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Chapter 7

Outils de Visualisation et de Mesure

R ¶esum ¶e | Dans ce chapitre, nous pr¶esentons di®¶erents outils n¶ecessairespour la
visualisation et la quanti¯cation de pathologies dans les objets segment¶es. Comme
nous l'avons d¶ejµa fait dans le cadre d'applications comme l'extraction de surfaces
d'an¶evrismesdans desimages3DRA, ou bien la visualisation despolypesµa la surface
du colon, dans le chapitre 6, notre outil de segmentation de surface bas¶e sur les
ensembles de niveaux et le Fast-Marching permet d'extraire et de repr¶esenter des
objets en 3D.
En premier lieu nous parlons briµevement desproblµemessoulev¶espar la visualisation
de surfaces implicites en 3D, et en particulier des sp¶eci¯cit ¶es des surfaces d¶e¯nies
par les Level-Sets dans la section 7.1.
En s'appuyant sur un ensemble de tra jectoires qui d¶ecrivent nos surfaces- comme
le squelette dans le casde structures arborescentes - nous d¶eveloppons ici desoutils
de mesureet d'observation des pathologies. Notamment, nous nous int¶eressonsµa la
mesuredu volume en section 7.1, et µa la mesurede sectionsde nos objets segment¶es
en section 7.2. Ces outils seront utilis ¶es dans toute la suite de cette partie.

Abstract | In this chapter we intro duce the di®erent necessarytools for visualiza-
tion and quanti¯cation of our segmented objects. The ¯nal result of a segmentation,
given by our framework as done in chapter 6 for di®erent applications, can lead to
visualization and measureson the global object.
We ¯rst brie°y present the problems of visualization of an implicit surfacein 3D, and
more precisely the speci¯c drawbacks of the Level-Sets representation in section 7.1.
Assuming that we can extract a whole set of tra jectories in a tree-shaped object, we
present the di®erent tools that will measure the pathologies, on the basis of those
tra jectories. Imp ortant measurements include: volume measurements, as explained
in section 7.1, and objects cross-section measurements, as detailed in section 7.2.
Those tools are useful for the framework developed in the following chapters.
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7.1 Visualization of 3D segmentation

In the domain of medical imageanalysis, the segmentation tools we developed are es-
sentially interesting whenapplied to 3D images. This is the reasonwhy the implemen-
tation we build is designedfor this image dimensionality, and that our visualization
e®ortswere mainly directed to 3D techniques.

In this section the reader will ¯rst ¯nd a short presentation of the basic notions
of virtual reality neededto understand the content of our work. They are grouped
together in the ¯rst subsection,which can be skipped by the readerswho are already
familiar with them.

7.1.1 Virtual realit y notions

Classically, the basic techniques for computer graphics of virtual reality rely on the
computation of renderingsof virtual 3D scenes. A sceneis composedof virtual actors,
lights and a camera.

What are actors ?

The term actor covers everything that might be seenwhen properly enlighten. For
instance,in a virtual reality model of a house,each pieceof furniture would bemodeled
by a speci¯c actor, and so would be the °oors, walls, stairs, etc.

Traditionally , the shape of a 3D actor is explicitly modeled by a set of graphic
primitiv es: points, lines and surface patches. In recent and advanced models, the
surfaceof an actor is sometimesmodeled using implicit functions.

According to the complexity of the modelization, the renderedappearanceof the
surfaceof an actor can depend on many and various parameters:

² the position and orientation of the camerarelatively to the actor surface;

² the properties of the surfacewhich are taken into account by the illumination
model;

² the positions, orientations, colors and attenuation factors of the lights, which
can be at ¯nite distance (punctual lights) or in¯nite distance;

² the positions and orientations of the other actors which may causeocclusions,
projected shades,or even re°ect light sourcesin advancedmodels.

What is an illumination mo del ?

The illumination model is the set of equationsusedto compute the color and bright-
nessof a point on the surfaceof an actor according to:

² the anglesof incidence, intensities and colors of the incident rays of light;

² the modeled properties of the surface;

² the angle of the departing ray of light.
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The surface properties usually include colors, an opacity factor, re°ectance, a
specular power parameter, etc...

In addition to the illumination model, a shading model can be usedto avoid the
facetedaspect of polygonal surfaces.The most popular shading models are Gouraud
and Phong shadings,although Phong shading is rarely usedbecauseof its computa-
tional cost.

What is the exact role of the camera ?

The cameraplays the samerole as in the making of a movie: the rays of light which
encounter the objective determine the rendered (i.e. virtually acquired) 2D image.
The usualparametersof a cameraare its position, orientation, and two of the following
parameters: view angle, focal distance and image size. The rendered 2D image is a
projection of the illuminated actors in the focal plane of the camera.

Ob ject-based and image-based rendering

The construction of the 2D image acquired by the camera may be object-based or
image-based. In the caseof object-based rendering, the actors are rendered one by
one by applying the illumination model and the projection equations to the graphic
primitiv es they are composedof. The occlusionsare generally dealt with using a so-
called Z-bu®ering technique: the ¯nal imageis the result of the superposition of layers
which correspond to di®erent depths (Z-coordinate) in the scene.The points that are
the closest to the camera are visible, others are more or lessoccluded according to
the opacity of the points that are in front of them.

Object-based rendering is not a recent technique, but it is fast, rather simple,
and can be acceleratedby specializedhardware devices.For example,OpenGL hard-
ware implementations make interactive renderings of simple scenespossibleeven on
a low end PC. The main drawbacks of object-basedrendering are that photo-realistic
imagesare di±cult to achieve, especially in the caseof complex scenes,and that mul-
tiple re°ections are usually not taken into account. Moreover the actors have to be
explicitly represented using graphic primitiv es.

In the caseof image-basedrendering (or ray-tracing ) the color and brightness
of each point of the rendered image is computed by tracing a ray starting from this
point. The illumination model is invoqued when the ray hits an actor, and re°ections
on several actorsareevenpossiblebeforereaching a light source. In the most advanced
computer graphics software products basedon ray-tracing, the actors can also have
implicit representations.

The imagesproduced by ray-tracing can be of very high quality, but the major
drawback of image-basedrendering is the computation cost related to the calculation
of the rays.

7.1.2 Visualization of a level-set

Visualizing a level set is nothing more than visualizing an iso-surfacein 3D, or an
iso-contour in 2D. More generally the hypersurfacewhich needsto be visualized is
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the zero-level set of Á(¢; t), where t is ¯xed, which is a function de¯ned over the image
domain ­ ½ IR3 in our applications. In ¯gure 7.1-left, the surface of a sphere is
implicitly de¯ned by the signeddistance to itself.

Figure 7.1. The marc hing cub es algorithm : Left image represents the iso-
valuesof the signeddistance to a spherein 3D; middle image represents the di®erent
con¯guration encountered by the Marching-Cubes ; right image is a smooth surface
rendering of the triangles that approximate the implicitly de¯ned sphereof ¯gure 7.1-
left given by the algorithm.

The 3D visualization of the zero level-set surfaceby object-basedrendering algo-
rithms cannot be donedirectly. An explicit representation of the surfaceby polygonal
graphic primitiv eshas to be computed ¯rst.

Several approachesare possiblefor the computation of a polygonal approximation
to an iso-surface.The most popular of all is certainly the Marching-Cubes(see[104]),
which computesa triangulated surface. In each cube formed by eight contiguous voxel
centers, the values of the implicit function at the vertices of the cube are compared
to the speci¯ed iso-value. The possible con¯gurations are classi¯ed (see ¯gure 7.1-
middle), and a look-up table is used to quickly give a triangulated approximation of
the intersection of the iso-surfacewith the currently examined cube. All the cubes
are examined one by one in a raster-scan \marching" fashion, in opposition to the
algorithms which try to \trac k" the iso-surface.

But sometimesthe Marching-Cubes algorithm generatestriangle setscontaining
holes, due to ambiguous cases. Many authors have proposedsolutions, for example
the marching tetrahedra algorithm in [166].

However, we chose the Marching-Cubes for reasonsof accuracy, reliabilit y, and
(above all) simplicit y of use since e±cient implementations of it are available. It
provides an accurate triangulated surfacewhoseprecision leads to high-quality ren-
derings, like in the endoscopicimagesshown in ¯gure 7.2.

7.1.3 Problem with the Marc hing-Cub es

A classicalevolution equationde¯ned by @Á
@t + V : r Á = 0 makesno distinction between

the level sets of Á. They are all attracted by the same asymptotic hypersurface
provided that they are su±ciently \close" to it. As a result, Á gets very steep in its
vicinit y, which causesthe Marching-Cubes to give poor and aliasedresults.
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Figure 7.2. Surface rendering in the aorta : First row shows frames of an
endoscopicmovie in an aorta MR dataset. Secondrow is the wire-frame version of
this movie, given by the Marching-Cubes where we can seethe whole anatomical
object and its several branches by transparency

In fact, the level-sets do not remain a distance function in many cases(an ex-
ception is a constant advection °ow, for example see¯gure 4.6). This property at
initialization, is lost after several iterations. Figure 7.3 shows two examples: the ¯rst
one follows a balloon forces, which is positive inside a circle, and negative outside;
the secondone is a °ow composedof a positive balloon force and a boundary based
force, which stops the level setsof Á.

7.1.4 Restoring the distance function

In conclusion, the solution to the classicalHamilton-Jacobi evolution equation pro-
posedin [135] is not a distancefunction. But this property is the hypothesisof several
numerical techniques to accelerateconvergence,like the fast geodesicactive contours
proposedin [65] and [67]. Moreover, the practical application of the level-set method
is plaguedwith such questionsas: when do we have to \reinitialize" the distancefunc-
tion? How do we reinitialize" the distancefunction. In [163], the author suggeststhat
when the zero-level set evolves in the vicinit y of the borders of the narrow-band, the
distance to the zero-level set must be re-initialized. For the authors of [68, 69], this
problem reveals a disagreement between the theory and its implementation, the au-
thors proposean alternativ e to the useof Hamilton-Jacobi evolution equation which
eliminates this contradiction. In order to reach this goal, they look for a function
B : IR3 £ IR+ ! IR such that @Á

@t = B and which satis¯es the two constraints

² Á is a distance function

² @Á
@t = ¯ N where ¯ is the velocity, and N the inward unit normal.

Those constraints lead to the new relation r Á ¢r B = 0. This e±cient method
increasesthe computing cost.
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Figure 7.3. Lo osing the distance function when converging : First row shows
consecutive iterations of the level-sets of a geodesic active contour that minimizes
the distance to a circle; secondrow shows consecutive iterations of the level-sets of
a geodesic active contour that in°ates according to a balloon force with boundary
based forces on the samecircle.

Following the author of [84], we include the a restoration force in the Hamilton-
Jacobi °ows, which not only ensuresthe evolution of Á(0; t) given by equation (4.6),
but also prevents Á(¢; t) from getting too steep in the vicinit y of Á(0; t). This new
partial di®erential equation is given by:

@Á
@t

+ V : r Á = ¹ : sgnµ(Á(x; t)) : (1 ¡ kr Ák) (7.1)

whereV is the °ow de¯ned by equation (4.6) and where the modi¯ed signedfunction
sgnµ is de¯ned by:

sgnµ(y) =

8
<

:

¡ 1 if y < ¡ µ
y
µ if ¡ µ · y · µ
1 if µ < y

The new di®erential operator intro duced in equation (7.1) is inspired from the
distance function restoration operator used in [170]. The modi¯cation of the sign
function avoids the apparition of oscillations during the numerical approximation of
equation (7.1), without having to intro duce numerical °ux or slope bounds. Oth-
erwise, as signaled in [84, page 56], these oscillations are responsible for short but
annoying displacements of the zero-level set of Á(¢; t). And the author of [84] pro-
posesto useanother scheme,originally presented in [159], which in°ates and de°ates
successively the level-set in order to extract the distanceto the zero level-set,without
displacing it. We choosenot to add another bunch of computations to our method,
and decideto usemethod of [170].

The parameter denoted by µ can be set to a ¯xed value (we used µ = 10 in our
experiments). The parameter ¹ de¯nes the weight of the newly intro duceddi®erential
operator, and has to be adapted according to the other forcesparameters. If ¹ is too
small, then Á(¢; t) is likely to get too steep for the Marching-Cubes to give good
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results. But too high valuesof ¹ will increasethe global CFL number, and thus cause
the convergenceof Á to be slower. In practice, it is not di±cult to ¯nd a good value
for ¹ .

The useof this new equation (7.1) is illustrated in ¯gure 7.4, wherethe °ow drives
the zero level-setsto a sphere.

Figure 7.4. Aliasing when converging : Left image is the surface extracted at
convergencewhen the level set matches the surface; Right image is the sameresult
including a force to restore the distance function.

7.1.5 Volume versus Surface Rendering

Volume rendering is an advanced image-basedvisualization technique basedon the
integration of a transfer function along rays cast in a densevolume (i.e. a 3D image).
The transfer function is generally basedon the intensity and gradient of the image,
and gives an opacity value for each voxel of the image. Surface (see¯gure 7.5-left)
versusVolume (see¯gure 7.5-right) rendering is still an open question, and the choice
betweenthose two methods dependson the application.

With the shape extraction techniques we use, surface rendering has several ad-
vantages:

1. with the segmentation framework we have developed, the visualization of the
anatomical object with surface basedrendering does not need any input, any
interaction (unless the color of the surfacecan be consideredas an important
parameter);

2. parameterization-free meansrobustness. Volume-basedrendering relies on the
critical choice of a suitable transfer function. Surface-basedrendering is the
direct representation of the surfaceextracted by the segmentation whereasthe
volume-basedrendering relies on the user perception of the dataset;

3. Surface rendering is fast: when the triangulation has been extracted with the
Marching-Cubes, endoscopic°y-through, like in ¯gure 7.2are generatedin real-
time, and OpenGL hardware implementations, now available on any low end
PC, acceleratethe computations. The computational cost of volume rendering
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Figure 7.5. Comparing surface and volume rendering in the aorta : Left
image is a surface rendered view generated with the Marching-Cubes on the ¯nal
segmentation obtained; right image is a threshold based volume rendering view at
the same location in the dataset.

is very high, and special hardware devices that might overcome this lack of
performanceare still under development.

Moreover, several artifacts may occur when using Volume Rendering on volume
data (among them, aliasing, stair-casing and slicing, see[146]).

For all those reasons,we used the surface-basedrendering for visualization, as
well for inspection of results, as for endoscopicviewings. Notice that if surface-based
rendering is parameter-free,it critically relies on the result of the segmentation.

7.2 Measuremen t Tools

The main target of our path and shapeextraction framework is to measurepathologies
in tube-shaped objects, like aneurysmsin brain vessels,and polyps in the colon. We
detail in this section the di®erent tools used for quanti¯cation of those pathologies,
that are characterized by their sectionsand volumes. Extracting the shapes of our
objects, with the Marching-Cubes [104], we usea consequenceof the Gausstheorem,
discretized on the vertices of the triangulation obtained.

7.2.1 Gauss Theorem

As classically [9], volume and section measurements are basedon Gausstheorem:

Theorem 7.1 (Gauss) Let ­ be a subset of IRd , let its boundary § be a closed
surface, and U a di®erentiable vector ¯eld, then:

Z

­
div U dx =

I

§
U: N d¾

where N is the outward normal to § .
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A consequenceof Gausstheorem is that the volume V(­) of ­ can be simpli¯ed
as an integral over the boundary ¡

V(­) =
Z

­
dx =

1
3

Z

­
div (x) dx =

1
3

I

¡
x: N d¾: (7.2)

7.2.2 Volume Measuremen t

We assumethat a 3D tubular structure has beensegmented with a level set method
and that Á(¢; t) is known at convergenceand denoted by ~Á. We also assumethat
centered paths have beencomputed in the tubular structure.

The volume to bemeasuredis de¯ned by the userwho choosesa path and speci¯es
two points p1 and p2 on this path. The computed volume is the volume of the interior
region of the tubular structure limited by the two plane section S1 and S2 associated
to (p1; ¦ 1) and (p2; ¦ 2) and de¯ned by Si = ¦ i \ ~Á¡ 1(IR¡ ) i = 1; 2. Here is a
step-by-step summary of our algorithm, which is illustrated by ¯gure 7.6.

p1
n1

p2

n2

S1

S2

PI1

PI2

Figure 7.6. Volume measuremen t diagram .

² we compute tangent vectors to the path at p1 and p2 , which are the normal vectors
¡!n1 and ¡!n2 to the plane sections S1 and S2 ;

² the equations (p1 ; ¡!n1) and (p2 ; ¡!n2) of the plane sections S1 and S2 are considered;

² the region of interest is actually the intersection of three subsets of IR3 , which are
~Á¡ 1(IR¡ ) and two half-spaceslimited by the plane sections;

² we deduce the signed distance functions ª 1 and ª 2 to the two half-spaces¦ 1 and ¦ 2

from the equations of the plane sections
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² Considering that the shape of the object of interest can be complex, and lead to
problems of intersection betweenplanes¦ 1 and ¦ 2 (see¯gure 7.8), we de¯ne a function
ª the following way

1. it is initialized with ª( x; y; z) =
p

3; 8(x; y; z) in the image domain;

2. starting from the path point p1 (respectively p2), we apply a region growing
algorithm, that labels only the voxels v which have jª 1(v)j <

p
3, (respectively

jª 2(v)j <
p

3) and for those voxels, we set ª( v) = ª 1(v) (respectively ª( v) =
ª 2(v));

3. starting from any path point p not labeled between p1 and p2 , we apply a con-
nectivit y ¯lter that visits only the voxels where ~Á(v) <

p
3 and that are not

already visited by the ¯rst connectivit y ¯lter; and for each voxel visited we set
ª( v) = ~Á(v); it enablesto avoid including the interior of undesired parallel struc-
tures in the region of interest;

² the region of interest is equal to ª ¡ 1(IR¡ ), and a polygonal approximation of its
boundary is computed by extracting the zero-level set of ª;

² the volume of the region of interest is computed using the following decomposition of
equation (7.2) on the polygons of the extracted surface:

V(ª ¡ 1(IR¡ )) =
1
3

X

i

gi : N i ¾(P i )

where gi , N i and ¾(Pi ) respectively denote the center of gravit y, the outward normal
and the surface of the polygon Pi .

The overall computation times are very short (less than 3 secondsfor a 256£
256£ 60 imageon a SunBlade100), and the results on basic geometricprimitiv esare
excellent in terms of accuracy.

7.2.3 Example of volume measuremen t: an aneurysm

In this case,shown in ¯gure 7.7, where the problem studied is the cerebral aneurysm
of ¯gure 6.4, the measurement of the aneurysm volume is done using one tra jectory
extracted inside a maskde¯ned by the segmentation obtained in ¯gure6.6. Taking two
positions along the tra jectory, we can easily de¯ne a volume of interest that contains
the aneurysm. The volume shown in ¯gure 7.7-right is not restricted to the aneurysm
itself, and contain the surrounding vessel.But a good approximation can be given, by
subtracting an approximate vesselvolume, using the surfacesof the sectionsS1 and
S2. Advantage of using our connectivity algorithm to obtain ª(I R¡ ) instead of taking
the region delimited by ~Á¡ 1(IR¡ ) and the two half space¦ 1 and ¦ 2 determined by
the distance functions ª 1, ª 2 is illustrated by ¯gure 7.8 on the samedataset.

7.2.4 Section Measuremen t

We can also apply equation (7.2) in 2D to evaluate the surface limited by a closed
planar curve. In order to illustrate this method, we show its application to a phantom
dataset.

The data, shown in ¯gure 7.9-left is the acquisition of a cube of Perspex (a type
of plastic) with an aluminum rod in it, inside a dead human head. It was acquired
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Figure 7.7. Measuring the volume of an aneurysm : The dataset usedfor this
segmentation is shown in ¯gure 6.4. Left image is the segmented object obtained in
¯gure 6.6 by combining Fast-Marching and Level-Setsmethods; middle image shows
the multiple paths extracted; right image shows a sub-volume of the aneurysm which
has been isolated.

with the Philips Integris 3D-RA system. A MIP view in ¯gure 7.9-right enablesto
seethe variable section of the aluminum rod.

Following the results of chapter 6, we ¯rst segment the phantom with the Fast-
Marching algorithm, starting from onepoint at the top of the aluminum rod. Computing
the Euclidean path length while propagating, as detailed in section 2.2.3, it is very
easyto extract the largest centered path, using the method described in section 2.3,
with the thresholded distance ~D to the object borders. This path extracted is visible
in ¯gure 7.10-middle, by transparency. In a few iterations, the Level-Setsalgorithm,
with region-basedforces,gives the result shown in ¯gure 7.10-left.

In the experimental tool we built, the userspeci¯es a particular path and obtains
the section of the tubular structure according to the length of the path. The path
is supposedto have a discrete representation, i.e. is represented by a list of points.
Here we give a summary of the performed calculations for each point of the path:

² the normal of the section plane is computed using an approximation of the
tangent vector to the path;

² an orthonormal baseof the section plane is deduced;

² a rectilinear 2D grid, centered on the current path point, is de¯ned on the
section plane;

² at the center of each cell of the grid, the value of ~Á is computed by interpolation;

² an adequatealgorithm is used (we used the Marching Squares)to compute an
approximation of the zero iso-contour in the 2D grid;

² the surface enclosedin the resulting polygonal line, which in our example is
drawn on the surfacein ¯gure 7.10-right, is computed thanks to a decomposition
of equation (7.2) on the polygonal line.
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Figure 7.8. Adv antage of the connectivit y algorithm : left image shows the
result of computing the intersection of ~Á¡ 1(IR¡ ), ª ¡ 1

1 (IR¡ ), ª ¡ 1
2 (IR¡ ). Right image

is the representation of ª(I R¡ ) superimposed on the segmentation along the same
tra jectory, between the sameextremities.

Figure 7.9. 3D-RA Phan tom : On the left image are shown three orthogonal
views of the perspex cube acquired with a 3D-RA system; right image is a MIP
view of this data-set.

Like in the caseof volume measurements, the computation times are very short,
and the algorithm gives very accurate measurements of basic geometric primitiv es.
Concerning the phantom problem, we have computed this section at each path point
(see¯gure 7.11). Figure 7.11 shows the measuresdone along the path displayed in
¯gure 7.10-right. On the graphic, we have displayed the several real dimensionsof the
aluminum cylinders, and we have also displayed the interval of deviation of 2% that
was indicated by a study on the accuracyof the calibration, the distortion correction,
and the reconstruction of the 3D-RA system [83]. The section measurements of the
segmented object show that our method gives results which lie in those intervals,
when the radius is more than one millimeter.
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Figure 7.10. Segmen tation result on the 3D-RA Phan tom of ¯gure 7.9 :
Left image is the segmented object with the combination of Fast-Marching and
Level-Sets methods; middle image is the same object with opacity < 1: and the
path extracted; right image shows the intersection of the phantom surface with the
section plan for measurements.
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Figure 7.11. Section measuremen ts along the segmen ted phan tom of
¯gure 7.10 : It represents the values of the section acrossthe tra jectory extracted,
with the deviation of 2% superimposed.


