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Preface

The art of imaging blood vessels in the human body is called angiography.
Since its inception, physicians have benefited from the field of angiography
imaging. This has helped them to diagnostically treat patients with various
kinds of vascular diseases. Recently, because of the technology growth in fields
of acquisition techniques, such as magnetic resonance, computer tomogra-
phy, digital subtraction angiography, and ultrasound, the vascular imaging
research community has become very interested. But acquisition is just one
side of the coin. Given the high resolution acquired with angiographic volu-
metric data, the art of blood vessel extraction is another side of the coin. The
recent growth in mathematical engineering and applied mathematics has
opened the door to solve complex problems in angiographic imaging, such
as detection, segmentation, tracking, display, and quantification of blood ves-
sels. By fusing together different branches of engineering and medicine, such
as physics, computer engineering, electrical engineering, biomedical engi-
neering, and medicine, it has become possible to understand not only the
needs of today’s fast-growing technology, but also to solve difficult problems
in angiographic imaging. This book is an attempt to present, for the first time,
different medical imaging modalities such as MR, CT, x-ray, and ultrasound
for performing angiography and its analysis.

The art of angiography imaging has penetrated several fields of medicine,
such as ophthalmology, neurology, cardiology and pulmonology. Keeping
this in mind, we address the state-of-the-art issues of angiography, pre- and
post-angiographic imaging, and applications. This includes intravascular ul-
trasound (IVUS) and x-ray fusion, plaque imaging, and morphology anal-
ysis. The angiographic imaging covers different body parts such as retinal,
neuro, renal, coronary, and run-off based on the above four medical imaging
modalities.

Readers who will benefit from this book include researchers in the field
of medicine, imaging sciences, biomedical engineering, physics, and applied
mathematics, algorithmic developers, and researchers who are beginners in
the field of image processing and graphics but are interested in shape analysis.
This book is a collection of chapters in the area of angiography acquisition
and postprocessing of angiography volumetric data sets and applications of
vascular segmentation techniques.

The contributors to this book consist of pioneers in the field of engineer-
ing, imaging sciences, biomedical engineering, computer engineering, image
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viii Preface

processing, computer vision, deformable models, and partial differential equa-
tions. This book is also a classic example of a buffer between industry and
academics, because the contributors are from both sides of engineering and
mathematics.

Chapter 1 presents a long survey of vascular image processing techniques.
It divides the techniques into two broad classes: skeleton vs. non-skeleton-
based techniques. The major part of this chapter focuses on skeleton (indi-
rect) and non-skeleton (direct) based techniques. We present more than five
different skeleton or indirect techniques, along with their mathematical foun-
dations, algorithms, and their pros and cons. Then, the chapter presents eight
different techniques in the class of non-skeleton or direct methods. A full sec-
tion is dedicated to a discussion of Fuzzy connectedness vs. geometric tech-
niques, their pros and cons, skeleton versus non-skeleton approaches, and
the major dominance of scale-spaces. This chapter concludes with a clinical
discussion of automated vascular segmentation algorithms for MR data sets,
possible extensions for improving the segmentation system, and the future
of vascular segmentation techniques.

Chapter 2 focuses on scale-space filtering of the white- and black-blood
angiography imaging. This chapter presents a system where the raw MR an-
giographic volume is first converted to isotropic volume, followed by three-
dimensional, higher-order, separable Gaussian derivative convolution with
known scales to generate edge volume. The edge volume is then run by
the directional processor at each voxel where the eigenvalues of the three-
dimensional ellipsoid are computed. The vessel score per voxel is then esti-
mated based on these three eigenvalues, which suppress the nonvasculature
and background structures yielding the filtered volume. The filtered volume
is ray-cast to generate the maximum intensity projection images for display.
This chapter then presents the performance evaluation system by computing
the mean, variance, signal-to-noise ratio, and contrast-to-noise ratio images.
The system shows the results of 20 patient studies from different areas of the
body, including the brain, abdomen, kidney, knee, and ankle. This chapter
also discusses the timing issues and compares its strategy with other MR
filtering algorithms.

Chapter 3 focuses on segmentation tools from an industrial point of view.
Vessel View is an interactive postprocessing application for three-dimensional
magnetic resonance angiography (MRA) and computed tomography angiog-
raphy (CTA) images. The application provides simple interactive point-and-
click localization and quantification of vessels. Behind the scenes, there are
several robust and efficient segmentation algorithms that operate at interac-
tive speeds. For three-dimensional localization of vessels, a variant of
Dijkstra’s algorithm grows a segmenting surface from initial seeds and con-
nects them with a minimal path computation. The technique is local and
does not require any preprocessing of the volume. The propagation is con-
trolled by iterative computation of border probabilities. As expanding re-
gions meet, the statistics collected during propagation are passed to an active
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minimal-path generation module that links the associating points through the
vessel tree. Once the vessel tree is obtained, local, high-precision segmentation
techniques, employing mean-shift-modulated ray propagation, are used for
quantifying selected pathologies, such as aneurysm and stenosis. This chapter
describes in detail these algorithms and also explains why these particular
techniques were chosen based on clinical workflow. The costliest element
of the diagnosis is the time spent by doctors and technicians. Optimization
of user time leads to a simple set of design criteria: algorithms must be fast,
robust, give immediate visual feedback, and respond intuitively to user guid-
ance. These demands require a system in which visualization and segmenta-
tion are tightly coupled. Integral visualization and navigation techniques are
developed in conjunction with the content extraction methods.

Chapter 4 focuses on black-blood angiography. It introduces different kinds
of masking strategies such as Bayesian, fuzzy, recursive mathematical mor-
phology, and connected components analysis for mask generation for black-
blood angiographic volumes. One section of the chapter presents the filtering/
segmentation algorithms for black-blood angiography. Here is discussed the
role of scale-spaces for vessel detection and display techniques for black-
blood vessels. The last section of this chapter presents a clinical discussion on
automated vascular segmentation algorithms for MR data sets, possible ex-
tensions for improving the black-blood segmentation system, and the future
of black-blood vascular segmentation techniques.

Chapter 5 reports on techniques for automatic analysis of retinal angio-
graphic images. In particular, we focus on the segmentation of the blood
vessels in these images and subsequent shape analysis of the segmented
branching structures. We describe a recently proposed approach based on the
continuous wavelet transform using the Morlet wavelet. The main
advantage of the latter, with respect to retinal images, relies on its capabil-
ity of tuning to specific frequencies, thus allowing noise filtering and blood
vessel enhancement in a single step. Furthermore, because of the importance
of using shape analysis techniques for the detection and quantitative char-
acterization of the blood vessel vascular branching pattern in the retina, the
wavelets can also be explored to extract shape features for image analysis. The
chapter concludes with an exploration of the fractal analysis of the segmented
vessels for characterization of the branching pattern using the correlation
dimension.

Chapter 6 focuses on retinal vascular image processing. This chapter pro-
vides a detailed review of algorithms for extracting the retinal vasculature
from clinical instruments such as the fundus microscope. Also described are
methods for extracting key points, such as bifurcations and crossovers, and
methods for performing vessel morphometry. Tracing of retinal vessels has a
number of applications, including support for clinical trials, real-time instru-
mentation for computer-assisted surgery, computer-assisted diagnosis, and
fundamental science. Examples of applications are provided. Depending on
the intended application, different algorithmic and implementation choices
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can be made. This chapter describes the rationale behind these choices, using
several examples.

Chapters 7, 8, and 9 discuss the MRI of atherosclerosis. These three chapters
describe the imaging techniques, morphologic index, and tissue characteri-
zation approaches for the visualization and characteristics of atherosclerosis.
Noninvasive magnetic resonance imaging is ideally suited for such purposes.
Plaque characteristics may be useful in determining high risk, or “vulnerable”
plaques. Chapter 7 focuses on plaque imaging techniques useful in imaging
basic plaque tissues and specific plaque features with magnetic resonance
imaging.

Traditionally, the degree of lumen stenosis is used as a marker for high-risk
(vulnerable) plaques. Clinically, x-ray, CT, ultrasound, and MR angiography
are used to determine lumen stenosis. Stenosis, however, is just one simple fea-
ture in morphology analysis. We believe that complex morphology markers
can provide more information for vulnerable plaques. A set of carotid shape
descriptors developed to distinguish the different types of plaque morphol-
ogy based on carotid wall thickness to assist in determining the vulnerable
plaque is presented in Chapter 8.

Knowing the composition and distribution of atherosclerotic plaque com-
ponents within the walls of arteries can be valuable for surgical planning,
assessing disease severity, and monitoring response to treatment. Chapter 9
details techniques for the segmentation of artery walls into distinct tissue re-
gions, measurement of compositional indexes, and three-dimensional display
of plaque distribution. The methods focus on magnetic resonance images of
the carotid arteries, but can be extended for use in other vessels and with
other methods for vessel wall imaging.

Chapter 10 addresses the problem of constructing volumetric dynamic
models of coronary vessels. The growing appreciation of the pathophysi-
ological and prognostic importance of arterial morphology has led to the
realization of the importance of volumetric analysis of coronary vessels for a
reliable diagnosis and choice of therapeutic procedure. The problem of real
three-dimensional reconstruction of dynamic vessels is a complex task that
needs to incorporate data from different medical image modalities. Today,
angiograms represent the most-used image modality for diagnosis during
clinical practice. However, due to the projective nature of x-ray images, di-
rect quantitative measurements are prone to errors. A three-dimensional re-
construction of the vessels could estimate vessel lesions and aid in the pro-
cess of determining the reliable therapy more precisely (length of stent, etc.).
In this chapter, different computer vision approaches for two-dimensional
analysis and three-dimensional reconstruction of vessels on (biplane) angio-
gram systems is discussed, focusing on their performance and need for user
interaction.

On the other hand, angiograms, visualizing just the vessel lumen, are in-
herently limited in defining the distribution and extension of coronary wall
disease. As a perfect complement, intravascular ultrasound (IVUS) images
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represent a unique interoperative image modality that allows physicians to
obtain a picture of the composition of the vessel in detail. IVUS images contain
valuable geometric information (diameters, area, etc.) about plaque, vessel
lumen, mutual position with stent, etc. Given the huge amount of IVUS
data, the problem of (semi)-automatic segmentation and extraction of ge-
ometric measurements arouses increasing interest by cardiac caregivers in
order to avoid the tedious and time-consuming process of manual segmenta-
tion. Moreover, image processing and computer vision techniques allow for
an automatic texture characterization of vessel morphology (plaque, calcium
deposits, etc.), which represents essential help to cardiologists during the pro-
cess of diagnosis and therapy. Chapter 10 discusses the current state-of-the-art
of automatic analysis (segmentation, statistical description of vessel composi-
tion, dynamics, etc.) of IVUS images. The chapter finishes with current work
on fusing IVUS and angiogram data to obtain a real volumetric vessel model,
thereby making easier the arduous task of mental conceptualization of vessel
shape and analysis of real spatial extension, distribution, and treatment of the
coronary diseases.

Chapter 11 presents the issues and problems that computer-assisted anal-
ysis of images of vasculature pose to medical image processing researchers.
Methods that are appropriate for the analysis of images of tissues are not
always appropriate for vascular images. For example, vessels generally form
sparse networks in which each vessel’s cross-section is nearly circular and
varies smoothly along its tortuous path. If ignored, these geometric properties
confound standard image segmentation and registration methods. However,
if these geometric properties are specifically exploited, the resulting vascular
image processing methods can gain accuracy, consistency, and ease-of-use.
In this chapter we review several prominent methods for characterizing and
viewing vascular images for surgical planning as well as methods for register-
ing vascular images for surgical guidance and treatment monitoring. These
reviews focus on the current and potential clinical use of the methods. Special
attention is given to the role of vascular image processing methods for neuro-
surgical planning, liver transplant planning, liver shunt placement, and liver
lesion ablation guidance. The utility of these and other clinical applications
are shown to often be related to the degree to which the underlying image
processing methods exploit the geometric properties of vessels.

Chapter 12 focuses on the future aspects of vasculature image processing.
Here we summarize the acquisition of MR, CT, and ultrasound modalities.
Postprocessing issues such as separation are also presented.
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