to create the Angle Images locally. Figure
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D.5 displays some examples of Gabor power spectra used. The filters shown were
generated to analyze the first horizontal harmonic peak. The effects of modifying
the parameters m and A¢ can be observed. The m parameter moves the center of
filter horizontally, while A¢ rotates the central frequency and the orientation of the
filter. In figure D.6 the complete method is depicted graphically.

(a) (b) () (d) () (f)

Figura D.5: Examples of power spectra of Gabor filters (a) Power spectrum of a
Tagged MRI at the starting of the systole. (b) First chosen filter (¢) Shifted filter,
m = 0,8, A¢ = 0. (d) Shifted away filter: m = 1,2, A¢ = 0. (e) Positive rotated
filter: m = 1, A¢ = —n/12. (f) Negative rotated filter: m =1, A¢p = —7/12

Our Method Using [m =08

n
- »

Gabor Filters Ag=0 S

0 . abs(FFT(S,.,)) E ang{max{Mag (x. )]}

Example Image Frequency : : Angle Image
Domain m=1
A ——z /12

Gabor Filters \Ma gnitude

Figura D.6: Schematic representation of the method. First, the fourier transformed
of a tagged MR image is obtained. Then, a set of Gabor filters is applied to image
around the first harmonic peak. The maximum amplitude of the image filtered is
extracted for each pixel to form a single output. Finally, the phase response is used
as an Angle Image.

D.5. Motion Tracking using Angle Images

Having the angle images, the tracking of each value is solved by using an iterative
method. It is based on the assumption of phase as a material property, i.e. invariant
through the sequence for a given point. Let ¢ = [¢1, d2] be a pair of phases of
the angle images I; and Is obtained from the analysis of both orthogonal tagging
marks directions. Consider a point located at y,, at time ¢,,. If y,,41 is the apparent
position of this point at time ¢,,11, then we have:

¢)(Ym+1a tm-‘rl) = ¢(Yma tm)-
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It provides the basis for tracking y,, from t,, to time t,,,1. Hence, the problem
can be solved by finding a certain y that satisfies:

&Y tmy1) — ¢(Ym,tm) = 0, (D.1)

and then set y,,+1 = y. Thus, a solution to the equation D.1 has turned to be a
multidimensional nonlinear root finding problem. It can be solved iteratively using
the Newton-Raphson method. The iteration of the method has been defined as:

y(n+1) = y(n) - [v¢(y(n)7 tm+1)]71[¢(y(n)7 tm+1) - ¢(Yma tm)] (D2)

where V is the gradient with respect to y. There are some details in the practical
implementation of equation D.2. The estimation of the gradient involves the use
of a wrapping function to deal with the discontinuities from 7 to —m, while the
calculation of ¢(y(”), tm+1) requires to perform a certain interpolation. A detailed
description of this implementation is explained in [7].



Apéndice E

Correction of Misalignment
Artifacts in 3-D Space

Cardiac diseases have become one of the most common causes of death in recent
years. Magnetic Resonance (MR) images from the heart provide an opportunity to
study the anatomy and functions of the heart in vivo. As a result, it is becoming
a widely used clinical tool to elaborate an accurate diagnosis. Many approaches
have been developed to estimate the motion of the left ventricle, which are based
on the initialization of a 3-D model and its deformation[70]. Then, it is required
a good correspondence between the image planes in the space to achieve a proper
description of the left ventricle volume[46].

A typical imaging session is composed of a number of imaging captures. Here, the
required views are acquired during different breath holds. A necessary assumption
to reconstruct a 3D model is to consider all the views as instantaneously acquired.
As a result, a potential patient movement and a displacement of the left ventricle
due to respiration can lead to misalignment artifacts[8]. Although some researchers
have claimed that the development of more powerful and faster scanners skips the
problem[50], this issue has still relevance in many clinical studies.

Some approaches have been proposed to solve the problem. One of them is
a method based on registering a 3-D volume with sagittal and axial images as
a preprocessing step to build a high resolution dynamic heart model from coronal
slices[71]. Here, a line-by-line mean square difference is minimized. In same direction,
Létjonen et al.[63] have proposed the registration of a 3-D volume by the use of the
Normal Mutual Information (NMI)[9]. They treat the image pixels as volumetric
pixels (voxels) by assigning a thickness equal to the slice separation between parallel
short axis (SA) planes, and interpolating the voxel size using nearest neighbor in
long axis (LA) views. However, it introduces some errors to the analysis due to the
approximation. It is because there could be a gap of up to 15mm considering 6 SA
views, and taking into account that the thickness of the myocardium is no more
than 12mm, this assumption becomes important. An alternative option could be to
treat the thickness of the frame as it is reported by the image acquisition, but in
order to achieve a good image quality it should be no less than 6mm which is still
significant. Additionally, the proposed optimization method suggests the movement
of a randomly chosen slice in the direction of its gradient and maximizing its NMI,
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which causes a bias depending on the slice. Moreover, this method uses a constant
step size of the movement which can provoke a uncertainty of when it has arrived
to a maximum besides the slow convergence.

In this chapter, it is proposed an alternative solution to the problem of misa-
ligned MR images in a 3-D reconstruction of the left ventricle, by treating the MR
images as planes on the space, and using the NMI as a measure of registration
which is maximized using a particular variant of the steepest descendent method.
In figure E.1 typical intersections among planes of a given patient are shown. It is
suggested to use the intersection line between a given SA plane and an intersecting
LA one, sample it, and extract the gray values associated with this points in both
images. Then the NMI is estimated for these values generating an alignment mea-
sure. Thus, all of NMI values obtained from the intersections between the SA and
LA views are combined to generate a global measure of alignment. Later, all of the
images are moved simultaneously in order to arrive to a maximum by the steepest
descendent method using a non constant step size. As an enhancement to reach a
global maximum, the step size is altered to jump out of a possible local maximum
along the gradient direction.

E.1. Planes Intersection

Having a SA MR image and a LA MR image, it is possible to obtain their
spatial information from the DICOM headers respect to a common coordinate sys-
tem, allowing the estimation of geometrical correspondences among all the views. A
translation of the initial corner of the image, two orientation vectors, and a scale fac-
tor to convert pixels into millimeters are stored automatically. Hence, the equation
of each of the image plane can be calculated.

Let Isa, be a short axis plane i-th of a total of N short axis planes, and Iy, A
be a long axis plane j-th of a total of M long axis planes, thus there exist a line
intersection, ljj, between them which can be obtained from their plane equations by
finding 2 points of this line. It can be expressed as:

lij =Ty + tW,

where rg is a point on the line, ¢t is a free parameter, and w is a unitary vector
parallel to the line. In order to find the pixel values along l;; on Isa, and ILa;,
it has to be placed on each of the image spaces. Thus, a point p;,, = l;j(to) can
be expressed on the image spaces psa; € Usa, and pra; € Upa,, from the image
plane Is4, and Iy 4; respectively, as follows:

Psa; = [rzS-AiriAirfAi]_l (P, —0s4,) (E.1)
Pra; = [réAjrngjrzLAj]_l (Pl,;j - OLAj) J (E.2)

where rfAi,rgAi,rfAi, are the direction of the z-axis, y-axis, and z-axis of Uga,

respectively, while 0g4, is a translation of the initial corner of Ig4,. In the same
LA; LA; LA, .

manner, r; °,r, ’,r;" 7 and opa;, are the descriptors of the space Ura,. Here

the points psa, and pra; are in 3. However, since these points lie on 1, the z-

coordinate is equal to zero. Hence, after reducing the dimensionality of the points
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Figura E.1: Example of intersections among planes. (a) One LA plane vs three
parallel SA. (b) A different LA view where both ventricles are observed vs three
SA. (c) Four intersected LA planes used for one study. (d) All the available planes
for a certain study, six parallel SA vs four LA intersected planes.

to R2 and applying a scale factor, these points can be expressed in pixels in Usga,
and Upa, respectively. Therefore, by applying Eq. (E.1) and Eq. (E.2), a pair of
gray values can be obtained for a single point p;;; coming from each of the images
planes Isa;, and IL4;, at the points psa, and ppa; respectively.

Once the intersection line has been estimated, the image ranges are intersected
to guarantee the availability of gray values along the line. Then, the resulting line
segment is sampled to generate a fixed number of points pz, ;. By using Eq. (E.1) and
Eq. (E.2), the points on Is4, and Ipa; can be found. However, the corresponding
gray values are only available for integer values of psa, and pr.a;. We have observed
that typically the myocardium in the SA and LA views have a thickness of 4-6
pixels (7,9-11,9mm), which means that a simple rounding of psa, and pr4; is not
suitable. Hence, it has been performed a linear interpolation of the gray values along
the sampled line so that vga, and vp4; approximate continuous lines with reliable
image values. To avoid any kind of bias, the sampling process has been designed
using the parameter ¢ so as to have the same points regardless of the order.
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E.2. Correspondence Measure

Having vga, and vp4,, the problem turns to be a registration issue with two
gray value vectors available. Thus, the Normalized Mutual Information (NMTI)[9]
has been employed to measure the correspondence between vsa, and vy 4;, and, as
a result, between Isa, and I 4;. The NMI, S, is defined as:

H(vsa,)+H(vra,)
H(vsa;,vLa,)

S(VSAi’VLAj) = (Eg)

where H(vsa,) and H(vp4,) are the marginal entropies of vsa, and v 4, respecti-
vely, and H(vsa,,Vra,;) is the joint entropy of both vectors. Based on information
theory, the gray values reported on the intersection vectors can be treated as discrete
random variables[9]. Thereby, these entropies are defined as:

H(vy) ==Y p{z}logp{z} (E-4)

TEV,

H(VI,Vy) = Z Z p{w,y} logp{x,y}. (E5)

TEVy YEVy

Here p{x} represents the probability distribution of v,, while p{z,y} is the joint
distribution of v, and v,. Thus, for this case in order to calculate the distribution
of vsa,,vra,, and their joint probability, the number of bins has been adjusted
according to the number of samples of the intersection vectors. It is mainly because
the gray values in a given v, can vary until thousands, and by selecting a region of
interest, the variety of gray values can be little, which allows some bins to be 1 or
2 undermining the measure. Thus, the number of bins has been established to be
the ratio between the number of elements of vy and a density factor experimentally
determined. For this case this number varies from 20 to 40 based on the number
of samples. In addition, a preprocessing step has been performed to the images
available. Here, the logarithmic of the image is computed, which improves the gray
distribution and compresses its range[72]. Because the sampling process assures the
selection of the same points regardless the order, it is guaranteed that:

S(vsa;,vea;) = S(Via;,vsa,)-

E.3. Misalignment Correction

One of the main causes of misalignment among MR image planes is respiration[8].
During an imaging session, the patient is asked to hold the breath while the images
are acquired. Long periods of time, up to 20 seconds, provoke the patient to inhale
small quantities of air which cause a certain movement of the heart. We have perfor-
med an experiment where a patient is scanned while this effect is introduce during
a cardiac cycle. It is shown in figure E.2. It can be observed that there is a certain
level of rotation. Nonetheless, the left ventricular motion can be assumed to be a
translation. Thus, we have selected a region of interest which contains the myocar-
dium, and tried to fit the image planes by translations, since we are interested in
the left ventricle.
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Figura E.2: From left to right and from top to bottom, a cardiac cycle sequence
from a patient with the motion artifact due to respiration. The contours of the first
frame have been added for better visualization

The movement artifacts can also be observed from the intersection vectors vy,
and vga,. As an example, in the figure E.3 a typical misalignment artifact is shown.
Since we are interested in the analysis of the left ventricle, it has been selected a
region of interest where the left ventricle is appreciated. Although the problem can
be treated as moving one plane until S(vsa,,vra,) is maximum and repeating the
process until it converges for all the N short axis and M long axis planes, the
main drawback of this is that a movement in one SA plane, affects the alignment
with the other LA planes which intersect it. Consequently, we have designed a
method to correct misalignments among the image planes by moving all the planes
simultaneously.

It has been calculated a global measure of alignment C' to be maximized in this
registration problem. A simple approach is to use the mean of S(vsa,,vra,) for all
the intersections between the N SA views and the M LA ones. However, because
of the NMI probabilistic properties, it has been designed C' as follows:



58APENDICE E. CORRECTION OF MISALIGNMENT ARTIFACTS IN 3-D SPACE

Bl

Figura E.3: Example of misalignment between a SA plane and a LA one. The square
area represent the interventricular septum. (a) The SA and LA images in a common
3-D space. (b) The intersection vectors displayed one against the other.

N M
g S(usa,,ura) + g S(ura;,usa)
i=1 j=1
C —
N+ M ’
where
_ T T T _ T T T
UsA; = [VSA“ yVSAr - ’VSAiM] v ULA = [VLAil » VLA - ’VLAiM:I’
_ T T T _ T T T
ULAJ.— |:VLA]‘17VLA]‘27"'7VLA]‘N:|7 usga — |:VSAj1’VSAj2?"'7VSAjN]'

Here vsa,; and vpa,; represent the intersection vectors vga, of the SA view
i-th with the LA j-th. Thus, we have estimated the NMI for all the intersections
for a given plane, and computed the mean for all the planes.

There is a translation o, of each of the image planes in a common space of
dimension 3. If:

_ [T T T T T T
d= [OSAQ,OSAS,...,oSAN,oLAl,oLAQ,...,oLAM],

it can be said that C = f(d), where d € R¥N+M=1)_ Therefore an optimization
method can be applied to maximize C so as to find the best fitting of the image
planes.

In order to maximize C, it has been used the steepest descent method explained
in [10]. The gradient, VC, respect to d is estimated using finite differences by
the central-difference equation of order O(h?) for each dimension. Because of the
definition of C, the implementation of VC' can be simplified by finding usa,, and
uya,; just for the intersection planes where dj, belongs to. Thus, the iteration of d
is constrained along the line:
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dii1 =dg +gr

where gy is the direction of V. Here, the step size v is found from a single
parameter maximization of

o(v) = C(di + v8r).-

It has been designed 7 to be increased each time when C tends to be a local
maximum and, by solving the single parameter maximization of ¢(v), C could be
attracted to a higher maximum. If v returns to the same value range in spite of the
perturbation, the algorithm is left to converge to this maximum.
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Apéndice F

Estimating 3-D Motion from
2-D Components

A typical TMRI session is composed of several imaging captures, where some
are short axis (SA), while others are long axis (LA) views of the left ventricle. These
orientation captures are used in order to have enough information of the ventricular
motion. Once a set of SA and LA image planes for a given patient are acquired,
it is possible to place each point from these planes into a 3-D space based on the
DICOM headers provided by the imaging equipment. As it is discussed in section
E.1, the DICOM information allows us to place an image plane into a common 3-D
space, and to estimate the intersection lines among all the planes. As a result, it is
possible to have motion information of two images from their intersection points.
This estimated deformation can be treated as the real motion because it can be
observed at two different angles simultaneously, which can complete the on-plane
displacement.

Because of the 2-D tagging marks in the images, the points along the intersection
line are associated with two deformation vectors. However, the real dimension of
the displacement vector for these points is 3 which means that there is redundancy.
Consequently, a method to combine the on-plane vectors into a 3-D displacement
vector for a given intersection point needs to be developed. Here, these vectors can
be assumed to be projections of the 3-D one.

Once the 3-D deformation vectors have been reconstructed for the intersection
points, there are some remaining points along each of the image planes whose 2-
D deformation maps are obtained from the tracking process. These maps can be
considered as reliable since they were obtained from the image information. Thus,
the missing deformation component could be interpolated based on the intersection
points motion. Later, this information is used to complete the 2-D on-plane mo-
tion. Here, the missing component on the image coordinate system is interpolated
independently of the others.
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Figura F.1: A short axis and a long axis Tagged MR images in the 3-D common
space. The orientation vectors (R;, Ry), and the translation vector (O) are illus-
trated for each frame. The dashed symbols represent the available information for
the long axis frame.

F.1. From 2-D Images to 3-D Space

Spatial information from DICOM headers respect to a common coordinate sys-
tem can be extracted in order to estimate geometrical correspondences among all
the views. In addition, it is possible to obtain a point p* in the 3-D common space
corresponding to one p* in an image space. Figure F.1 shows the available infor-
mation for each of the frames.

Let 0¥ = [0, 04,0.]T be a displacement vector, and r, = [r1,,71y,71.]7, T, =
[T2z, T2y, r2.]T, and r, = (T35 T3y 73.]T be three unitary orthogonal vectors which
correspond to the direction of each axis of a coordinate system U in a 3D space W.
Therefore, a point p* can be represented by p* as follows:

p* = [ryryr.|p" +o". (F.1)

For our case, the vectors ry, r,, and 0o are obtained from the DICOM headers.

r, is calculated by the cross product of r, and r,. Hence, it is feasible to find the 3D

points in W, corresponding to the on-plane 2D points after applying a scale factor

from the DICOM information to transform pixels into millimeters, and expanding

the 2D vectors to 3D by fixing the z-coordinate to be 0 in the coordinate system U.

By applying the Eq. (F.1), the deformation maps, obtained by the tracking

process presented in section D.5, can be transformed from the image space to the

common space. It allows us to combine the motion obtained from each image to a
global motion of a volumetric myocardium.
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F.2. Generation of 3D Motion

Once the intersection between a SA view and a LA view is calculated, as deve-
loped in the section E.1, the 3D motion can be estimated for the intersection line
based on the on-plane motion obtained from the tracking process for each view. Let
p’ € W be a point inside of the ventricle volume at time ty which lies along the
intersection line, 1;;, between a SA plane i-th and a LA plane j-th, thus by applying
Eq. (E.1) and Eq. (E.2), there exists a point p%, € Usa, on the i-th SA view at
time to that is associated with a final point P}@Ai € Usa, at time t; obtained from
the on-plane tracking, and a point p%AJ_ € Upa, on the j-th LA view at time to
paired with a final point p} A, € ULa, at time ¢; obtained from the same process.
By Eq. (F.1), the points péAi and PlLA]- can be transformed into p’éAi € W and
p'h A, € W respectively.

The real motion which moves the point p® to a point p' at time #; is composed
of the on-plane motion estimated in each of the views. It can be assumed that
the displacement vectors, p’ 15 A p° and p’ i A~ p®, are projections of the real
displacement p' — p°. Let 1g4, and 1p4, be two lines defined as:

) 1
lsa, =tsa, s +p'ga, (F.2)
v 1
lLAj = tLAjréA] + p/LAj (FS)
where g4, and g, A, are the unknown variable of the lines along the direction of

r4i and rfAj , which correspond to the unitary vectors of the z-direction of each of

the image planes respectively. In order to find the real motion, it should be found
tsa, and tr 4, such as the lines 154, and 1 4, intersect each other, which corresponds
to p', because p’lsAi —p? and p’lLAj — p? are its projections on each of the planes.
Then, by fixing lsa, = 14,, the system can be expressed as:

SA; LA /1 /1

T21 _rleA; ta Pra;1 = Psa;
SA, ; ; /1 _ 1

The ' —T, [ ‘ ! ] = | PrLa;2 — Psa,2 (F.4)
SA; LA; LA; p’l _ p/l

723 L] LA;3 SA;3

tsa,

where according to the number of solutions to { ] there are the following

Aj
cases:

1. oo or 0 solutions if there are 3 rows linearly dependent
2. 1 solution if 1 row is linearly independent

The first case is possible when lg4, can be expressed by a lineal combination of
17,4;. This situation needs the SA plane and the LA plane to be parallel allowing
whether no intersection lines, or infinity intersection lines between them, which is
not the case since by definition these planes are intersected. Therefore, one solution
can be assured to Eq. (F.4). Figure F.2 shows a graphical explanation of the method.

Theoretically there should be one solution for Eq. (F.4), but it is not always
the case due to inexact measurements an errors during the tracking . Thus, the
solution is found by the approximation of a residual factor using the least-squares
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Figura F.2: One of the intersection points has been picked to illustrate our recons-

truction method. The vectors p’ 13 A~ p° and p’ i A~ p° represent the SA and

LA on-plane deformation, and the vector p! — p® shows the real 3D motion. Here
SA. LA;

Isa,[[r;% and 1pa, (="

method[73] to satisfy the expression as close as possible. Eq. (F.4) is expressed in

the standard form Ax = b where A is the matrix composed of the vectors r4
;o . tsa,
and frZLAJ in the columns, x is the unknown vector { tSAl } , and b represents the

constant vector [p’ & a, — P : Aj]. Then, the norm of the residual r is minimized,

where r = Ax — b.
It can be demonstrated that the minimum-norm least squares solution to a linear
system Ax = b, that is, the shortest vector x that achieves

min || Ax — bl
X
is unique, and is given by
x = A'b

where A" is the pseudoinverse of A. If ULV represents the singular value decom-
position of A, then Af is defined as

AT =VXTU.

Here the matrixes V and U contain the right and left singular vectors of A respec-
tively, while ¥t is a matrix of the same size than A whose diagonal contains the
inverse of the singular values of A[73].

tsa,
lra,
the intersection point of 154, and 174, which corresponds to the desired point p!

Hence, by solving the system for [ } , it can be guaranteed uniqueness and
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can be calculated by evaluating either Eq. (F.2) or (F.3) for the solution found.
Therefore, the real 3-D displacement for each of the intersection points has been
estimated.

F.3. Interpolation

At this point the full 3-D motion has been calculated for the intersection points
between the SA and the LA views. However, there are points from the SA plane
which have on-plane motion information only. Although this motion information can
be represented in the common coordinate system W, it depicts only a projection
of the real motion. Nonetheless, the full motion of the intersected points can be
represented in Ugy, by Eq. (E.1) yielding the intersection points contribute to the
z-coordinate motion information.

With the motion information of the z-coordinate for certain points, it is possible
to performed an interpolation to sparse it through the segmented myocardium in
SA views. Thus, to complete the 3-D information for the rest of points the z dis-
placement map is interpolated using the method proposed in [74]. For the points
where a triangulation is possible, a linear interpolation is performed. The points
where this is no possible, the estimation of the z-coordinate is computed by the
nearest neighbor technique. As a result, the 3-D motion information is completed
for the rest of the points inside the segmented region, for all the SA views of a
patient. It offers the advantage of calculating the z motion component regardless
of the tracking process components avoiding any kind of bias. Therefore, the mis-
sing deformation information is evaluated based on the observed motion from the
intersection points.

Base Region

Apex Region

A

Figura F.3: A LA image where the difference in thickness is appreciated. One region
of the apex and one of the base has been expanded at the same scale.

Although the same idea of interpolation can be used to complete the LA on-
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plane motion, this has not been used because of the nature of the LA movement.
The observed movement on the SA planes can be considered as a rotation combined
with a lower level of radial translation respect to the center of the myocardium.
However, the motion information distinguished from the LA is more complex. It
roughly consists of a translation from base to apex during systole, but near the apex
the deformation is more complex and the myocardium is thinner. Consequently, by
applying the interpolation method, the z values near the apex on the LA views can
be influenced by the nearest intersection line, provoking an erroneous interpolation.
The difference in thickness of the left ventricle in LA can be observed in figure F.3.
Here, the magnitude of this variation is susceptible to cause the spread of little
information through large regions, increasing the error rate.



Apéndice G

Results

G.1. Gabor Filters in Cardiac Tagged MRI

The use of the Gabor Filters in the characterization of the Tagged MR images to
be tracked has been explained in chapter D. There, the concept of angle images has
been discussed and a novel method to improve their obtention has been proposed.
In this section, several results are presented to demonstrate the effectiveness of the
method. Firstly, a qualitative analysis is discussed. Here, the method has been tested
with 1-1 SPAMM images, low-quality images, and with C-SPAMM images, high-
quality sequences. C-SPAMM images have the feature that the fading effect is less
than in 1-1 SPAMM. It has been done in order to corroborate the theory that the
flaws of HARP are caused by high local deformation of the tagging marks regardless
of the fading effect. Additionally, a quantitative test has been performed in order
to estimate some statistical data. Here a validation protocol has been developed
based on the use of the 2-D correlation coefficient between two matrices. All of
these experiments have been elaborated using real data from healthy patients.

G.1.1. Validation Protocol

In the field of medical image analysis one of the main issues is to elaborate a
validation scheme. The natural scarcity of healthy patients in hospitals and the lack
of a ground truth in the estimation of some parameters are factors which undermine
the evaluation of a given technique. In spite of the option of creating synthetic data
to analyze, there is frequently a gap between what is simulated and what is a real
data. As an example, it is worthy to mention that there has not been developed
a reliable evaluation method in the problem of estimation the motion of the heart
based on Tagged MR images.

To validate the improvement of the Gabor filters method over HARP in terms
of a more precise tracking of pixels over the systole, it has been deformed a given
Tagged MR image based on the displacement fields estimated by the proposed
framework and HARP. Later on,the resulting images are compared to the next
image in the sequence. It can be expected that both images are equal theoretically.
Hence, the image with less difference represents the more accurate deformation.

Let Iy and I; be two Tagged MR images at time ¢ty and ¢; respectively, and
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UY and \Ilg be the z and y-displacement information for each of the myocardial
pixels p; on the image Iy. Thus, an image I; has been generated by translating
and interpolating each of the gray value from the image I, based on the motion
information ¥) and ¥). To measure the likelihood between I; and I7, the 2-D
correlation coefficient has been employed. Hence, the similarity measure has been
defined as follows:

\/<Z S A — D) S B — B)?)

r(A,B)=1-

(G.1)

where A and B represent the mean of the gray values of A and B, while A,,, and
By, represent the image value at the m row and the n column for the images A and
B respectively. Thus, by evaluating the equation G.1 for I; and I{, the similarity
of the images can be measure, and consequently the efficiency of the methods can
be evaluated. Here r(A, B) = 1 means that both images are completely different,
while r(A, B) = 0 means that A and B are exactly the same.

G.1.2. Result Analysis

Once a validation protocol has been stated, some results will be analyzed. Firstly
a number of extreme cases are tested to show the effectiveness of the method. It is
done to display some quality results. Later on, some numerical results are displayed
by using the validation scheme to support the proposed framework statistically.

Typically during systole the Tagged MR images suffer large deformations near
the end systole, but at the beginning these are slight. Thus, the method has been
tested with three images of the same patient for one sequence at different time
points. Figure G.1 shows an example of the method proposed to obtain the An-
gle Image versus HARP based method. As it is illustrated, in the first image the
both techniques report practically the same results (low deformation). In the second
image, some differences are shown. These are essentially that Gabor filters follow
better the tags deformation. However, the deformation in the myocardium is not
highly significant, and the result generated by HARP is still efficient. In the third
image a greater difference between HARP and the method proposed is observed.
For this image, HARP has lost one tag completely in the upper center of the myo-
cardium (squared area). Here the frequency has increased because of the vertical
tags approximation, while the frequency in other sections of the myocardium has
decreased, and HARP is not prepared to deal with this issue. Hence, it tends to blur
the frequencies of the myocardium, and it generates an Angle Image with smoothed
deformations. In fact, it is possible to lose tags, as in this example, when the fre-
quency of the tags changes a lot locally due to motion, as in several regions increases
while in others decreases. On the other hand, the method proposed creates a more
precise Angle Image. In this example, despite of the fading of the tags, all the tags
are recovered, and deformations are accurately generated.

The images discussed above have low quality, especially because of the tag fading.
Even when the suggested approach generates better results than HARP, there are
some errors due to the quality of the images. In figure G.2 another example is shown
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(d)

Figura G.1: Examples of Angle Images obtained for the first horizontal harmonic
peak using Gabor filters and HARP. (a) Original Tagged MR images in short axis
during systole. (b) Angle Tmages generated by our method. (¢) Angle Images pro-
duced by HARP. (d) Difference between the methods. The left ventricle has been
delineated for a better understanding. Tags can be identified in the Angle Images
through the discontinuities from —m to +m.

with a higher quality images. From this example, it can be seen that the proposed
method describes better the behavior of the tags deformation than HARP. This
image, from the end systole, shows a contraction to the center of the left ventricle.
The results shown by HARP have several problems in the tag recovery. There are
regions where certain tags are lost. In addition, the deformations reported by HARP
are not as accurate as the results obtained since these are smoothed. The differences
between methods are shown in figure G.2(d) and (h). The squared areas highlight
the regions where the variations are more significant.

There are several diseases which are correlated with the motion of the heart,
such as coronary artery disease or ischemia heart disease[38]. These pathologies re-
quire the calculated myocardial deformation to achieve a good diagnostic. Thus, in
order to generate relevant information for clinical usage, the measurement of the
myocardial deformation using Gabor filters is shown in figure G.3. Displacement
maps are obtained using phase tracking as described in section D.5, which allows
subpixel resolution. It can be observed that the field estimated describes the rota-
tion of the myocardium despite of the quality of the images. From the magnitude
of the displacement, it can be noted the distribution of the deformation over the
myocardium. These parameters are useful to determine when the heart is rotating
under the baseline, and elaborate the appropriable diagnostic.

In addition, the method has been compared with HARP based on the accuracy
of the deformation fields. It has been done using the validation protocol presen-
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Figura G.2: Example of Angle Images obtained using Gabor filters and HARP. (a)
Original Tagged MR images at the end systole. (b) Angle Image of the horizontal
harmonic peak using Gabor filters. (¢) Angle Image of the same peak using HARP.
(d) Difference of (b) and (c). (e) Original image. (f) Angle Image of the vertical
harmonic peak. (g) Angle Image of the same peak using HARP. (h) Difference of
(f) and (g).

(a) (b) (c) (d) T e)

Figura G.3: Measured deformation. (a) A systole image. (b) Next image in the se-
quence. (¢) Calculated magnitude of the displacement. (d) Measured displacement.
(e) Highlighted region.

ted in section G.1.1. Since the likelihood measure, equation G.1, is based on the
means of the images and square differences, the corresponding index calculated for
an image from an specific sequence is not comparable with other sequences at dif-
ferent location of the left ventricle. It is because the morphology of the heart is
not the same from base to apex, and consequently the myocardial area is different.
Moreover, there are several variations in the shape of the left ventricle from subject
to subject such as the thickness of the walls and the size of the radius of the ventri-
cle, among others. Therefore, the results are shown for each of the sequence tested
independently.

The similarity measure has been calculated for 3 SA Tagged MR image sequen-
ces, from base to apex, for 2 healthy patients. The corresponding plots for each se-
quence are shown in figure G.4. Here, the plots exhibit the behavior of the likelihood
indexes through the systole. For this experiment, the systole period is composed of
7 frames. Then, the (z;,y;) value represents the evaluation of equation G.1 between
the interpolated image I, and the I, ;. Thus, the graphs illustrate the accuracy
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for the method through the systole sequence for a given SA sequence. The test has
been performed for the HARP based method, and for the one developed here, while
the difference is shown.
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Figura G.4: Similarity measure behavior through the systole. From left to right,
parallel SA accuracy from base to apex. The y-axis represents the likelihood index
and the z-axis is the frame number of the systole sequence. The measure is described
for two patients (a) and (b).

As it is depicted, the Gabor based method seems to be more accurate than the
HARP based. For this test the tracking method used is the same. The difference
between the both indexes is positive for the entire sequence. It means that the
interpolated image is more similar to the next image in the sequence with the
Gabor based technique than with HARP. The reason for the observed descending
tendency is the disappearance of the tagging marks corresponding to the blood.

G.2. Misalignment Correction Results

As discussed in chapter E, one problem before boarding the 3-D motion recons-
truction is to align the imaging planes to concord among them. Here, an approach
to correct this artifact has been detailed. In this section, the alignment method
is tested with a set of healthy patients. Due to the lack of the ground-truth, the
results for a particular case is shown to illustrate the effectiveness of the method
qualitatively. The intersection vectors are displayed, in addition to an initialization
of a left ventricular model before an after the method application. To evaluate the
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l

(a) (b)
Figura G.5: Some of the most significant misalignment artifacts in a real patient
and the alignment performed by the proposed framework are shown. (a) Intersection

vectors as acquired from the imaging session. (b) Misalignment artifacts corrected
by our method.

framework statistically, a synthetic test has been performed where the planes are
moved intentionally at random. Then, the method is expected to realign the planes.

The scheme proposed has been tested with a set of 12 healthy patients. Each
case is composed of 7 parallel SA views from base to apex, and 4 LA views. In 3 of
these views both ventricles are shown, and in the remaining 1 just the left ventricle
is observed. The pixel spacing is 1,98 by 1,98mm for SA and 1,77 by 1,77mm for
LA. The slice thickness is 8mm for SA and 6mm for LA. It is selected a region of
interest in a SA view, and applied our framework to this region, which is propagated
to the other SA planes.

The method has been applied in patients where movement artifacts have been
observed by inspecting the intersection vectors. Then, some qualitative results are
shown in figure G.5 for one real case. Here some of the intersection vectors are
shown before and after the alignment, showing a good registration between them.
It should be noticed that all the planes have been moved simultaneously until a
global fitting is achieved. In addition, the method has been applied to a different
patient to initialize a 3-D model to recover the ventricular anatomy. In figure G.6
the model is shown with and without alignment. It can be observed that the model
aligned is smoother and more plausible, especially in the middle of the long axis
where the planes are less congruous among themselves in the initial model. It should
be noted that it is a continuous model where certain interpolations are performed
and a smoothing process is applied.

However, the performance of our framework can not be evaluated with the data
from real patients due to the lack of the ground-truth, i.e. the movements during
the imaging session. In order to overcome this problem, we have chosen one real
patient, aligned it, and moved each of the planes by a random number from a given
range. Even though there is a propagated error, it provides a good evaluation of
our method. Thus, we have selected the patient case presented in figure G.5 to
be misaligned by 10 iterations at different displacement ranges. Then, each slice is
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(b)

Figura G.6: Initialization of a 3-D model to recover the anatomy of the left ven-
tricle from MR, images. (a) Initial model without plane alignment. (b) Model after
alignment.

moved along the three axis by a random number. The results of this experiment
are shown in tables G.1 and G.2. Here, it can be observed that when the induced
displacement increases, the error increases as well. It is mainly because the plane
could be out of the myocardial region. However, it should be noted that these errors
are smaller than a pixel (1,98mm), which in terms of the myocardial thickness
(12mm) represents an accuracy of 87 %.

Cuadro G.1: Mean Displacement Error in milimeters for each XYZ coordinate in
different movement ranges in the LA Slices

Range X Y 7

+3mm 0,5018 + 0,2597 0,4653 £ 0,2028 0,4650 £+ 0,1985
+dmm 0,8790 £ 0,4373 1,0790 + 0,3603 0,8199 £ 0,3725
+5mm 1,0590 + 0,4339 0,8545 £ 0,4540 0,6827 £+ 0,2169
+6mm 1,5728 + 0,5630 1,3308 £ 0,4575 0,9359 £+ 0,3711
+7mm 1,5337 + 0,5840 1,5227 + 0,7223 1,8049 + 0,8195

Cuadro G.2: Mean Displacement Error in milimeters for each XYZ coordinate in

different movement ranges in the SA Slices

Range X Y 7

+3mm 0,5359 £ 0,2402 0,2776 £ 0,1412 0,4599 £+ 0,1731
+4mm 0,6415 + 0,3420 0,7213 £+ 0,3287 0,6814 + 0,3035
+5mm 0,7910 £ 0,3428 1,1546 + 0,3356 0,6610 £+ 0,3229
+6mm 0,7004 £+ 0,2197 1,0097 + 0,4079 0,9686 + 0,3285
+7mm 1,5810 4+ 0,4263 1,4611 4+ 0,5188 1,1102 + 0,3631
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G.3. 3-D Motion and Behavior

As discussed in chapter F, based on the on-plane motion estimated from the
tracking process, a full 3-D motion can be obtained for certain regions of the left
ventricle. For the purposes of this thesis the left ventricle has been segmented on
the SA images only. It is because there is a especial interest in the rotation and
torsion by the cardiologists. Additionally, several clinical research studies have been
developed under the parameters from the SA views[57, 38]. Thus, the interpolation
scheme has been employed to complete the SA on-plane deformation.

The framework presented has been tested with a set of 12 patients. The imaging
protocol consists of 6 parallel SA and 4 LA Tagged MR image views, and their
corresponding CINE images. These have been aligned using the method presented
in the chapter E. Then, the vectors aligned are transformed to the Tagged MR
image planes such that these planes fit among them. It generates to a smoother and
more accurate displacement maps.

Figura G.7: 3-D Deformation fields calculated by the spread of the motion informa-
tion from the intersection points. From left to right the systole time. On the top a
long axis perspective is observed. On the bottom, the SA perspective is shown to
illustrate the radial contraction and rotation.

Figures G.7 and G.8 show an example of the 3-D displacement information
calculated for a healthy patient. It can be observed that during the beginning of
the systole, the left ventricle starts to contract to its center of it and a rotation is
presented. Another component along the long axis of the ventricle is appreciated
from base to apex, and the nearer the apex the smaller it is. At first, this component
is significant, but by reaching the end of the systole it becomes smaller as appreciated
on the top of figure G.8. Here at the end of the systole, the ventricular motion is
composed mainly of SA on-plane motion.

From the end-of-systole deformation maps, it can be appreciated a prominent
motion component to one side. It represents the starting of the diastole where the
ventricle returns to the least contraction stage. The side by which this process starts
concords appropriately to the theory of Torrent-Guasp et al. where the heart releases
its tension from the interventricular septum first [75, 76, 77, 78]. It correlates with
the myocardial band theory which states that the heart is composed of a single
band. Here, the ventricular cavities are defined by this band which describes two
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Figura G.8: Deformation field from two perspectives. From left to right the systole
time. On the top a long axis perspective where the displacement information for 1
short axis component is observed. On the bottom a general view of the 3-D motion
maps is depicted.

spiral loops from the root of the pulmonary artery to the aortic root. It is twisted
clockwise in the base while counterclockwise in the apex during systole. When the
diastole starts, the band releases its tension from backwards, and from the ascending
segment of the apical loop.

This behavior has been observed with the rest of the healthy patients as a quality
validation and the results are consistent. It should be noted that this 3-D motion
reconstruction method accepts variations in the imaging protocol. It is because there
are not assumptions above either the location or the number of the planes. Thus,
it represent a flexible and scalable framework to the 3-D motion estimation.

G.4. Mpyocardial Rotation: a Clinical Measure

According to the myocardial band theory, the left ventricle twists counterclo-
ckwise in basal regions and clockwise in apical ones[76]. To support this theory,
here the myocardial rotation has been measured. In addition, certain cardiac di-
seases are correlated with dysfunctions of the cardiac rotation and torsion such as
coronary artery disease and ischemia[38]. However, there has not been developed a
reliable baseline of healthy patients to discriminate pathologies. In this section, it
is presented a statistical study of healthy people to propose a rotation and torsion
pattern.

To estimate the rotation of the left ventricle in SA images, it has been used the
method presented in [4]. Here, it has been treated as a simple circle to find the
rotation axis. The myocardium has been segmented in 6 regions according to the
American Heart Association (AHA)[5], and the movement has been represented in
polar coordinates where the angle difference between consecutive frames is obtained
as a rotation measure. It provides an index for each region which can be averaged
with the rest to produce a single one by SA view. Thus, it can be compared the
general index for each ventricular SA slice with the others on the long axis. In
addition, the difference between basal and apical rotations has been used as torsion,
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which has been correlated with certain heart dysfunctions[57].

Figure G.9 shows an example of the rotation behavior for a basal SA. The regions
depicted correspond to the segmentation according to AHA. Here, it can observed
how some regions (AL,IL,IN) present higher rotation levels. It suggest a rotation
pattern where the interventricular septum rotates less freely than the opposite wall
of the left ventricle. It supports the activation order implied by the myocardial band
theory[76]. To obtain a single rotation pattern along the systole, the regions have
been averaged.
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Figura G.9: Ventricular rotation of a basal SA plane for a healthy person described
by regions. On the left the global pattern is depicted.

Once a general rotation behavior is calculated for each of the SA views, it can
be compared these patterns from base to apex. As it is shown in figure G.10, at
the base the myocardium rotates in counterclockwise orientation, while at the apex
in clockwise direction. It correlates the myocardial band theory which states this
orientation difference. It should be noted that these examples have been calcula-
ted for healthy patients. Here, the cardiac mechanic is expected to be normal. An
analysis of several pathologies based on this measure is presented in [4, 57, 38].

In order to establish a reliable medical tool, the first step is to state a baseline
for healthy people, where a certain pathology could be discriminated. In figure G.11
the rotation at the base and apex, and the torsion patterns are shown for a set of 12
healthy people. Here it can be observed how the basal rotation is meanly positive
while the apical one is negative. Consequently, a positive torsion through the systole
is generated even though at the beginning of systole the basal rotation is negative.
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Figura G.10: Rotation behavior from base to apex for a healthy person in degrees

during systole.
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Figura G.11: Left ventricle patterns for a set of 12 healthy people during systole.
(a) Basal rotation mean and its standard deviation. (b) Apical rotation mean and
its standard deviation. (¢) Torsion mean, i.e. basal and apical rotation difference,
and its standard deviation. (d) General behavior of the three measures.
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Apéndice H

Further Research

H.1. Conclusion and Discussion

A new approach to obtain the Angle Images from cardiac Tagged MR images
has been described through the use of a Gabor filter bank. It has been presented an
alternative method besides HARP and the proposed in [65], and demonstrated that
it is more accurate than HARP and less expensive in computational cost than the
proposed in [65]. Additionally, it has been applied a method able to obtain dense
displacement maps for short axis MR images instead of recovering the tags only.
Essentially, this method recovers the best of these techniques to generate a new
approach in this issue.

The method presented is potentially an improved form to obtain more precise
3-D reconstruction and fully cardiac motion. It is due to the ability to recover more
accurate Angle Images. Although the tracking process could be more controlled
under a deformation model, the method has been left to converge freely assuming
that for all points the displacement from frame to frame is less than a half of the
tag period. Here, a postprocessing step could be added to smooth the deformation
based on the neighborhood.

An accurate method to register LA and SA MR images by eliminating the
misalignment artifact has been proposed. There has not been introduced any kind of
bias in the movement behavior of the image slices, since these have been performed
in the same global coordinate system instead of the left ventricle main axis. The
image views have been treated as planes without thickness, which reduces the error
of approximation that is significant for this case. It is because the myocardium
could be represented by 4-6 pixels (7,9-11,9 mm) on the SA planes, while the slice
thickness should not be less than 7 mm to achieve a good image equality. In addition,
by treating the image data as voxels, some gaps between the SA planes are allowed,
which introduce an error due to the interpolation between them, and hide part of the
misalignment artifacts. Moreover, a minimum number of slice views are needed to
register the image data using this idea which is not a requirement in our framework.

By inspecting the behavior of the alignment measure and the intersection vec-
tors, it has been detected that there are more than one solution to the problem.
It has been found good correspondences among the LA and SA slices at different
locations, which suggests a number of displacement solutions. It is because, some
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regions of the myocardium are uniform allowing a plane to move freely inside them.
On the other hand, there are some regions near to the apex where an acceptable
solution tends to be an exact displacement, particularly when the right ventricle is
not appreciated.

Additionally, it has been observed that the misalignment artifact is an important
issue in the 3-D volume reconstruction task of the left ventricle. A high percentage
of patients, 75 %, has been identified with some level of movement. The inclusion
of a rotation factor could help in the improvement of our registration method since
the diaphragm provokes an orientation change in the image. However, this factor is
not too significant when only the left ventricle is interested in as it is the case.

A non-biased method to recover the 3-D ventricular motion has been designed.
It is based on the intersection points between a SA and a LA planes. A algorithm to
combine the on-plane 2-D deformation vectors from each plane into 3-D displace-
ment vectors has been performed. The spread of this motion information has been
achieved to the missing dimension regardless of on-plane motion vectors calculated
previously. This process has been computed a triangulation and interpolation steps.
Here, the triangulation is used to obtain a more accurate solution since the available
information is not equally distributed. Where the triangulation is not possible, the
interpolation has been found from its nearest neighbor. It allows us to spread the
motion information over the entire myocardium segmented in SA.

The 3-D reconstruction results have been correlated with the myocardial band
theory. Here, the expected behavior has been achieved successfully. The method
results have been observed to be stable and reproducible. In addition, the process is
scalable and does not depend on either a model or a rigid imaging protocol. Here,
the number of SA and LA frames can be variable and differently oriented among
patients, and they can still be compared.

The myocardial rotation on SA views has been studied. A statistical analysis
has been performed under a set of healthy people. This parameter has presented
a characteristic pattern based on the segment analyzed. The basal rotation has
depicted a counterclockwise orientation at the base, which has become to be opposite
gradually as the the region analyzed reaches the apex. This behavior has yielded
to a distinctive ventricular torsion pattern. In addition, it has been supported part
of the myocardial band theory, which suggests the rotation difference between base
and apex during systole.

A complete method to obtain the myocardial motion from Tagged MR images
has been presented. From the characterization of the images to the estimation of
3-D displacements and a medical application have been depicted. The approach has
been developed by stages which can be analyzed and enhanced independently. A
medical measure has been studied although others parameters could be extracted
and studied showing the impact of a solution to the problem.

H.2. Further Research

The method developed to improve the Angle Images has been used to provide
a more reliable feature to track instead of the gray level. Here, this process has not
been influenced by the neighborhood which could produce discontinuities especially
near the boundaries. A postprocessing step can be suitable to improve the final
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tracking. Based on the Gabor filter responses, it is possible to obtain a reliable level
which can be used to smooth the output where this value is low.

The alignment method presented has been designed considering only a transla-
tion factor. However, it could be considered a rotation factor suggesting to find an
axis. An analysis of how this factor impacts on the fitting could be an enhancement
to the method. A process to combine the CINE MR images and the Tagged MR
images would be able lead to a more efficient integration of both imaging techni-
ques. Here, a more precise fitting could be obtained in the Tagged MR images, and
an automatic method to segment and align the left ventricle could be developed.

To reconstruct the 3-D motion it has been used the intersection point vectors.
The motion information have been spread through the SA to complete the on-plane
displacements. A different interpolation method based on the polar coordinates
could represent an improvement in the propagation. The 3-D motion information
could be expanded to the gaps between SA planes where no motion information is
available. Here, a more elaborate interpolation should be necessary. There might be
isoparametric curves along the boundaries to achieve a reliable estimation.

To incorporate a new parameter in the clinical environment it is extremely im-
portant to test it with a huge number of healthy people, and create a baseline. Then,
it can be compared statistically with several pathologies to determine its power. It
is when a strong tool for diagnosis has been created. In the approach about rotation
presented only a part of the first step of this process has been studied. The paucity
of healthy patients in medical studious is a major issue which should be improved
to continue the process.
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