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Abstract

This dissertation discusses visualization techniquestafudar cartilage for
both quantitative and qualitative assessment. Articudatilage is a very thin
structure covering the endings of human bones. Thus, eigint shanges in its
thickness and inner structure may indicate an occurrenpeogress of degenera-
tion. The early detection of these factors is crucial fogdiesis and treatment of
cartilage degeneration. Research to find treatments to steyen reverse these
degenerative changes is well in progress.

Magnetic resonance imaging is currently the best and mest ngn-invasive
technique for acquisition of soft tissue structures likeécatar cartilage. In this
work we use two types of data: a high-resolution anatomicah ®©f the cartilage
and al’; map, which is computed from a set of sequences with varyirgpeters.
While the thickness of the data can be precisely assessedfeoamatomical scan,
theT, map offers information on the inner structures of the cagel.

Since the femoral cartilage is a curved thin-wall structwith a relatively
small extent in one direction, it is very difficult to estiraats thickness from a
stack of slices or even from a three-dimensional reconstruof its surface. We
discuss inspection of the tissue by unfolding and, thugessmting the tissue as
a two-dimensional height field. Such a transformation ofdhgct enables the
application of 2D geometrical operations in order to obeewbtle details in the
thickness of the tissue.

Nowadays scanners allow a quality assessment checkingptns in the
pattern of thé/;, map of the patellar cartilage. THé map illustrates the quality of
the cartilage and changes in the patterfi:oimap indicate defects before changes
in the thickness itself occur. We propose the Profile Flagsinauitive interface
for probing of thel; maps by browsing the reconstructed surface of the cartilage
The Profile Flag is positioned on the reconstructed surfatieectissue, and can
be moved along it. The Profile Flags can be applied to anntiest as well as
global characteristics of the underlying data in a singleistage. Furthermore,
we present a set of extensions to Profile Flags for selectiassification and
automatic positioning. Profile Flags can also be used to uneasne-varying
dynamic contrast enhanced magnetic resonance imaging data



Kurzfassung

Die vorliegende Dissertation behandelt Visualisieruegishiken zur quanti-
tativen und qualitativen Beurteilung des Zustandes von iikslaorpelgewebe.
Es handelt sich dabei um diunne Knorpelstrukturen, die Gsléipfe im men-
schlichen Kérper bedecken. Selbst geringe Anderungemen bicke und Strutur
konnen auf eine Degeneration hindeuten. Die Friherkensoicger Veranderun-
gen ist von groRer Bedeutung sowohl fiir die Diagnose und Béagdier aus-
I6senden Krankheiten als auch fur die Erforschung ihreathen.

Die Magnetresonanztomographie ist derzeit eines der arstemeverbreit-
eten bildgebenden Verfahren zur Untersuchung von Weigeteebe. Im Rah-
men dieser Arbeit kommen zwei Typen von MR Daten zur Anwegduain
hochauflasender anatomischer Scan des Knorpelgewebemarshgenannté,-
Map, welche aus Sequenzen mit variirenden Parametern betesbreen kann.
Wahrend die Dicke des Gelenksknorpels mit Hilfe des anaohnen Scans mit
hoher Prazision bestimmt werden kann, kann ausidéviap Information tUber
seine Struktur gewonnen werden.

Insbesondere die Untersuchung des femoralen GelenksKaofiinorpel-
gewebe, welches den Oberschenkelkopf bedeckt) ist sdgwiBedingt durch
seine gewundene Struktur sind konventionelle Methoderetsa®d auf Schicht-
bildsequenzen oder dreidimensionaler Rekonstruktion Birnageeignet. Aus
diesem Grund wird in der vorliegenden Arbeit eine Technik Auffaltung des
Gewebes behandelt. Die so gewonnene Représentation aldimepsionales
Hohenfeld erlaubt die Anwendung von geometrischen Opmrati, um eine
verbesserte Darstellung von selbst geringen Annomalienmdglichen.

Durch Untersuchung ddi,-Map kénnen dariiberhinaus Verdnderungen in der
Struktur des Knorpelgewebes der Patella (Kniescheibe@nertiwerden bevor per-
manente Schaden entstehen. In dieser Arbeit wird die Pagién-Metapher
vorgestellt, welche eine einfache Sondierung GrMaps erlaubt. Eine Pro-
filflagge wird auf der rekonstruierten Oberflache des Kngpekbes platziert
und kann darauf bewegt werden. Profilflaggen bieten eina&hief Schnittstelle
zur Interaktion und Dastellung der zugrundeliegenden Datel sind somit zur
Untersuchung und Annotierung von lokalen und globalen Glteristika des
Gewebes geeignet. Neben dem grundlegenden Konzept weatiéeizhe Er-
weiterungen vorgestellt, die sich mit Selektion, Klassifian und automatisierter
Positionierung der Profilflaggen beschaftigen. Auch einevémdung zur Unter-
suchung von mit dynamischer kontrastmittelunterstitktagnetresonanztomo-
graphie (DCE-MRI) gewonnenen Daten wird behandelt.
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Chapter 1

Introduction

Though the history of magnetic resonance imaging (MRI) hagesd in the late
fourtees, it has been originally used only for chemical amgspral analysis. The
firstdemonstrations in medicine can be dated to the seventben it has been used
for the first time on a human body. Since that time, the cressianal magnetic
resonance technology is developing fast, increasing bo#patial resolution and
signal-to-noise ratio [33].

An ideal screening technique should have the following proes: lack of
harmful side-effects, high patient acceptance, high diagiareliability, low costs
of the inspection practice, and availability of efficienéthpies to the alleviation
of the investigated disease [27]. Magnetic resonance mgagatisfies the first
two attributes by the lack of ionizing radiation and is thseful for an effective
population screening. MRI is employed in early diagnosesisdgates and also
in the evaluation of disease progress. The third criteriarimarily dependent
on the technical degree of both software and hardware coemermused in the
approach. MRI has a high potential in various areas of meditading. In the
following sections, we discuss the recent research andieahadvances of MRI
for orthopedics.

1.1 Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging is a noninvasive procedurehwsbased on nuclear
magnetic resonance. In contrast to radiography (X-rays)camputed tomogra-
phy, MRIis based on the absorption and emission of energyin & radio waves.

It does not involve harmful ionizing radiation. To obtainages, a patient is po-
sitioned within a constant magnetic fielt}. Since certain nuclei, e.g., hydrogen
nuclei, exhibit magnetic properties, they act like magimetee magnetic field and
spin align with an outside magnetic field. If a radio frequefRF) pulse is applied

to the scanned tissue iy, the nuclei absorb energy and get excited. This disrupts
the alignment until the RF transmitter is switched off. Theemaitted energy is
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Introduction

picked up by the receiver coil and the signal is reconstdictBifferent image
types can be created by varying the sequence of the RF puls2gp3

The primary obstacles in achieving good image quality witRINre the high
noise and bias. Since the commonly used low pass filtering&aove small
features, several sophisticated approaches have beeospbfor denoising and
bias correction of magnetic resonance data [22, 79, 56,]53wphisticated filters
are usually very time-consuming and may require up to selietas of processing
time. Motion artifacts are another problem of MRI which is da¢he rather long
scanning times. Examples of such artifacts include pateeathing or colon
peristalsis during the scanning procedure [63].

Due to the high patient acceptance and the lack of harmfidiiog radiation
MRI is applied in many research areas: neurology, angiogtagardiac MR,
etc. [27]

1.2 Knee Cartilage

MRI is also a promising tool for in-vivo studies in orthopeslicThis is due to
the ability to easily differentiate between different tgpef soft tissues. MRI is
currently the most accurate non-invasive technique fgrbaing cartilage lesions.
An accurate assessment of cartilage thickness and qusafigciessary for the early
detection of joint degeneration.

1.2.1 Anatomy of Articular Cartilage

Joint surfaces are formed by articular cartilage, usualied also hyaline car-
tilage. The anatomy of articular cartilage is very complathva well hydrated
and pressurized structure. It consists of chondrocytesaalagge extracellular
matrix composed of water (75-80%), collagen Il fibrils (20%nNd aggregates of
proteoglycans (5%) [75]. The cartilage does not possesg@unthickness. Itis
influenced by different factors, e.g., size of bone, pressstress, age [49].

Hyaline cartilage consists of three histologic layers dasethe orientation of
the collagen fibers (Figure 1.1):

» The outer layer (superficial zone) consists of collagerr$ilbégned tangen-
tially to the surface of the cartilage. It makes up approxetyal0% of the
thickness of the cartilage. The water content in this lagehé highest and
decreases towards the bone.

» The transitional layer makes up approximately 40% of thiglage thickness
with collagen fibers oriented arch-like and directed towatte surface. In
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1.2 Knee Catrtilage

Radial zone - \'

Ealcified\ Py,
cartilage : v =

Figure 1.1: Sketch of the layers of hyaline cartilage with orientation of collagen fibers
(figure taken from Disler et al. [18])

this layer the collagen fibers are thicker than in the supelfaone, but
thinner than in the radial zone.

* In the radial zone the collagen fibers are oriented perpefatly to the
cartilage surface. In this layer, the number of chondraydehe highest
in comparison to the other layers of hyaline cartilage. Tolkagen fibers
of this layer are rooted in the calcified cartilage, whichhe tonnection
between cartilage surface and subchondral bone. The rzali@ and the
calcified cartilage constitute approximately 50% of thecatar cartilage.
These layers also possess a higher concentration of phptang.

In the human knee joint, three touching bones, namely fepatella and tibia
are covered by articular cartilage at the contact areasur&it.2 shows a sagittal
slice through a human knee with annotated bones. The feroovésed by femoral
cartilage, the patella by patellar cartilage, while the ehthe tibia is formed by
tibial cartilage.

1.2.2 Functions of Articular Cartilage

The hyaline cartilage supports certain very important fiems, e.g., distribution of
weight, maintenance of low contact stress, frictionlessong shock absorbtion,
and allows the diffusion of nutrients to its cells. The ot&ion of collagen fibers
in different layers is crucial for protecting against shaad tensile forces and
shocks. The main protection against pressure is providatidgwelling ability
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Figure1.2: Sagittal slice of the knee with annotated bones and three types of cartilage,
i.e., femoral, patellar and tibial cartilage.

of the proteoglycans. Together with water, proteoglycarmvigde mechanical
resistance. Water is serving as a lubricant, in case cosipged®rces are executed
on the surface of the articular cartilage.

1.2.3 Pathological Changes in Articular Cartilage

Damage to the cartilage can be either post-traumatic orgeggve, both may lead
to osteoarthritis. In osteoarthritis, softening of thditage is observed, causing the
tissue to be less resistant to load bearing. Ulcerationlanding of the cartilage
occurs in the next stage of osteoarthritis, leading to exygosf the bear bone in
the course of several years. Clinically, this is accompahiegdain, stiffness and
progressive loss of function. Research to find treatmento@ even reverse
these degenerative changes are well in progress. Essengaaireatment at an
early stage of osteoarthritis is early detection of cagéldegeneration [18, 35, 26]
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1.2 Knee Catrtilage

grade| Outerbridge [54]
1 | softening, swelling, fibrillation
2 | fragmentation and fissuring 1.5 inch in diameter
3 fragmentation and fissuring 1.5 inch in diameter
4 erosion of cartilage down to subchondral bone

grade| Shahriaree [67]
1 softening
2 | swelling, blistering
3 | surface irregularity, thinning
4 ulceration with exposure of subchondral bone

Table 1.1: Classification of pathologic changes in articular cartilage.

Osteoarthritis is most frequently found by adults as wejl@asg people involved

in sports [26]. Itis difficult to detect osteoarthritis in aarly stage. The common
symptoms are pain, stiffness, and limitation of a joint'adtion. As the disease
progresses, the symptoms become worse.

The early stage of osteoarthritis can be described by a deasitron of the
collagen framework of the hyaline cartilage, decreasedertrof proteoglycans
and increased water content. This results in swelling aftérsog. The body
responds with an increased anabolic and catabolic agtastwell as proliferation
of chondrocytes. This activity may lead to a thickening dicatar cartilage and
can last for several years. As the healing attempt of the @it the result is
fibrillation, fissures, erosion and cracking of the car@laBue to the impossibility
of cartilage regeneration, this is an irreversible pro¢28k

Until now there is no agreement on a unified classificationesysf patho-
logic changes in articular cartilage. However, two systanesmost widely used
as described by Outerbridge [54] and Shahriaree [67]. Baskesys recognize
four grades of pathologic changes, starting with softetimgugh fissuring and
blistering to exposure of subchondral bone (see Table 1.1).

1.2.4 MRI of Articular Cartilage

Radiographic methods, such as X-rays, offer an effectivefastdool for assess-
ing the progress of osteoarthritis. Unfortunately, débeds possible only when a
significant part of the cartilage is affected. It is impottandevelop methods that
detect earlier stages of the disease to be able to stop watation of the hyaline
cartilage. Magnetic resonance imaging has the potentiaipoove the visualiza-
tion of articular cartilage, and localize and quantify pdigical changes of hyaline
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cartilage. With the advent of recent MRI sequences, whiclibéxd high soft tis-
sue contrast, itis possible to delineate articular cag#ildisorders with high spatial
resolution and satisfactory signal-to-noise ratio. Thasgsiderations are impor-
tant for an accurate segmentation of cartilage from adjaitesues. Moreover,
MRI of the knee is beneficial due to the absence of ionizingatash, although to
some extend slower than other scanning modalities. Vetsted al. [75] consider
that an MR sequence for accurate detection of cartilagenggggon should be
able to:

* detect changes in the subchondral plate

* delineate bone marrow oedema, subchondral cysts, andlgtiam tissue

detect changes in the internal structure and composifiartioular cartilage
» show superficial and deep defects
« display cartilage with an optimal contrast and high spa¢isolution

Due to the complex composition of cartilage collagen fibseveral typical
MRI artifacts can occur:

» Truncation artifacts [26] are most evident as signal flattan parallel to thin
structures with sharp borders. They are caused by bantetinsempling
(see Figure 1.3 a).

* The magic angle effect [50] imitates cartilage defectstduecreased signal
intensity in anisotropic structures, which are orienteahaiut &5° angle to
the main magnetic field,; (see Figure 1.3 b)

» The partial volume effect [4] is caused by the large size wbzel. It is
apparent on boundaries with high signal intensity varrafgee Figure 1.3 ¢)
and leads to blurred or bumpy material interfaces.

» The chemical shift [74, 53] leads to a misregistration lestwfat and water
contained in the hyaline cartilage. This is caused by themift Larmor
frequency of fat and water (see Figure 1.3 d).

Two factors in the quantitative and qualitative charaztgion of cartilage
degeneration are the thickness of the layer and the tissalyguespectively.
Since the cartilage is only few millimeters thick, even atkibhange in thickness
and quality can indicate the progress of the disease. Thsifitation of changes
in these two important factors is essential for diagnosis fan estimating the
progress of the degeneration process.

6



1.2 Knee Catrtilage

()

Figurel.3: MRI artifacts: a) truncation artifact, b) magic angle effect (figure taken from
Guermazi et al. [26]), ¢) partial volume effect (figure taken from draket al. [40]), d)
chemical shift artifact - band of bright (solid arrows) and dark (operows) signal at the
fat-fluid interface (figure taken from Disler et al. [18]).

For screening of the knee cartilage, two magnetic resonamaging (MRI)
sequences are used: a high-resolution anatomical scamefexamination of the
thickness and &, map for the evaluation of the tissue quality. Inthe lattgussce
the damage is represented by a disruption in the typicatmatf 7, values. In
a clinical environment these two scans are usually studmetivo linked screens
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in a slice-by-slice manner. This is a time-consuming preeéth reduced spatial
perception, which may lead to false diagnosis. Furtherpitbeecommunication
between the radiologist and the orthopedist performingstirgery is not a trivial
task, since they operate with different types of data. WHike tadiologist is
performing the diagnosis on a stack of 2D slices, the orttigpevould need to
access the 3D volumetric information during the surgicatpdures.

Two metrics, volume and thickness of the cartilage, are tmea quantitative
characterization of the cartilage. Cartilage volume cated with the progression
of the disease and can be used for the evaluation of the resgortherapies.
Segmentation of the hyaline cartilage plays a crucial nolliéncing the quality
of the results.

As stated above, two MR acquisition sequences are useddajuantitative
and qualitative measurements, respectively. The surfattearticular cartilage
is generated from the anatomical scan, while Themap is calculated from a
sequence of spin-echo images. Themap represents the tissue quality. A set of
spin-echo image3g/; is acquired by varying the echo timg Then, thel; map
is calculated by fitting a non-linear mono-exponential euown a voxel-by-voxel
basis. The signal intensity of each voX&lj) of an image\/; can be approximated
by V(j) = Vo (j) -exp(T;f;.) ), wherel; () is the intensity of the voxel at echo time
t; = 0 andT,(j) is the relaxation time constant. We are fitting a curve thioug
a weighted least squares approach. This is done by minighth@ sums of the
squares of deviations between measured and expected eakeresll sequences:
min SN (In(V (5)) —In(Vo(5)) + thfj) )2w;. N+1isthe number of sequences and
thew; are the weighting constants determining how strong the @nddgaffects
the curve. This approach is chosen because of its high adoocenputational

cost ratio [46].

The disruptions of typical patterns in tlié map can be validated by so called
T, profiles [68, 62]. AT; profile is a curve of varyin@; values along a line that is
perpendicular to the subchondral bone and ends at the swf#lce cartilage (see
Figure 1.4). Due to the arrangemenfgfvalues in layers parallel to the underlying
subchondral bone, thg, profiles have a typical shape for healthy cartilage.
profiles in areas with damaged cartilage significantly diffem these shapes.
For comparison of different regions within the cartilageyltiple 75 profiles are
computed and compared. A normaliZEdprofile is computed in order to enable
the comparison of tw@, profiles with different lengths. A normaliz&d profile is
a curve which return®, values for the normalized distance in the interval between
the subchondral bone (distance 0.0) and the articularciftlistance 1.0).

8



1.2 Knee Catrtilage

Figure 1.4: Color-codedT> map of the articular cartilage with three locations @}
profiles (white lines).

1.2.5 Cartilage Segmentation

There are several approaches to cartilage segmentatioee €lasses of methods
to cartilage segmentation can be identified: manual segtient semi-automatic
(data-driven, hybrid) segmentation, and model-drivemssgation based on shape
modelling. If slice-by-slice segmentation is applied,situsually carried out in
sagittal slices. Along this axis, the topology of extractedtilage contours do
not radically change in adjacent slices. Since the scanriRtddta are generally
anisotropic, i.e. the in-plane voxel distance is smallantithe slice thickness,
additional linearly interpolated contour slices can beeited between adjacent
slices.

Manual segmentation is usually time-consuming and regw@reexperienced
user in order to obtain satisfactory results. The secondpgrbybrid methods,
use thresholding, region growing or edge detection filtersyavigating the user
through the segmentation steps. These methods are in §Eastes, even though
they are applied to individual 2D slices. This requires trecpssing of a stack of
parallel 2D slices. Brettetal. [8] use a semi-automaticegrowing algorithm for
segmentation of the femoral cartilage. The algorithm igeded slice by slice for
the entire dataset. Cohenetal. [13] apply a semi-autonegimentation technique
based on B-spline interpolation. The initial curve is coyrsiefined along each
cartilage boundary. Then the B-spline curve is registeredraling to the gradient
vector evaluated along the curve. Finally the curve is reggadnat more precise

9



Introduction

Figure 1.5: Semi-automated segmentation of hyaline cartilage (figure taken from Cohen
et al. [13]).

intervals and the boundaries are detected by projectingrthge gradient along
the edge (see Figure 1.5). Lynch et al. [45, 44] propose dagiapproach based
on cubic splines. Their main goal is to reduce the humanastem time and
improve the measurement reliability. In the first step, therinas to mark the ends
of the cartilage and six control points in each slice, de§jrarcubic spline within
the articular cartilage. This is usually done in one of thetia slices of the scan.
Then the spline is interpolated across sagittal slices attdthe inner and the outer
cartilage boundaries are detected by the Canny filter [L0jnigc [66] discusses
the application of the region-growing algorithm for the isegntation of cartilage
in his PhD-thesis. The seed point as well as the contact hee@sto be corrected
by the user (see Figure 1.6). Alexander et al. [1] proposetaadebased on the
3D Euclidean distance transformation. For each point, tbtawice to the nearest
point on the underlaying bone is computed.
In order to perform a comparison of two or more measuremessistone, and,

10



1.2 Knee Catrtilage

Figure 1.6: Three-dimensional rendering of knee cartilage (figure taken from
Schnier [66]).

thus, to determine the rate of the cartilage loss [82], itdsassary to determine
rigid body transformations that align one surface with aerobne (see Figure 1.7).
Solloway etal. [70, 69] describe a model-driven approadattlage segmentation
based on Active Shape Models (ASM). First, a database,dimgjusegmentation
templates, hasto be built up slice-by-slice. Foreach alexperienced radiologist
marks twenty equally spaced points along the cartilage thaynwhich are joined
by two spline curves (inner and outer boundary). Then thekethpoints are
statistically evaluated and the resulting model repretetset of possible cartilage
shapes and grey-level variations. The fitting and the dedtion of model to a
specific data set is computed iteratively by comparing teg-¢gvel values close to
the model’'s landmark points and the data. Williams [81] jms®oa unit sphere as a
reference for the registration of the subchondral bones fidduces the number of
points to be registered to two spherical mappings. Thenlgogithm is searching
for correspondences based on a statistical shape modethé&meference model
has been proposed by Cohen et al. [15]. An anatomical codedgystem based
on the subchondral bone topology is designed from a set dfilyespecimens,
which were scaled and aligned with each other. Pirnog [58fudises various
semi-automatic methods for cartilage segmentation anteimgnts a framework
which includes a large set of the above discussed methods.

The main challenges of cartilage segmentation includeurate determination
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(b)

Figure 1.7: a) Cartilage thickness maps in two time-steps (0 and 6 months) and b) the
difference between the maps (from two different angles)(figures taten\fflliams et
al. [81]).

of the cartilage boundary, time to segment cartilage frojacaht soft tissue, and
the precision of the thickness and volume measurement.

1.2.6 Cartilage Thickness Mapping and Volume Compu-
tation

From the surface geometries of the outer articular cagilagd the underlying
subchondral bone, commonly two quantities are measuredilage thickness
and cartilage volume. Hohe et al. [32] discussed the curgatfithe cartilage

12



1.2 Knee Catrtilage

Thickness

Thickness

Thickness

ROTin X ROTin X ROIin X

oo
—
oy
—~
@]

Figurel.8: Three differentapproachestocomputate cartilage thickness: verigtaktte
(left), proximity method (middle), and normal distance (righf)rc stands for the outer
cartilage boundary andd5 denotes the subchondral bone (figure taken from Heuer et
al. [31]).

surface as a potential risk factor for osteoarthritis.

Heuer et al. [31] compared three commonly used approacheeasure the
thickness of articular cartilage on a synthetic dataset [Sgure 1.8). The first
method just measures the vertical distance between pomteeobone surface
and cartilage surface. The proximity method uses the distdaransform and
calculates the length of the normal vector connecting tleeswifaces. The most
accurate results are produced with normal distances, hewe error in thickness
estimation strongly depends on the underlying data.

Alexander etal. [1], Faberetal. [21], Schnier [66] and Codueal. [13] measure
the distance of each point on the outer boundary of the agdito the bone along
the surface normal. Eckstein et al. [19] and Williams et 8lL][compute the
distance from the bone to the outer boundary of the cartilsigee the bone shape
IS more stable over time than the shape of the cartilage. Bbtaesr et al. [51]
calculate the thickness of the cartilage along rays pelipalad to the central axis,
which is defined as the maximal signal intensity within theilzge. Since the
rays are not perpendicular to the boundary of the cartildgepverestimation of
cartilage thickness is corrected by trigonometric operation the raw thickness.
The correction is done for each intersection ray not perperat to the cartilage
boundary. Athesian et al. [3] calculated in an early stuaytthckness maps and
other corresponding quantities as the length of vectorgdeat two bicubic patches
representing the inner and the outer cartilage surfacpeotisely. Solloway et
al. [70, 69] and Brett et al. [8] constructed the medial axiswad splines, which
specify the inner and outer cartilage boundary, respdgtividhen, they calculate
the thickness as the length of the vector normal to the meagis) which intersects
both, the inner and the outer surface. The computed thiskmegp is usually
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Figure1.9: Cartilage thickness map a) with healthy thickness distribution, b) with lesion
(dashed circle) (figure taken from Cohen et al. [14]).

displayed as a contour map or using color coding of the tl@skmnformation (see
Figure 1.9).

1.3 The Scope of this Work

Inthis work we present two approaches to visualize bothiiak and quantitative
pathological changes in articular cartilage.

In chapter 2, we describe a method to visualize the thickokfesnoral carti-
lage. Given the MRI volume data of articular cartilage, mabiloctors investigate
pathological changes of the thickness. Since the femortllagge is very thin, itis
impossible to reliably map the thickness information byedirvolume rendering.
Our idea is based on unfolding such a structure while presgthickness. This
allows to perform anisotropic geometrical operations.(escpling the thickness).
However, flattening of a curved structure implies a distordf its surface. The dis-
tortion problem is alleviated through a focus-and-contextimization approach.
Distortion is smallest close to a focal point which can berattively selected by
the user.

Chapter 3 introduces Profile Flags, a tool for the visualmraof 7; maps of
patellar cartilage. Given the anatomical scan anditheap of the cartilage, we
combine the information on the shape and the quality of thlage in a single
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image. The Profile Flag is an intuitive 3D glyph for probingdaannotating of

the underlying data. It comprises a bulletin board pin-lkepe with a small

flag on top of it. While moving the glyph along the reconstrdcseirface of an

object, the curve data measured along the pin’s needle atsheaighborhood are
shown on the flag. The application area of Profile Flags is folahienabling the

visualization of profile data of dense but inhomogeneousaibj Furthermore, it
extracts the essential part of the data without removing@n eeducing the context
information. By sticking Profile Flags into the cartilage gaor more significant
locations can be annotated by showing the local charatitsrisf the data at that
locations.

In chapter 4, we discuss several extensions of the basicepbord Profile
Flags. It includes a new interface for thickness visualiratselection of a set of
profiles based on spatial as well as curve differences amareatic positioning of
Profile Flags. Moreover, we show an adaptation of Profile $-fag measuring
of time-signal profiles in a set of time-dependent MR volumgdditionally, we
shortly discuss the evaluation of the used methods by ourcalgohrtners. This
dissertation concludes with Chapter 5, which summarizeprggented topics and
achievements.
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Chapter 2

Interactive Thickness
Visualization of Articular
Cartilage

2.1 Introduction

Nowadays MR scanners and pulse sequences are very wellleagdamaging
cartilage and allow the assessment of its quality. Spa#ietgption is consider-
ably reduced when viewing the MR volume just slice by sliceya multi-planar
reconstruction In practice a data resolution of 512x512is5@sed. This makes
reading of the data by the radiologist unnecessarily diffiand prolongs the ex-
amination time. Moreover, the femoral cartilage is a cursgdcture. Thereby,
reading of the thickness changes from a direct volume rexdara reconstructed
surface model is quite difficult (see Figure 2.1 (a)). Unbihnthe default technique
for visualizing cartilage thickness has been color mappiglliams et al. [81]
visualized the cartilage thickness on the surface of thedyidg bone.

Our approach to femoral cartilage visualization deals witifiolding of the
cartilage and depicting it as a height field (see Figure 2)L (In comparison
to direct volume rendering or surface reconstruction m#ghahe height field
representation of the cartilage eliminates the complexitihe 3D shape of the
femoral cartilage. This allows the user to concentratdpolethe inspection of the
cartilage thickness. The height field representation ottrélage offers several
visualization modes for representing the thickness in&iiom: color mapping,
scaling, glyphs, iso-lines, etc. The entire femoral cagi is depicted at once,
thus, giving an overview of the global thickness.

Curved surfaces cannot be flattened without some amount toftais1. The
distortion can be reduced, or in some cases (e.g., devdtopatiaces) even elim-
inated by introducing cuts and seams. Such operationdisplgurface and intro-
duce discontinuities, thus, losing spatial coherence. [55]
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(b)

Figure 2.1: Surface reconstruction of femoral cartilage from an MRI scan (a), amukth
ness height-field of the unfolded tissue (b).

In our approach we locally minimize the distortion, in a udefined area of
interest (focus). The remaining part of the cartilage (ert)iis depicted in order to
give an overview of the thickness of the entire cartilagec8ihe overall thickness
of the cartilage is different for each patient (accordingh patient’s body mass,
age, sex, etc.), it is necessary to see the entire surfaceatvhile inspecting it.
The focal point on the surface of the cartilage can be intmelg selected by the
user.

The main contribution of this chapter is the handling anapssing of articular
cartilage as a typical thin-wall object. Another exampléhaf-wall objectswould
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Figure 2.2: Pipeline for thickness visualization.

be colonwalls. These objects have two dimensions withagmt extent, whereas
the third dimension (the thickness) is considerably smallbe substantial differ-
ence in size requires the application of anisotropic opmrat(e.g., non-uniform
scaling in the thickness direction). We investigate sw@féattening and discuss
visualization techniques, which can be applied to the fiaitlesurface.

Flattening requires the parameterization of the surfacehis respect a large
body of work has been done for texture mapping purposes. Tfading of
anatomical structures has been discussed as an investigadl in several areas
of medical imaging, e.g., colon unfolding [76, 28], curvéanar reformation [36],
or flattening of the brain surface [2, 23]. For these applices, the primary goal
of the parameterization is usually the minimization of thabal distortion over the
entire surface. This process is time consuming and doedloot @n interactive
input fromthe user. In many medical applications, recesgaech has concentrated
on detecting and investigating relatively small featur€serefore, we make use
of local minimization of the distortion, preserving the peaand size of the area
of interest, which can be interactively changed.

The chapter is structured as follows. In section 2.2, thealization pipeline
for thickness visualization will be sketched, describihg sequential stages in
detail. Afterwards, an overview of operations on the rasglheight field will be
given in section 2.3. Finally, we summarize and concludentbk in section 2.4.

2.2 Pipeline for Thickness Visualization

The proposed pipeline for thickness visualization cossiftthe following steps
(see Figure 2.2). First, the raw volumetric data are sertoraatically segmented
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to identify the cartilage regions. In the second step, tetadice between the inner
and outer cartilage boundary is computed using a distanosftirm. Finally, the
outer surface of the pre-segmented cartilage is trianggdilasing the minimum
edge criterion [20]. All these operations are done in th@meessing step. The
following steps are guided by the user who is provided withnamediate visual
feedback. The flattening of the triangular mesh proposebisnchapter is based
on similar principles as the work by Sorkine et al. [71]. Weviewer use different
criteria for grading of the free vertices. We enable the tsénteractively select
a focal point, where the thickness shall be examined locdlhe flattened mesh
with assigned per-vertex thickness values correspondsheight field with a
triangulated base that consists of about 20K triangles. s;Tthe operations on
the height field can be performed in real-time on commoditgdware. In the
following, we will describe the pipeline steps in detail. eldegmentation procedure
is shortly described in section 2.2.1. Section 2.2.2 disesishe measurement of
cartilage thickness, while in section 2.2.3 we explain tagdhing of the surface.

2.2.1 Cartilage Segmentation

In order to describe the entire visualization pipeline, $bgmentation process is
only shortly sketched in this section. In the literaturesesal approaches to car-
tilage segmentation have been discussed (see section. 12 main classes
of segmentation methods are usually applied: manual sagitiamand semi-
automatic segmentation. If slice-by-slice segmentatsoagplied, it is usually
carried out on sagittal slices. Along this direction, thpdiogy of extracted car-
tilage contours does not radically change between the anljatices. Since the
scanned MRI data are generally anisotropic, i.e., the ingloxel distance is
smaller than the slice thickness, additional linearlyriptdéated contour slices are
usually inserted between the adjacent slices.

To segment the femoral cartilage from the MRI volume, we usadcive
contour model (snake) controlled by forces proposed by égiet al. [43]. A
snake, initially introduced by Kass et al. [37], is a paramateformable contour.
Itis controlled by internal and external forces, which asaally defined in energy
terms. The internal forces keep the snake smooth, whilexteerel forces attract
it to features, such as object boundaries.

The outcome of the segmentation is the contour of the cgetilaa slice. Due
to our interest in the thickness of the tissue on the outéaseythe contour is split
into two parts (see Figure 2.3). The first part is the innemioiauy (green line)
which is adjacent to the underlying bone. The second pati@tontour is the
outer boundary (red line) of the cartilage (blue). In thetrségp, we calculate the
thickness from the outer to the inner boundary.
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2.2 Pipeline for Thickness Visualization

Figure2.3: Sagittal slice of an MR scan of the knee joint. The femoral cartilage is marked

in blue with the inner boundary represented by the green line and the oaterdary
shown by the red line.

2.2.2 Thickness Measurement

There are several possibilities to calculate the thickiéssthin tissue (see sec-
tion 1.2.6). Heuer et al. [31] summarize three possibditie measure cartilage
thickness: vertical distance, proximity method (closesghbor on the opposite
surface), and normal distance (distance along the nornetb®e For curved sur-
faces, the vertical distance metric is not appropriateesthe computation of the
distance is performed always along a constant (verticedcton.

Applying the proximity method, we are looking for the Eudah distance
Dg() between a poinp belonging to the outer boundary of the cartilage and the
nearest point belonging to the inner boundary

DE(p) = mln(\/(pz - rx)z + (py - Ty>2 + (pz - TZ)Q); rel

The distance computation can be efficiently approximatatiégalculation of
adistance field starting from the underlying bone. Recemitiny optimizations of
distance transforms have been discussed in the literaltaes. can be grouped into
two categories: chamfer distance transforms and vecttardie transforms [65].
The chamfer distance transform propagates the local distaynadding the neigh-
borhood values, thus, propagating also the errors. On tier band, the vector
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distance transform, introduced by Danielsson [17], prapegthe distance vector
to the nearest sample point of the object surface, thuspmzmg the average error.
Vector distance transforms are in general slower than obiagigtance transforms.
We are computing the distance field only for a thin cartila@gel close to the

bone surface. Since we need an accurate measurement ofckmeetis, we use

the computationally more expensive, but more accurat@vedtance transform

by Mullikin [52].

2.2.3 Flattening of Articular Cartilage

In order to perform unfolding of the cartilage, it is necegda parameterize the
outer boundary of the cartilage. Parameterizations obsed are often used in the
area of texture mapping. In order to measure the precisidriathfulness of the
parameterization, several different metrics, e.g., baseggreservation of lengths,
angles, or areas, can be applied [7, 42, 64, 24]. There aeesd@arameters which
can be adjusted in order to determine the trade-off betweedifferent types of
distortions and interactivity. The setting of the parametiepends on the specific
application.

For the purpose of flattening the curved surface of the egeiinto the corre-
sponding 2D plane, the parameterization should fulfill hieWing criteria:

* We are interested not only in the thickness of the inspegtetiof the car-
tilage, but also in its size. Therefore, we need a paranzet#wsn, which
minimizes area distortion. The ideal solution is an equbmeapping.

» Localaswellas global self-intersections have to be aaidhis isacommon
problem in the area on surface parameterization.

* We do not allow multiple patches - the entire cartilage isdexed as one
height field in order to preserve spatial coherence.

* Since the distortion cannot be fully eliminated for theienpatch, we allow
an interactive selection of an area of interest, where stedion is primarily
minimized.

» The parameterization has to be fast in order to allow ictera feedback.

As mentioned above, our parameterization technique has inspired by
the method presented by Sorkine et al. [71]. Since the agdilcontours are
organized in planar slices, we need to prevent intersexidrthe contours also
in parametric space. We deal with this problem in the follggwvay. In order to
efficiently preventlocal as well as global intersections align all points belonging
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contour 1

contour 2

contour 3

Figure 2.4: Surface flattening: The focal trianglg1, p2, p3) is rigidly transformed to
the patch. In the next step one point from the active g&ta2, a3} is chosen and added
with the corresponding triangle to the mesh. This process is continued itatiwtil all
triangles are added to the 2D plane.

to one contour onto a line. This reduces the distortion miration issue to a one
dimensional optimization problem, thus, enabling reabaftame rates.

In order to meet all of the above mentioned constraints wey grplanar patch
around the selected focus triangle in the following mansee Figure 2.4). First,
the focal triangle, the one which includes the focal poistigidly transformed
into the 2D plane. Since the triangle vertices are arranggthnar contours, each
triangle consists of two point®1, p2) belonging to one contour and a third one
(p3) belonging to the neighboring contour. The distance betvisese two slices
is defined by the height of the focal trianglec{ght = ‘12)'2“1“;‘{‘) (see Figure 2.4).
Moreover, we define as an active set those points which haveesm added to
the patch yet but are forming a triangle with two points on leeindary of the
patch. In the next step the patch is iteratively flatteneddudiray active points;
to the patch. Positions af; are selected on the line corresponding to a contour
so that, for example, the area of the currently flattenedadfais preserved. In
this way, in each step a triangle nearest to the focal poinevly added to the
patch. Note that arrangement of the points in the contowagenits local as well
as global intersections. Any other surface parameteozatiethod, based on
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(c)

Figure 2.5: Surface flattening: curved mesh in 3D (a). Depending on the choice of the
focal triangle, i.e., red triangle, or green triangle, the patch is growing byrilg of the
points in contours along lines and by minimizing the area distortion (b),(c).

different constrains, can be performed in a similar way. 3&lection of the focal
triangle is performed during cartilage inspection by a neocleck on the surface
of the height field. Notice, that, due to the above mentiorigghment of the

processed points, the distortion minimization for a newafddangle yields an
interactive feedback. Thus, the user is able to investightguspicious areas of
the cartilage within several seconds.

For the sake of clarity, we illustrate the method on a simpéngle. Assume,
we want to minimize the area distortion. Figure 2.5 demastrthe difference in
result when selecting two different focal triangles (redieen, see Figure 2.5 (a)).
The selected focus triangle is rigidly transformed to thielpand determines the
distance between the transformed contours (see Figurd®(6)]. The further
added triangles preserve their area by changing theiritocatside the contour.
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Figure 2.6: A detailed cartilage surface without (a) and with (b) non-linear scaling. The
roughness of the surface is hardly noticeable without scaling.

2.3 Operations on the Height Field

The planar representation of the curved cartilage surfaables an effective vi-
sualization of its thickness. Slight changes in the thislsnen the reconstructed
surface may, however, not be noticeable (see Figure 2.6¢mjiform scaling as
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(b)

Figure 2.7: Color coded thickness on the reconstructed surface (a) and the heaht fi
representation with scale factor 3.0 (b). The "plastic” view of the cartilagerefan
intuitive information about its thickness.

an initial guess of improvement will not be of much help. ®inee would like to
enhance the thickness information, we propose a non-unisgcaling by applying
scaling only in the height direction (see Figure 2.6 (b)).isThas already been
done for earth visualizations to emphasize topographi@trans like mountains
and valleys. Note, that the below described non-uniforniirsganay lead to self-
intersections for non-convex surfaces. The height fieldesgntation of cartilage
thickness does not have to deal with this problem. The tuikatgd surface is
flattened into the 2D plane and the thickness is mapped tdhttek doordinate.
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(b)

Figure 2.8. Thresholded non-linear scaling: the color map on the reconstructefdser
depicts areas on the cartilage surface with thickness below a certain thdeglad), while

the remaining part is mapped to blue (a). The non-linear scaling enaliesra detailed
view of the thickness changes in the thin area (b).

Thus, the height field can be scaled in the thickness direetithout distorting
the thickness values (see Figure 2.7).

Similarly, a wide range of two-dimensional techniques campplied in order
to visualize scalar or vector values on the curved surfaoellustrate the breadth
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HEIGHT

HEIGHT

(b)

Figure 2.9: Sketch of the thresholded non-linear scaling (a), and the non-linedingca
on an interval (b). The original function is depicted in black, while the scaledtion is
depicted in red. The blue dotted lines represent the thresholds.

of the application area we discuss several visualizaticimtigjues for height fields,
which exploit the flattening of a curved surface.

2.3.1 Thresholded Non-linear Scaling

Inthe case of cartilage visualization, we are interestageas where the cartilage is
thinning. Therefore, we want to inspect those areas, wherthickness is below a
certain threshold. When scaling the entire height field, tiimacement of already
thick areas, which are of less or no interest, may disturlngection, or hide the
parts of the height field where the thickness is rather lows Eespecially true if
the variation of the thickness, which is of interest, is tigkdy small as compared
to the overall thickness range. Therefore, in addition ®rtbn-uniform scaling
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Figure2.10: Thresholded non-linear scaling: The scaling factor can be set indegreltyd
for each thickness interval. This allows to flatten the values which have netampe for
the inspection, while scaling only the values below and above the value rasgectively:
reconstructed surface (a), non-uniformly scaled surface (b), tlatdek scaling with three
intervals (low, middle, high) (c). Flattening of the middle values, allows the ts
concentrate on the areas with the suspicious values (circle).

thickness versus spatial extent, we propose a threshotwtetimear scaling along
the thickness dimension (see Figure 2.8). Thresholdedinear scaling clips all

thickness values above the threshold and linearly scdl#sciness values below
the threshold. Figure 2.9 (a) illustrates this concept.

2.3.2 Non-linear Scaling on an Interval

A natural extension to thresholded non-linear scaling ésgbaling on a certain
range interval of thickness values. An arbitrary numberaitig ranges can be
defined in order to perform custom scaling for each interivegure 2.10 illustrates
a case with three height intervals. Let us assume, we areegtésl only in the
pathologic cases, i.e., where the thickness is below oestiotd or above another
threshold. Three intervals are defined for low, middle amyhhhickness values.
A linear scaling can be defined for each interval, respdgtiigetting the scaling
factor to zero for the values in the range between the twahailes, allows the
user to concentrate on the areas with the suspicious/spkwifiand high values
(see circle in Figure 2.10 (c)). The idea is sketched in FEd® (b).

2.3.3 Scale Transfer Function

As mentioned above the overall thickness of the cartilageesdrom patient to
patient. Thus, we need a tool which enables the detectiomlatfesthickness
changes on each range of the thickness values. Using trermasiinear scaling
approach, interesting features may be occluded by othketsageas, which are not
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SCALED HEIGHT

1 2 3 4
ORIGINAL HEIGHT

Figure2.11: An example of a simple scale transfer function. The scaling is performed on
interval 2, while the values in the intervals 1 and 4 are preserved. Thgtaohmapping
of the values belonging to interval 3 flattens the surface in this area.

of interest. This drawback can be overcome by generalibirggholded non-linear
scaling. We define a continuous piecewise linear scalingstea function [11],
which maps the original thickness values in the height fiefgresentation to the
scaled values (see Figure 2.11). Note, that constant regimespond to flattening
of the field (see Figure 2.11, interval 3). Thickness prestéwm is achieved in
intervals, where\z = Ay (see Figure 2.11, interval 1 and 4).

2.4 Conclusions

We have presented a method to visualize the thickness oéduimn objects. The
approach has been illustrated on the visualization of @ddiccartilage. This is
a structure where the detection of slight thickness chaisyeital for diagnosis.
Unfolding of anatomic organs is promising since it enabesapplication of 2D
visualization methods. A direct application of these md& not possible on
the curved reconstructed surfaces. The following examghesv the extraction
of the thickness information enhanced by iso-lines (seer€i@.12), by color
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Figure 2.12: Height field representation of the cartilage thickness enhanced by ise-line

coding (see Figure 2.13), and by glyphs (see Figure 2.14¢sé& hepresentations
of the unfolded cartilage provide additional informatiarthe visualization, e.g.,
absolute thickness, or thickness gradient magnitude.

The above described techniques have been implemented a§ pdamework
for cartilage visualization. Itincludes several linkedws, which allow inspection
of the articular cartilage with links to views on the recoosted surface as well
as on the original slices.
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(b)

Figure 2.13: Surface of the cartilage without (a) and with non-linear scaling (b). By
increasing the scale factor it is possible to inspect also tiny changes in thedsislof the
tissue.
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Figure2.14: Glyph representation of the surface thickness: the size of the glyphagecre
with the thickness value.
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Chapter 3

Profile Flags: a Novel Metaphor
for Probing of 75 Maps

3.1 Introduction

Current MR cartilage-imaging techniques allow a detailemheixation of the joint
cartilage, including both thickness and quality of theuessin general, two types
of MR sequences are used: a high-resolution anatomical (gcgn a 3D water
suppressed sequence or proton density weighted sequenta)a map, repre-
senting the tissue quality. The computatioriZ&fmaps from spin-echo images is
discussed in section 1.2.4. Figures 3.1(a) and (b) showlmesod the anatomical
scan and thd, map of the patellar cartilage, respectively. The anatohsican
gives the information about the shape and thickness of titikacge. In7, maps the
radiologists are searching for disruptions of typi€alpatterns. Therefore, these
two scans are usually studied on two linked screens in a-Blreglice manner
or by multi-planar reconstruction for radiological assesat. This considerably
reduces the spatial perception and prolongs the exammatiee. A 3D repre-
sentation of the cartilage anatomy is a valuable tool foioladists, giving added
3D information for a better localization of lesions. For d@tbecommunication
with the orthopedists diagnostic information is illusa@in one single image with
anatomic correlation. This allows an easy access to thisnmdtion, for example
during surgical procedures. Integration of qualitativieimation as provided by
theT; map into the 3D representation gives an even more valuagpeation tool.

Our approach deals with combining the anatomical inforamawvith the qual-
ity information of the cartilage. Although the knee is fixaarithg the acquisition,
these two sequences have to be registered by an affine tnavagion. Registra-
tion is based on local correlations [80] to compensate spglient’'s movements.
Then, the surface of the articular cartilage is reconsdaifrom the high-resolution
anatomical scan. Inorder to obtain thiamap limited to the interior of the cartilage,
the previously computed segmentation mask is applied t@meap.
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(b)

(€)

Figure 3.1: One slice of an anatomical scan of a patella (a) and the corresponging
map (b) of articular cartilage investigated with Profile Flags (c).

Recently, the spatial distribution of thg relaxation times within the cartilage
has been widely discussed in medical literature [49, 5048, For the validation
of the quality of the cartilage by means of disruptions in Themap, so called
T, profiles are calculated. A&, profile is the curve of varyin@’, values along a
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line that is perpendicular to the subchondral bone and thdd at the surface of
the cartilage (see Figure 1.4). For healthy cartilag€lthprofiles have a typical
characteristic shape. This is due to the fact that for healtitilage thel’, values
are arranged in layers parallel to the subchondral bone. 7T lpeofiles in lesion
areas significantly deviate from these characteristic shaMultiple7; profiles
can be generated in order to obtain local characteristiaimparison of different
regions of the cartilage and comparison between specingnese several factors,
e.g., the age or the physical proportions of the patients,sanificant for the
thickness and thé&; relaxation times, a normalized profile can be computed. It
yields theT, times for the normalized distances between the subchosdrtzce
(distance 0.0) and the articular surface (distance 1.0is dimables a comparison
of spatial variation of two profiles with different lengths.

The main contribution discussed in this chapter is the duotion of the Pro-
file Flag, a novel user interface for investigatifigmaps (see Figure 3.1(c)). This
glyph enables probing of thé&, maps within the articular cartilage. It provides
information about the thickness as well as the quality ofcémilage. The Profile
Flag improves on two ineffective steps in the workflow of @utar-cartilage in-
spection in clinical practice. Firstly, by browsing theprofiles on a reconstructed
surface of the cartilage, the radiologist does not needitclwetween two screens
in order to observe both, the thickness changes and théygwéhin the cartilage.
Moreover, by using multiple Profile Flags, the disruptionghie structure of the
T, map and thus the deviation from a "healthy" profile can be Viz&éin an in-
tuitive way. Secondly, the commonly used procedure of comioation between
the radiologist and the orthopedist involves marking antipig out all slices in-
cluding the identified lesion. Using the Profile Flag, theeshgating radiologist
can simply annotate the affected regions on a reconstrstiddce by showing
the local characteristics of the cartilage in one singlegena

The chapter is structured as follows. Related work on volumdata interac-
tion and annotation is reviewed in section 3.2. Then, thesg&ary environment
for the visualization of thd; maps is sketched in chapter 3.3. In the central sec-
tion 3.4 of the chapter, we discuss the different setupsePitiofile Flag. Results
are shown in section 3.5. In chapter 3.6 we discuss possiémsons to the
Profile Flag. Finally, we summarize and conclude the chaptsection 3.7.

3.2 Related Work

There is a large body of work discussing the annotation afiweltric data. Every
feature can be annotated by a rectangular caption, whiabcetdd outside the
volume in image space. Each caption is assigned to one fireeddeature in the
data. Usually, the main issue of papers from this track isatih@ngement of the
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rectangles with the purpose of avoiding overlap in images|p@0]. Bell et al. [6]
address the above mentioned issues in a virtual 3D envirohn$&veral groups
are discussing glyphs with picking and manipulating caas in virtual envi-
ronments [73].

Recently, the use of advanced interaction tools is gainimgjaoity beyond
what is already available in medical workstations. Besitiescommonly used
cutting planes (or even, arbitrary cutting objects), Md®uét al. [47] presented
an interactive tool for investigation of volumetric datasbd on different kinds of
deformations and layerings of the objects. More applicasipecific glyphs have
been presented by Huitema and van Liere [34] for moleculga, daomprising
translation and measurement capabilities. In Preim ebf], neasurements like
distances or angles, can be determined by an intuitivefatter

In flow visualization, de Leeuw and van Wijk [41] present agiiyfor the
visualization of multi-dimensional data. The glyph can begltted at an arbitrary
position and it visualizes the local characteristics oesalflow attributes.

In chapter 2, we discussed the visualization of the thickmmégemoral carti-
lage. Since the femoral cartilage constitutes a curvedtsire, we concentrate on
visualizing the thickness information by unfolding thetdage. In this chapter we
focus on the patellar cartilage, which is a flat structurenvin@lesions are present.
Thus no deformations are necessary to represent the tisskne reliable way.
Moreover, given the current scan resolution, the pate#atilage is thick enough
for observing spatial variations of tHg times within the cartilage.

3.3 Graph of Profiles

A graph of profiles (see Figure 3.2) is the first indicator oégularities in the
structure of thél;, map. Since the shape ofia profile is dependent on several
factors like the age or the physical proportions of the pétia defaultl’, profile
cannot be determined. Moreover, chemical shift artifattéhe bone/cartilage
surface introduce longé; values at this boundary. The shape of the curve thus
depends on the segmentation technique [68]. Thereforegrdgeh of profiles is
crucial to provide a statistical reference for the radigdtgy A set of uniformly
distributed profiles is computed on the entire surfaceiataftom the subchondral
bone. Each profile is shown in the graph in order to give amaserof all profiles.
Such a simultaneous representation of many profiles digtaites the ones with
suspicious characteristics as outliers. During browdiegrofiles with the Profile
Flag, the currently investigated profile is emphasized @) véhile the remaining
profiles yield a statistical information on the shapes ofttadl other7’ profiles.
Figure 3.2 shows a graph of profiles of a healthy specimen.
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Figure3.2: Spatial variation inl; as a function of normalized distance from the subchon-
dral bone (0.0) to the articular surface (1.0) of the patella. The selectefil@is depicted
in red.

3.4 Profile Flag

So far, we have discussed the generation offthenaps, which are investigated
in a slice-by-slice manner in clinical practice. In this ts@t we are presenting
the Profile Flag for probing of th&, maps by browsing the reconstructed surface
of the cartilage. The Profile Flag is a bulletin board pirelikterface for probing
and annotating of underlying data. In order to visualizeciwveesponding profile,
the Profile Flag is located on the surface of the cartilagecestheTs; profiles
are defined along lines perpendicular to the subchondra inderface, the Profile
Flag is aligned with the normal vector of the surface at tlositpon. During the
investigation, one can drag the Profile Flag along the estiriace of the inspected
object. Multiple Profile Flags can be stuck into the objecbider to visualize
multiple profiles or to emphasize the difference betweendwmore profiles. A
Profile Flag consists of four components: the banner, thgeraalector, the needle
and the cutting plane (see Figure 3.3). In the following tbenponents of the
Profile Flag and interactions therewith are discussed.

3.4.1 The Needle

The needle is located beneath the surface of the inspecjedtolit defines the
position of the reference profile. Two types of needles catefieed: a needle with
afixed length and a needle with an adaptive length. The fixegtheneedle samples
the underlying volume at equally spaced intervals staffiiomn the subchondral
bone (see Figure 3.4(a)). It yields the measured valuedatiae to the distance
from the subchondral bone. In the investigation process®fcartilage, such a
needle is designed for measuring the (absolute lerigtpjofiles. If a needle with
an adaptive length is applied, the needle measures the hpedharofile. It can
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banner

needle, range

cutting selector

plane

Figure 3.3: Profile Flag: a 3D glyph for probing of profiles. The glyph is located on the
surface of the investigated structure, perpendicular to its surface. Histsof the banner,
the range selector, the needle, and the cutting plane.

be considered as a needle scaled to the thickness of thiagardit the currently
investigated point (see Figure 3.4(b)).

3.4.2 The Range Selector

The range selector is a cone which enables the definitioneasiite of the inves-
tigated neighborhood. While the reference profile is defingdhle position of
the needle, the range selector determines the size of greating neighborhood
through the radiug: of the cone base-circle. All profiles located within thisgan
are visualized according to the type of the banner (seecse8i.3). If the radius
is set to0, only the reference profile will be visualized (see Figui® 3.
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& 6 7 8 Samm

(b)

Figure 3.4: Two types of needles: (a) needle with a fixed length is probing the values at
regularly spaced intervals and (b) an adaptive needle is sampling theurezhgalues
along the normalized distance from the subchondral bone B to the articuftace A.

3.4.3 The Banner

The banner represents the information defined by the positficghe needle and
the range defined by the range selector. For normalized gsptihe top of the
banner corresponds to the subchondral surface, while ttierbmf the banner
corresponds to the articular surface (see Figure 3.6). &hadr is always facing
the camera. This avoids projective distortions and thusdisns of the visualized
information. Onthe banner the profile information is showane of several ways:
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(a)

Figure 3.5; Two setups of the range selector. If the radidgs set to0 (a), only the
reference profile is measured, settiRg> 0 (b), all profiles within the neighborhood are
visualized on the banner. The profile at the needle is shown in red. €ke fines delimit
all profiles in the neighborhood.

* single profile banner. by setting the radiu& to 0 only the reference profile
at the needle is shown (see Figure 3.7(a)).

* single averaged profile bannerR > 0): this type of banner averages all
profiles within the radius R and shows only one averaged profil

» multiple profiles banner (R > 0): in addition to the reference profile, all
profiles within radiug? are taken into account. In order to avoid visual clutter
by showing all profiles in the neighborhood, only the miniraatl maximal
values from all profiles are rendered in green (see Figur@)3.{t)). The
green lines are not existing profiles but enclosure linedl @rafiles in the
investigated neighborhood.

» The deviation profile banner illustrates the difference of profiles from a
reference profile. The reference profile is straightenedcamktides with
the vertical axis (see Figure 3.7(d)). The other profilesengd the same
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Figure 3.6: One slice of thg, map with one profile (left) and the corresponding banner
(right). When measuring a normalized profile, the top of the bannertfrighrresponds

to the bone/cartilage interfacB, while the bottom of the banner represents the articular
surfaceA.

transformation. Thus the deviations from the referencédilprare easily
perceived. A deviation profile can be used to show the praditewce within
a single neighborhood. Another possibility compares tvifedént cartilage
regions with two Profile Flags. The first Profile Flag defines risference
profile, e.g., in a healthy region. The second Profile Flagvshihen the
difference profiles in another (possibly suspicious) ragsee Figure 3.7(e)).

These banner types are a small collection of conceivablaitiefis of a set
of profiles. Further possibilities include occurrencedahgprofile displays and
reference profiles with statistical annotations (meananae).

3.4.4 The Cutting Plane

The cutting-plane component of the Profile Flag is an extensi the multi-planar
reconstruction, a tool which is usually applied for insjp@tbf 7; maps. Since we
are primarily interested in those cross-sections of the tthait include the reference
profile, the needle should be included in the cutting planeortler to investigate
the entire neighborhood of the profile, the plane can beedthly an arbitrary
angle around the needle (see Figure 3.8). Notice that, wietitting plane is
shown, the needle is not rendered in order not to hide theemrede profile at the
cross-section.

Moreover, the interaction with the reconstructed surfacthe cartilage can
facilitate the initial setting of the position and rotatiofithe desired cutting plane.
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Figure 3.7: According to the type of the banner, the profiles defined by the needle and
the range selector are visualized: (a) single profile banner, (b) multipdéilps banner
(radius = 1mm), (c) multiple profiles banner (radius = 3mm), (d) deviatioofile banner
(radius = Omm), (e) deviation profile banner (radius = 1mm).

Therefore, the cutting plane is defined by a point on the mesdil a normal vector,
independently from the rotation of the object. The normateeof the plane has to
be perpendicular to the direction vector of the needle. twsh the normal vector
facing the camera, it should be located in the plane defingddoglirection vector
of the needle P and the viewing vector V. The normal vectorbsacalculated by
N = (V x P) x P,whereV is the viewing vector from the camera to the location
of the profile andP is the direction vector of the needle.

The two modes for interaction with the cutting plane are:
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(b)

(d)

(©) (f)

Figure 3.8: The reconstructed surface (a) of the articular cartilage including ondilero
Flag. The cutting plane (b) is generated by taking into account the viewicigpwvand
the needle position of the observed profile. Figures (c) and (d) denateshe rotation
of the cutting plane around the needle-a40 and —40 degrees, respectively. Notice the
distortion of the resulting» map caused by the rotation and projection. Figures (e) and (f)

show the rotation of the reconstructed surface around the neegld@and —40 degrees,
respectively. The cutting plane remains parallel to the image plane.

* rotation of the cutting plane around the needle This mode is convenient
for rotation with small angles. The oblique position of thdtimg plane
produces projection distortions which grow with incregsintation angle
(see Figure 3.8(c) and (d)).
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* rotation of the object around the needle The second mode is designed
for rotation with an arbitrary angle. The cutting plane ramgarallel to
the image plane and does not change its position in image shamng the
interaction. One can easily observe the entire neighbatlodohe current
profile. On the other side, a disorientation may occur whitating the
clipped reconstructed surface (see Figure 3.8(e) and (f)).

3.5 Results

In this chapter we shortly discuss three scenarios of datatations with the pre-
viously described Profile Flag. Figure 3.9 shows two pobgés of annotating
the quality of articular cartilage. Figure 3.9(a) contaiwe Profile Flags visu-
alizing a healthy (left) and a suspicious profile (right). tdover the left Profile
Flag can be set as a reference Profile Flag (Figure 3.9(bBn,Tthe right Profile
Flag measures the deviations to the profile defined by theersde Profile Flag.
Figure 3.10 visualizes also the profiles in the neighborlajdide reference profile.
Notice, that while the reference Profile Flag visualizesrttieimal and maximal
T, values within the defined area, the right Profile Flag depluesminimal and
maximal deviation from the reference Profile Flag. An adsgmumber of Profile
Flags can be stuck into the surface of the investigated tldfegure 3.11 shows an
articular cartilage with three annotated profiles. The nedae defines the cutting
plane, which shows a cross-section of fhemap including the profile defined by
the reference profile.

3.6 Discussion

The basic concept of the Profile Flag offers many opportesitHere we discuss
some of the possible extensions and applications of thel®Faég.

* profile flag as an annotation tool By sticking one or more Profile Flags
into the inspected structure, one can easily annotatenggibthe object,
which contain suspicious internal characteristics. Inicél practice, this
step is crucial for transmitting the diagnosis from the gtgpg radiologist
to the orthopedist, who is performing the arthroscopy. €his be achieved
in an efficient way by highlighting the damaged regions of élgect in
conjunction with the anatomical context.

» automatic positioning of profile flags Additionally to browsing the pro-
files, one can think of an automatic positioning of the Prdflegs. This can
be a pre-processing step before starting the investigafitre structure. In
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(b)

Figure3.9: Adisruption (right Profile Flag) in the pattern of ttie& map can be annotated
in two ways. Figure (a) shows two Profile Flags, where the left one shiwaléhy profile,
while the right Profile Flag shows a suspicious profile. On the other hardgti Profile
Flag in Figure (b) is set as a reference Profile Flag. The right one shibnesleviation of
the probed profile from the reference Profile Flag.

case of cartilage imaging, one profile, comprising a hedi#tyavior, can be
determined. The following investigation of the cartilageul include the
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Figure 3.10: The reference Profile Flag (red) is located at a position of a healthy profile
Additionally, the extent of the profiles within the selected range is showrridtigrofile
(yellow) is showing the deviations from the reference Profile Flag. Agaimgdighborhood

of the current profile is visualized.

Figure 3.11: A 15 map annotated by three Profile Flags stuck into the reconstructed
surface of the articular cartilage. A cutting plane is showing a cross-secfitime 7, map
with respect to the Profile Flag in the middle.

browsing of the cartilage with the deviation profiles, whgifow only the
variation from the reference profile. This step would ineé/sophisticated
statistical analysis, since the profiles differ among the population. Sev-
eral techniques of an automatic positioning of Profile Fgsdiscussed in
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section 4.3.3.

seeding of profiles When inspecting an object with a curved surface, one
can easily miss a profile with an important characteristlusTs particularly
the case when using the Profile Flag for probing of profiletiwia certain
neighborhood. Thus, the density of the Profile Flags shoelddapted to
the curvature of the surface in order not to miss any area.nai issue
has been discussed by Vilanova et al. [77] for virtual cokmapy.

selection of profiles The set of selected profiles can be defined by a certain
condition. For instance, restricting the maximum deviafior the multiple
profile banner at any position along the needle causes atredun the
number of profiles to the ones, which fulfill this criterionhi$ involves a
modification of the shape of the range selector by indicatinily a subset

of all previously selected profiles. Techniques for setettf profiles are
discussed in section 4.3.2.

application areas In this chapter we demonstrate the use of Profile Flags
for probing of 7, maps. However the application of the tool is not limited
to the investigation of knee cartilage. Other areas inchidealization of

3D structures which have spatial or temporal curves assatta each 3D
location. Examples include dense geologic data or timerodg# series of
dynamic contrast enhanced MRI for mammography (see sec#ign 4

3.7 Conclusions

Inthis chapter we have presented the Profile Flag - a glygbrédying of underlying
curve data. The Profile Flag consists of four componentsh#mmer, the range
selector, the needle and the cutting plane. It can be moweed éhe reconstructed
surface of the cartilage by giving immediate feedback ordbal characteristics
of the underlying data. Since the essential informatiorersdered outside the
investigated structure, there is no need to reduce thenrd@bon about the shape
or anatomy of the inspected object. Moreover, several rnegad the object can
be annotated, by using either the absolute or the relatpeesentation of the
measured quantity. We have presented the application oPtbole Flag in a
medical environment for the investigation of knee carélaBesides observing the
shape and the thickness of the cartilage, the radiologmstrispect the change in
the quality of the cartilage by probing of tdg maps. The result of the inspectionis
the reconstructed surface of the object with annotatedrssivhich can be easily
interpreted by the orthopedist. The application of the Rréfiag is not restricted
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to medical domains only. Other application areas includéimg of curve data in
structures, where the reduction of the context informaigsamdesirable.
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Chapter 4

Application-Oriented Extensions
of Profile Flags

4.1 Introduction

In medical environments, many tools for visualization ofwoetric data have
been presented. These include volume rendering, multiaptaformation, cutting
planes, virtual endoscopy, etc. Most of the technique®tcldassify the underlying
data and enhance the essential information to be visualirethis chapter, we
present several extensions and an evaluation of Profile k$&g chapter 3), a tool
for probing of profile curves in volumetric data. We apply theensions in two
application scenarios where profiles play a crucial role: ditRopedics and MRI
mammography. While the orthopedic data contains profiles;twhare arranged
perpendicular to a surface, the mammographic data incluhessignal profiles
with specific properties.

The chapter is structured as follows. Related work on datraction and
annotation is reviewed in section 4.2. The various exterssad the Profile Flags
are described in detail in sections 4.3. In section 4.4, weudis two application
scenarios. Finally, we summarize and conclude the workatiee4.5.

4.2 Related Work

Default interaction and inspection tools in a medical weatien include cutting

planes, multi-planar reformation and endoscopic navogatRecently further new
interaction tools have been developed. McGulffin et al. [4&$pnted an interactive
tool for investigation of volumetric data based on diffarkimds of deformations

and layerings of the objects. A tool for manipulation of nwlkar data has been
presented by Huitema and van Liere [34]. It comprises variateraction capa-
bilities including translation or measurement instrursertor medical purposes,
a framework for the measurement of angles and distancesgassgdresented by
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Preim et al. [59]. Recently, annotation of volumetric stames has been widely
discussed in the literature. For pre-segmented data, aréeean be annotated by
a caption, which is either blended over the data [25], ortlettautside in a rectan-
gular area[9]. De Leeuw and van Wijk [41] presented a glyplitfe visualization
of multi-dimensional flow data. Multiple local characteigs of flow attributes
can be visualized at an arbitrary position within the data.

In chapter 3, we presented the basic concept of Profile Fldgs.a glyph
for the interactive probing of profiles. By dragging the glyglong the surface
of the probed object, one can browse data values along Imései tissue be-
neath. The profile at the position of the Profile Flag is viegal. Subramanian
et al. [72] presented a tool for classification of time-sigmafiles for dynamic
contrast enhanced magnetic resonance imaging (DCE-MRI) @ihtauser speci-
fies a time-signal profile with shape characteristics heteg@sted in. The system
classifies the entire space of time-signal profiles accgrttirthe similarity to the
pre-defined profile. Unfortunately, this approach resritie inspection of the
data to profiles similar to the pre-defined shape. Anotheraguh by Carotenuto
et al. [12] computes False Color Maps from time-signal prsfilBy classifying
profiles into non-overlapping regions, different areashef tvolume are shown in
different colors, respectively. The results of the sentbmatic detection of the
suspicious profiles are visualized by maximum intensityjgmtion. Suspicious
areas are additionally color coded. Kohle et al. [38] disedscolor schemes for
two clinical applications: inspection of acute stroke imran brain and detection
of tumors in 4D DCE images. In order not to blend the classif@drecoded data,
differentrendering techniques, e.g., stereoscopic \aaed(local) maximum inten-
sity projection, have been demonstrated. Recently, Coto[@&Ipresented a tool
analyzing breast DCE-MRI volumes. The user is provided wittt ascatterplots
for all pairs of consecutive time-steps. With interactirking and brushing in
the domain of the time-signal profiles, the volume can begoateed according
to the properties of the profiles. The resulting classifietd @ae visualized with
importance-driven volume rendering [78].

4.3 Extensions of Profile Flags

The Profile Flag (see chapter 3) is a bulletin-board-pie-iky/ph for probing and
annotating of underlying profile data. It consists of foumgmnents: the banner,
the range selector, the needle and the cutting plane (saeeRB3gB). We discussed
the use of Profile Flags for measurifig profiles. These are curves of varying
values that are measured perpendicular to the surfaceicfilartcartilage. The
Profile Flag can be inserted on the surface of the inspecfedtand aligned with
the normal vector of the surface in that position. For thappse, the needle is
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positioned beneath the surface of the probed object. Iteketime location of the
referencel;, profile. Two types of needle can be selected: the fixed-lengtdlle,
which probes the data values along the distance from thénsabical bone, and a
needle with adaptive length for measurement of normalizetiles.

The inspected profile is visualized on the banner. The topebanner corre-
sponds to the upper surface of the inspected object and ttabof the banner
corresponds to the bottom surface of the object. The medsatees are depicted
on the horizontal axis of the banner. The right side of thenbanorresponds to the
lowest (0.0) measured value, while the left side of the banogesponds to the
highest value. The cone-shaped range selector is locatee #fte surface of the
object. By increasing the range selector, additional pfitethe neighborhood
of the reference profile can be visualized.

According to the settings of the range selector, severaltyh banners can be
defined. A single-profile banner shows only the referencélerat the position
of the needle. By setting the radius of the range selector tlwevarger than
zero, either a single averaged profile is shown, or the mihamd the maximal
values from all profiles in the neighborhood of the referguradile are visualized.
The deviation-profile banner illustrates the differencemffiles from a reference
profile defined by another Profile Flag. Thus, the deviatisomfthe reference
profile are easily perceived. The cutting-plane compongtiteoProfile Flag is an
extension of multi-planar reformation, a tool which is usp@pplied for inspection
of T, maps. Either the cutting plane can be rotated around thdaeneetthe cutting
plane is facing the camera and the inspected object is thtateind the needle.
During investigation, one or more Profile Flags can be statk the inspected
object. They are moved along the object’s surface, whileveigpthe underlying
T, profiles. Multiple Profile Flags can be placed to emphasiferéinces between
profiles at different spatial locations.

In this section, we describe several extensions of the Biieliflgs according to
the application and, thus, the type of measured underlyatg.dn section 4.3.1,
we discuss possibilities for enhancement of the glyph bgrparating thickness
information into the basic concept. In section 4.3.2, weashdditional modi for
selection of the inspected profiles. Automatic positionaighe Profile Flags is
presented in section 4.3.3. In section 4.3.4 we show thensixte of the Profile
Flags for probing of time-varying volume data.

4.3.1 Thickness Visualization

When probing profile data, we are also interested in the tleiskmf the cartilage
in addition to the profile itself. This can be achieved by nueiag the absolute
profiles, i.e., measuring the sampled values against th@ndis from the surface.
However, this does not allow comparison of two profiles wiilfiedent lengths.
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Figure 4.1. Different approaches to visualize the thickness of the underlying tissue:
(a) thin cartilage = low range selector, (b) thick cartilage = high range séde@nd (c)
thickness illustrated by a spherical marker on the flagpole.

Another possibility is to show a normalized profile and vigethe thickness in
a different way. Extending the basic metaphor of the Profig Rllows showing
the thickness information in two ways. The first approachisi@éh changing the
height of the range selector cone. As shown in Figure 4.Xl§ajhe thickness of
the underlying object corresponds to the height of the ramjector. In order to
represent the thickness and not to occlude the informagindered on the banner,
the height of the range selector should be in the range battheesurface of the
probed object and the bottom of the banner. Knowing the rafidfee measured
thickness valued (., t...z), the entire length of the flag pole can be exploited for
the visualization of the thickness. The length of the flagepmrresponds to the
distance between both ends of the flagpole, i.e., the sudftte object {.,,;,,)
and the bottom of the banneér,(,..).

Then the height{ of the range selector is:

(t’ﬂL(L(L‘ - tmin) '

whereh,,.... Is smaller or equal to the length of the flag pole from the sugrfaf
the object to the bottom of the banner angl,, is larger than or equal to Q. is the
thickness value at the current Profile Flag position. Anoglessibility to illustrate
the thickness values is a spherical marker on the flag padeHigire 4.1 (c)). The
new concept of thickness visualization enables browsirafiles with multiple
Profile Flags without the need of inserting the cutting plare current location.

H = hopin + (4.1)
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Furthermore, one reference Profile Flag can be stuck at thiigpoof a healthy
profile. Areas with thickness differing from the referencefppe can be easily
located by browsing the underlying object with the help oéamnd Profile Flag.

4.3.2 Selection of Inspected Profiles

Up to now, the range selector has been an interface elemeah whables the
selection of the visualized profiles. In chapter 3, just aic@inrange selector
was used. The profiles of all surface positions covered bybtse circle are
simultaneously visualized on the banner. Extending thelcasicept of the range
selector enables also to indicate profiles with similaifaites. In the following
we will call such a range selector a range indicator. We at®nly interested in
the spatial differences between profile locations, but mlgbe curve differences
of the profiles themselves. Showing all the profiles aroundddil® Flag where
the profile difference is below a certain threshold generedage indicators with
a polygonal base. This extension allows to illustrate tze sind non-isotropic
spread of a lesion. In this section, we discuss the spafferehce as well as the
curve-difference based specification of range indicators.

The selection of the set of profiles influences also the intemawith the cutting
plane. For a Profile Flag showing a single profile, the cutpilagne can be applied
in order to show thé, map in the neighborhood of the Flag. When selecting
multiple profiles, the cutting plane can be moved forward laackward along the
plane normal within the range of the selected profiles (sgerEi4.2). This allows
to inspect the entire set of selected profiles also in a $ljeslice manner.

Spatial-difference range-indicator

In the basic concept, the range selector is positioned asuttiece of the inspected
surface. By changing the radius of the cone, all profiles Extatithin the radius

of the base circle are represented in the visualizationddiitian to circular ranges
now more general shapes, e.g., squares or arbitrary payganpossible (see
Figure 4.3 (a)). An example would be to show on the banner #ighwted average
of all the profiles covered by the range indicator. This p@noa convolution based
noise removal. The kernel is given by the shape and size ohtige indicator.

Curve-difference range-indicator

The range selector can be modified to enclose only those ggpfithich fulfill
certain criteria. Starting from the reference profile, teckat the position of the
needle, a set of neighboring profiles can be selected bymagiowing on the
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Figure4.2: The cutting plane can be moved along its normal within the range of selected
locations.

domain of profile curves. This guarantees that the resulhefselection is a
connected polygonal region whose profiles are "similar" eorédference profile.

The similarity criterion for profiles requires that a metsdefined on the profile
curves. Let us assume that a profile cuévés given as a polyline consisting of
n + 1 points C; with value V(C;). The difference between two profil€s, D
can be measured as the maximal point-wise differefa¢é(C, D) = maxo<;<,, |
V(C;)—V(D;) |. Another difference measure is the average point-wiserdiffce:
dif f(C,D)=5%"",|V(C;) —V(D;) | /(n+ 1). Another way of specifying a
set of profiles is threshold basedC | V(C;) < T;Vi € (0,n)}. Additionally
one can subdivide the probed object along the needlerntol layers{ Ly, L,, }.
Then, defining a threshold for each layer, respectivelpwalto detect profiles
with suspicious characteristics with respect to theirfp@sialong the needle (e.g.,
lesions near to the surface)C' | V(C;) < Tj;Vi € (0,n),j € (0,m),C; € L;}.

A set of profiles is grown starting from the reference profiiéluhe predefined
thresholdl’ or a difference threshold to the reference profile is excgebtegeneral,
using the range indicator, an arbitrary profile neighbothoan be defined by a
combination of the spatial-difference and the curve-d#fee criteria. In order to
compare two profiles with different lengths, one can appiyribedle with adaptive
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Figure4.3: Profile Flag showing selection of profiles according to a certain criterig: (a
spatial-difference, (b) curve-difference.

length, which includes a fixed number of sampling positiolmn@g the needle
irrespective of the profile length. Figure 4.3 (b) shows difer&lag representing
a set of profiles with an average deviation smaller than aicettireshold.

4.3.3 Automatic Classification for Positioning of Profile
Flags

An essential pre-processing step to the inspection of amcolg the automatic
positioning of the Profile Flags. In a medical environmentnesusually interested
in two types of profile data: a typical healthy profile and apstisus profile
significantly differing from the healthy one. With the helpRyofile Flags, one or
more suspicious profiles can be automatically depicted.itAuatclly, one Profile
Flag can be used to depict a healthy profile as reference.idzédefthe suspicious
areais visualized by an automatic selection of a set of poiiil the neighborhood
of the detected profile. For the automatic positioning ofghailes, two types of
classifications of the profiles can be used: model-basedts®rieand statistics-
based selection.
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Model-based Selection

With a model-based selection, we assume to have a shape ofddelmeasured
profiles. This model can be constructed either from an eggistudy on a large
set of healthy data or from a mathematical model of the profdg evaluating
all profiles within the dataset, one can find the healthy prafging the metrics
discussed in the previous section.

Statistics-based Selection

If just a small set of the inspected specimens is availablth@rspecimens do
strongly differ from each other, the model-based seleatemot be applied. In
this case, a method can be based on a single specimen, agsbatithe profiles
in the healthy regions exhibit a similar shape. One can kausdatistical model
from the set of all available profiles within the data. By searg for a profile
with the maximal or minimal deviation from the average motied suspicious or
healthy profiles can be defined. The advantage of this teabngjthat no model
or database of healthy specimens is needed. A statistisaebselection mode is
convenient for detecting relatively small features in thgpiected data.

4.3.4 Probing of Time-Varying Volume Data

Our next modification of the original Profile Flag is concetnéth time-varying
3D volumetric data. The profile information is then takennglghe time axis.
Previously, we probed the data along a line in 3D space, noare/@rofiling the
temporal development at a specific 3D point location. Whepdogng 3D time-
varying data, where each spatial location corresponds ¢opoofile, we need a
different needle and range selector/range indicator (gped-4.4). For measuring
time-signal profiles, the needle tip is extended in the sasiptase to a spherical
range selector which encloses the selected profiles. Thefsetedles which
extent into the temporal dimension is illustrated by blacksd The size of the
selection sphere can be modified by moving a marker alongdfyepfble. In the
more general case the range selector can be a general poigtdpding all time-
signal profiles similar to the reference profile in the ceniére shape of the range
selector determines either the spatial size of the neididuat or the value of the
threshold used for the selection of the set of profiles. Whsualizing temporal
data, the horizontal axis usually corresponds to the tirig-a herefore for time-
varying data the banner visualizes the time-steps alonpdheontal axis, while
the vertical axis shows the values for each measured tiepe-#dditionally, for
sparse temporal data (i.e., just a few time steps givenjiceélines are included
in order to facilitate reading off the values at particulard-steps.
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Figure4.4: Extension of the Profile Flags for measurement of time-signal profiles.

4.4 Applications of Profile Flags

In this section we discuss two application areas of Profég&l In both cases the
Profile Flag is guiding the inspecting radiologist to a saspis profile through an
automatic positioning of one or more glyphs. This reducestitime-consuming
process of studying multiple volumetric sequences in &4bg-slice manner. By
dragging and repositioning the Profile Flag, one can browseptofiles in the
neighborhood of the detected profile. Another Profile Flagloa stuck into the
investigated tissue in order to give a reference to a hedglthfile. Finally the
annotated tissue can be rendered as a single image in dowtn@ndering all
slices with the suspicious profiles.

In section 4.4.1 we present an evaluation of inspecting-kaeglage lesions.
In section 4.4.2 we show the application of the Profile Flaggdtie detection of
breast tumors.

4.4.1 Inspection of Knee-Cartilage Lesions

Twenty-nine semi-automatically pre-segmented specinférealthy, 22 suspi-
cious) have been investigated. The visualization of tha olefudes an automatic
selection of suspicious profiles. The automatic selectioihn® most suspicious
profile was performed by searching for the highest value enZlthmap within
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Figure4.5: Cartilage lesion annotated by a Profile Flag.

the cartilage. The size of the lesion is shown by region gngvan the domain
of profile curves. In this example we used the average poise-wifference to
determine the shape of the lesion. The size of the lesiomistdd by the size and
shape of the range indicator. Additionally, the averagekiiess of the cartilage in
the selected region determines the height of the rangeatuaticFigure 4.5 shows
a cartilage with a rather large lesion in the medial part. @inging plane can be
moved within the suspicious region in order to allow studyihe7; map in the

selected area.

Evaluation and discussion

In order to assess the value of the proposed visualizaticdmigques, we have
asked the medical partners from Catharina Hospital in Eimeliheo fill out a ques-
tionnaire (see Appendix A). The questionnaire included owenty figures with
descriptions and open questions concerning the basic pband the extensions
of the Profile Flags. So far only two radiologists, who areastponi, maps, have
filled in the questionnaire. Itis clear that a larger studyasessary for statistically
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relevant conclusions. Here we give some qualitative finglthgt have emerged.
The evaluation has been performed by radiologists with géGdskills and
above-average knowledge on medical workstations. At fiesta@g, the concept
of using Profile Flags seemed very interesting to the evatsatDisplaying the
cutting plane withl; maps at suspicious areas is helpful and essential for tige dia
nosis. Omitting the needle when showing the clipping plameeferable as ths,
profile is not occluded at the needle position. The figuresdithnot contain the
cutting plane with thd; map were ranked lower in explanatory power than those
showing the cross-section. The best rated technique amigmgsented methods
was the visualization of the lesion shape through the ramgjeator. According to
the radiologists, it helps to suggest the shape of the wyidgrlesion. However,
this visualization is neither sufficient for the final diagmoof the exact shape of
the lesion nor for conveying the complete information alibaf/; map. Insertion
of the 75 map at the position of the needle adds the missing informatibhe
respondents have chosen an image showing a Profile Flag w#leeted set of
profiles and a cutting plane as the most valuable and diaigatigtrelevant visu-
alization (similar to Figure 4.2). This figure included a cigstion of interaction
with the cutting plane by moving it along its normal withirethrea of the range
indicator. The next set of questions in the questionnaiadtdeith the usabil-
ity of rotating either the cutting plane or the object arouine needle. No clear
preferences were shown by the evaluators concerning thgatof the cutting
plane. This uncertainty might be due to low familiarity wihject manipulations
in 3D environments. The use of the deviation banner for showheT:; profiles
as a difference from a healthy profile has been rated as jusssilpe extension.
This might be due to the fact that so far clinical inspectiarsbased on absolute
T, values. The Profile Flags as a tool for annotation of damageaksaand for
transferring the diagnosis to the orthopedists has beed et very essential.

4.4.2 Inspection of Tumors in Breast DCE-MRI Data

Applying the previously described extensions, Profile Blean be used for the ex-
ploration and the detection of tumors in breast DCE-MRI datalyhamic contrast
enhanced magnetic resonance imaging (DCE-MRI) mammogrédphgljagnosis
of a tumor is usually based on the development of time-sigradiles. These are
based on the flow of the contrast agent within the tissue. Bdfog acquisition
of data, a contrast agent is introduced into the patientf/bd his results in the
increase of signal in the scanned tissue and simplifies #gndsis of the disease.
Several scans are acquired over a period of time. This psaessilts in a set of
volumes, one for each time-step. The classification of thewer of the tissue
can be determined by subtracting the pre-contrast voluora &ll post-contrast
images. Since the acquired volumes are registered, oneecanaje time-signal
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Figure4.6: Four types of time-signal profiles for DCE-MRI mammography (coyrtdés
Coto et al. [16]).

profiles for each spatial location in the volume. Time-steppfresponds to the
pre-contrast volume, while the following acquisition tiserrespond to the post-
contrast volumes. The diagnosis from such time-varying dalbased on the fact,
that the breast tumor cells absorb and release the congyast ia a different way
than healthy breast cells. In cancerous breast regionyremhed blood vessels
cause a faster inflow as well as outflow of contrast agent. thigaégions are
characterized by a low signal increase in the early postrasnphase. Addition-
ally three other types of time-signal profiles exist (seauFegl.6). Persist profiles
(type la, Ib) contain an increase of signal in the immediaie late post-contrast
phase. Platau profiles (type Il) show no change in the intemsthe intermediate
and late post-contrast phases. The washout profiles (ti)pHtain a significant
signal decrease in the intermediate and late post-comptnases. According to the
classification, cells with persist behavior indicate berlgsions, while the platau
and washout profiles are with high probability malignantdas [39].

In the clinical routine, the radiologist studies a set ofdiseries in a slice-by-
slice manner. During the first step of the investigation, &éngs one or multiple
suspicious regions. The diagnosis continues with the lddtanspection of the
previously selected regions by computing and studying ithe-signal profiles
within these regions. This is a time-consuming process¢hvimvolves a high
level of concentration. The suspicious regions can be vagllsn comparison to
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Figure4.7. Two time-signal profiles annotated by Profile Flags: a healthy profile (left)
and a malignant profile (right).

the spatial extent of the entire data.

Figure 4.7 shows a visualization of the cancerous nodes tiant’s body.
Two Profile Flags have been automatically positioned in titaskt: the left one is
showing a healthy time-signal profile, while the right Pefilag visualizes a set
of suspicious profiles. The cost function for the automagiedtion of the selected
set of time-signal profiles is based on the model for tumasifecation by Kuhl et
al. [39]. By dragging the Profile Flag over the 3D spatial damane can inspect
the neighborhood of the automatically selected region.

4.5 Summary and Conclusions

In this chapter we have presented two applications of pgodense but not ho-
mogenous data using Profile Flags. Several extensions dfa$ie Profile Flag
concept, have beendiscussed. They are essential for#eteffuse of the glyph in
the context of specific application-oriented data. Thergsitans include selection
of a set of profiles based on spatial as well as curve diffegnautomatic posi-
tioning of the Profile Flags, and adaptation for probing wfdtvarying volumetric
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data. The extensions have been tested on MR data in ortlospeail DCE-MRI
data in mammography. Further, the preliminary evaluatibtihne techniques by
our clinical partners have been described and discussetl.thié extensions pre-
sented the Profile Flag is suitable for effective probing sparse annotation of
spatial and temporal profile data.
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Chapter 5

Summary and Conclusions

MRI is considered currently as the best noninvasive teclenfqu the detection

of cartilage defects. Therefore, a lot of attention has lggd to this technique
in recent years [61, 60]. Benefits include low radiation expe®f patients, high

quality images of soft tissue structures, and non-invasigs. The major direc-
tions in the further development of MRI for cartilage inspectnclude long-term

evaluation of cartilage volume, new fast pulse sequenciéshigh spatial resolu-

tion and high signal-to-noise ratio, as well as accuratglage segmentation and
intuitive visual representation for effective diagno$RI has a high potential for
detecting of early stages of cartilage degeneration.

Articular cartilage is a structure where the detectionighglthickness changes
is crucial for early diagnosis. Development of faster andemeliable segmenta-
tion methods is a prerequisite for MRI to be widely used chfic Segmentation
is currently performed manually or semi-automatically. dichieve an accurate
segmentation, sophisticated filtering is necessary dugtortoise and global in-
tensity variations in MRI data. Due to the complex structuithe collagen matrix,
the mapping of acquired values to optical properties isrg&de This allows to
measure both quantitative and qualitative charactesisfithe cartilage. Visualiz-
ing the change of the cartilage’s thickness and its innactire makes impossible
to detect cartilage defects in an early stage. In this distsen we have presented
methods to visualize the thickness of femoral cartilagethednner structure of
patellar cartilage.

Since the femoral cartilage is very thin, the representaticthickness infor-
mation by direct volume rendering is not sufficient. Theref@ur approach deals
with unfolding of the tissue in a focus-and-context manmeraith representing it
as a height field. In order to preserve the thickness infaonait is mapped to the
unfolded surface after the transformation of the structuve have demonstrated,
that unfolding of structures with a relatively small extémbne dimension is es-
sential to emphasize the information contained along timédsion. Moreover,
the unfolded representation of the tissue allows to applg@@metrical operations

65



Summary and Conclusions

and visualization methods. Several approaches to perfparations on the height
field have been proposed and discussed.

Besides the visualization of the thickness of the cartildgenaps give infor-
mation about the cartilage quality. This information iseggal for early diagnosis
before the thinning of the cartilage starts. We have presktite Profile Flag -
a glyph for probing and annotating @} profiles in dense, but not homogenous
cartilage data. The Profile Flag consists of four componéhésbanner, the range
selector, the needle and the cutting plane. The interaatitnthe glyph includes
dragging and moving it along the reconstructed surfacesot#éntilage. During the
interaction, the Profile Flag gives a visual feedback aldweitdcal characteristics
of the underlyingl; profiles. It also enables annotation of the inspected egsil
in a single image.

Furthermore, we have presented several application{edextensions of Pro-
file Flags. Two applications, where profiles play a crucié rbave been chosen
to demonstrate the usability of the glyph. The first groupxdémesions includes
several metrics for the selection of visualized profileseylare based on both spa-
tial and curve differences between multiple profiles. Arotiroup of extensions
deals with an automatic classification and positioning ef Bmofile Flags. This
method is essential in the pre-processing stage in ordegriotd areas where the
T, profiles differ significantly from a healthy, profile. Another extension of the
Profile Flags combines the information on themap with the information on the
thickness of the underlying tissue. It has been shown tlddii®Flags can be ap-
plied for the inspection of time-dependent data comprigamgporal profiles. The
proposed technigues and extensions have been evaluated dinacal partners.
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Appendix A

Questionnaire

Dear Ladies and Gentlemen,

at the Technical University of Vienna, we are working on 3Bualization
techniques for computer aided diagnostics of knee caetilaigy order to get a
feedback from you as a potential user, we would like to kiraflig you to help us
to assess the value of our techniques. In the following wegmeseveral images
concerning the inspection df, maps. Please rate your preferences for every
question from 1 to 5. In case of any questions or if you are imgssomething in
this form, please let us know or note your comments in theiBpejiestion or
in the question 22. Please answer the questions in the oxtarthe first one to
the last one. At the end of the questionnaire, we will ask yochibose an image,
which is to your opinion the most useful for diagnostic pLegs.

1. Name:

2. Please rate your PC skills:

| 1-Very good| 2-Good| 3-Average| 4-Basic| 5-No experience

3. How do you rate your knowledge on 3D medical applications:

| 1-Very good| 2-Good| 3-Average| 4-Basic| 5-No experience
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Questionnaire

Background

subchondral
' bone

For the validation of the quality of the cartilage by means of disruptions irfth@ap, so
calledT’ profiles can be calculated. & profile is the curve of varyin@, values along a
line that is perpendicular to the subchondral bone and ends at the sudfabe cartilage.
For healthy cartilage, the profiles have a typical characteristic shape. déegenerated
cartilage, there is a significant deviation from that shape. The figure @lsbows three
locations wherédl; profiles are measured.

banner

cutting selector

‘needle, range
plane

The Profile Flag is a tool for probing and annotating cartilage data. It coisgs a
bulletin-board pin-like shape with a small flag on top of it. While moving the glyph
along the surface of the cartilage, tiig values are measured along the pin’s needle and
in its close neighborhood. In this representation the previously coloedd@d map is
shown as a graph on the banner. The top of the banner correspottiaks bine-cartilage
interface, while the bottom of the banner corresponds to the articular sewrfécshort
movie demonstrating the interaction with the tool can be found under the folldinkg
www.cg.tuwien.ac.at/research/vis/comrade/visualization2005/visualizabared
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Questions

Inspection of theél, maps can be performed on two parallel screens by inspecting the
entire stack of slices one by one. One possibility is to inspect the anatomie {toadeft)

for the changes in the thickness and fiiemap (top right) for changes in the quality of
the cartilage by means of disruptions in tiig map. Another possibility is to look at the
surface of the cartilage (bottom image). By moving the Profile Flag alongutiace, one

can see the underlying, profiles.

4. The Profile Flags concept sounds interesting:

1-1fully | 2-1 partially | 3-l am | 4-1 partially | 5-1 strongly 6- Itis
agree agree not sure| disagree disagree | unclearto m
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Questionnaire

The user can cut and remove the cartilage at the position of the ProfileiRlagder to
see the entirdy map in the neighborhood of the measufiédprofile.

5. Visualization of the entire plane with'7; map is helpful:

1-1 fully
agree

2-1 partially
agree

3-lam
not sure

4-1 partially
disagree

5-1 strongly
disagree

6-Itis
uncleartom

6. When showing the clipping plane, the needle (located beath the surface)
is not shown in order not to occlude the measureds, profile. This is useful:

1-1 fully
agree

2-1 partially
agree

3-lam
not sure

4-1 partially
disagree

5-1 strongly
disagree

6-Itis
unclearto m
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Two profile flags stuck into the surface of the patellar cartilage. The leftlBieifhg shows
a healthyTs; profile, while the right one points to a degenerated area of the cartilage. Th
upper image shows tw, profiles, while at the bottom image, the right profile flags shows
just the deviation from the healthy profile, i.e., if it is aligned with the red vertical lin

is a healthy profile as well.

7. Is It easier to differentiate between healthy and degenated profile by
showing the deviation profile?

1-1 fully
agree

2-l partially
agree

3-lam
not sure

4-| partially
disagree

5-I strongly
disagree

6- Itis
uncleartom
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Questionnaire

NN

N

Two Profile Flags are annotating & profile. The thickness of the cartilage at a certain
position is visualized by the height of the range selector (the red cone).

YN

8. Does such visualization give me clear information aboutte thickness?

1-I fully | 2-1 partially | 3-lam | 4-1 partially | 5-1 strongly 6- Itis
agree agree not sure| disagree disagree | uncleartom

Two Profile Flags annotating a lesion. The shape of the underlying lesidsualized by
the shape of the red range selector (it is markingfalbprofiles with suspicious character-
istics).
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9. Can you imagine the shape and the size of the lesion?

1-1fully | 2-1 partially | 3-1am | 4-I partially | 5-1 strongly 6- Itis
agree agree not sure| disagree disagree | uncleartom

10. Is this information sufficient for me or do | need to see the&eomplete shape
of the lesion?

1-Sufficient| 2-Rather| 3-1 am 4-Rather 5-Not 6- Itis
suficient| not sure| not sufficient| sufficient| unclear to m

An example of a final annotation of the cartilage inspection.

11. Does such representation give me a complete informaticabout the 75
map?

1-Yes | 2-Rather| 3-lam | 4-Rather| 5-No 6-Itis
yes not sure no unclear to m
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Questionnaire

12. Annotations with Profile Flags could be useful for transérring the diag-
nosis to the orthopedist instead of printing slices with sysicious areas.

1-I fully | 2-1 partially | 3-1am | 4-1 partially | 5-1 strongly 6- Itis
agree agree not sure| disagree disagree | unclear to me

Figure A.9: Cartilage annotated with three Profile Flags and one slice ofthenap.

13. Do I need that amount of information to show the degeneratd 75 profile?

1-Yes| 2-Rather| 3-1am | 4-Rather| 5-No 6-1Itis
yes not sure no unclear to me
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14. Can | see a healthy profile with the entire slice of th&;, map and a second
profile, which slightly differs from the first one?

1-Yes

2-Rather
yes

3-lam
not sure

4-Rather
no

5-No

6-Itis
uncleartom

15. Do | have sufficient information about the quality of the artilage?

1-Yes

2-Rather
yes

3-lam
not sure

4-Rather
no

5-No

6-Itis
unclear tom
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Questionnaire

The plane showing th& map can be rotated along the needle of the Profile Flag.

16. Itis usefulto see the the entird; map in the neighborhood of the measured

profile?
1-I fully | 2-1 partially | 3-1am | 4-1 partially | 5-1 strongly 6- Itis
agree agree not sure| disagree disagree | uncleartom

17. If | rotate the plane, is it disturbing that | cannot see the'T; map properly,
since it is not directly facing the viewer?

1-1 fully
agree

2-1 partially
agree

3- am
not sure

4-| partially
disagree

5-1 strongly
disagree

6-Itis
uncleartom
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Additionaly, the entire cartilage can be rotated around the profile. In thig eawsire plane
showing thél, map is always visible (it is allways facing the user).

18. | prefer the previous method, where | do not rotate the suface, because
by rotating the cartilage | am disoriented.

1-1fully | 2-1 partially | 3-1am | 4-I partially | 5-1 strongly 6-Itis
agree agree not sure| disagree disagree | uncleartom
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Questionnaire

When annotating a profile with the plane showing the slice offthmap, the plane can
be moved forwards and backwards within the range defined by the Frdde

19. This interaction helps me to inspect the exact shape of thennotated

lesion.
1-I fully | 2-1 partially | 3-1am | 4-1 partially | 5-1 strongly 6- Itis
agree agree not sure| disagree disagree | uncleartom

20. | prefer to have the possibility to move the plane along té entire cartilage
in order to inspect the entire cartilage.

1-1 fully
agree

2-1 partially
agree

3-lam
not sure

4-1 partially
disagree

5-1 strongly
disagree

6-Itis
uncleartom
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21. Please select the most valuable image from the entire for(1-20):

22. Other remarks:

Thank you for taking your time and please send this docuneent t
mlejnek@cg.tuwien.ac.at.

Best regards,

Matej Mlejnek

Institute of Computer Graphics and Algorithms

Vienna University of Technology
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