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3D VISUALIZATION OF SEGMENTED CRUCIATE LIGAMENTS

A fuzzy approach to segmentation of the cruciagartients of the knee joint and a three dimensional
visualization method are presented in this papkee. druciate ligaments are the major stabilizethefknee. The
ligaments injuries are common nowadays and a dodiagnostics, preceding the surgical therapy ey
important task. Segmentation of the ligaments fBcdit due to a poor visibility of edges in somases of
injuries and their appearance on a small numbedlidés at Magnetic Resonance Imaging (MRI). Thehoebt
described here is based on fuzzy connectednessigleis. It creates a fuzzy connectivity scene tsigming
a strength of connectedness to each possible pHttebn some predefined seed point and any othegeima
element. Then such scene is thresholded to prodine¢é segmentation result. The conventional fuzzy
connectedness method with Dijkstra algorithm faating the fuzzy connectivity scene has been impihted in
a 3D space. The object, being the result of segtientprocess, is visualized in the Visualizatiaolkit (VTK)
environment. The method has been tested on a seages. An example of its performance is showngleith
some plans for future research.

1. INTRODUCTION

The cruciate ligaments are the most important anatstructures in keeping stability of the
knee joint — the most complex joint in the humagamism. The anterior (ACL) and posterior (PCL)
cruciate ligament connect the femur with the tidibey form a cross and are their names refer to
their tibial attachments [5]. The cruciate liganseare susceptible to injuries, occurring in both
athletes and nonathletes, and a proper diagndstiasvery important matter. The ligaments are
visible at the Magnetic Resonance Image (MRI).ha $tudy the sagittal T1-weighted images are
considered. Segmentation of the ligaments is &difftask due to poor visibility of edges in some
injuries. There is also a problem of their appeegaon a small number of slides — in case of a 4mm
distance between slides the PCL appears on 2-dsshet the ACL is located on 1-2 slices. The
ligaments can be seen as oval, narrow, dark stegtattached to the femoral and tibial bones [2].
Healthy PCL is almost black and slightly turns lve femoral part. The ACL has a bit higher grey
level than the PCL and forms a straight structinjered ligament becomes brighter, wider, and less
distinct from other tissues of the knee joint [3].

The segmentation process is based on fuzzy comrede principles [8,9]. In this method the
connectivity scene is created based on fuzzy oslatbetween image elements. It has been used in
several image segmentation structures in both, BRI Computed Tomography (CT) [8]. Fuzzy
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connectedness will be described in section 2. @2@i presents the details of the implemented
algorithm, along with some visual 2D and 3D exampfeits application to the ligaments
segmentation. The 3D visualization is performed tie Visualization Toolkit (VTK) [7]
environment. Finally, in section 4 concluding reksaare pointed out.

2. FUZZY CONNECTEDNESS

In the idea of fuzzy connectedness [9] a fuzzytieigo between two spels (spatial elements,
pixels or voxels) within the image is defined. oy two elements andd from a seC (image):

p={((c,d),u,(c,d))|(c.d)ICxC} 1)
Uy is a fuzzy membership function, ggl1[0,1]. The relatiorp has to be reflexive

1,(c,c)=10cOC (2)
and symmetric

1, (c,d) = p,(d,c),0(c,d)0CxC (3)

The relation presented in [9] is called fuzzy saiéihity «. For every two elements a value
of wc,d) is assigned. It is based on their coordinate adiag intensities, gradient, and perhaps
even their locations within an image. The genarahfof y(c,d) is as follows:

H,(c,d) = u,(c,d) Ty, (c,d), 4,(c,d),c.d] (4)

where 1, is an adjacency relation (like a hard 2D 4-neighthood or 3D 6-neighbourhood,
represents the intensity-based function, agdepresents the gradient-based part of the affinity
Several possibilities for (4) have been shown astdbed [6]. The most often used formgpfs:

H,(c,d) =, (c,d) O, th, (T (c), f(d)) + @, th, (f(c), T (d))] (5)

with weightsw+w=1, andhy, h, being some membership functions correspondingt@nd/,.

Fuzzy affinity as described above is nonzero oohtlie adjacent spels. We can call any pair
of adjacent spels, d a link, and the value gi,(c,d) — its strength. Any sequence of speds, €, ...,
er> such that for anyJ[1,m-1] a pair €, e+1> is a link, we call a path. It is notegd, if c=e; and
d=e,. The strength of a path is the strength of itskestlink — the smallest affinity along the path:

My (Pey) = Min[44, (G, C.y)] (6)
For any two spelg, d there are many path%y between them, forming a s€ty. Now it is

appropriate to introduce the definition of fuzzynoectedness. It is a fuzzy relatiGhbetween any
two spelsc, d with membership functiopi(c,d) being the strength of the strongest gathiPgy:
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H(c,d) = max( s, (pa)] (7)

It has been shown [9], that a segmentation taskbeasolved in a following way. The fuzzg
object with affinityx and some threshol@][0,1] is defined as a s€l of spels such that for every
¢, dOJ Oke uk(c,d)=6. It has been proven, that classification of a yuz& object does not require the
computation ofux for all possible pairs of spels i@. First, a seed spal is chosen, which is
supposed to belong to an objéGiye). Then, the connectivity sced® is computed for aklIC:

C,(c) = uy (0,€) (8)

with Cy(0)= tk(0,0)=1 according to (2). For eadh Cy(c) describes the degree of its connectedness
to 0. Thresholding the connectivity scene at saffgves a fuzzykd objectOkge). A binary object
Oxao) — a result of the segmentation process — is dgfasefollows:

1< C,(c)=2¢
0 otherwise

Oy (© { ©)

For every two spels, ddJOxq0) tix(c,d)=6, and for each spel]O,q0) there exist someJO,q0), that
HUk(c,e)<E. Moreover, ifclOxq0), thenOxq9=0xqo). It means, that for fixed affinity and threshold |
does not matter which point from an object is taksnits seed. If a s€@ of M seed spels; is
indicated, then the fuzzy connectivity sce@g for such a set is defined as the union of the
connectivity scenes for all:

Co(0) = L%Cq (©) =ma{ 4 (0;,C)] (10)
3. ALGORITHM

3.1. PREPROCESSING

The intensities of the sagittal T1-weighted MR imatjces are treated as a three dimensional
matrix C. The matrix is normalized into a range [0,1]:

C(i, j,k) -maxC(, j, k)
L,

maxC(i, j,k) —minC(i, j, k)
i, L,

Cl, j.k)= (11)

wherei,j,k are the X,Y,Z coordinates, respectively. It hasrbeoted, that healthy cruciate ligaments
have dark, close to black intensity. Most of thieeotknee tissues have higher intensities. This lets
an increase of the image brightness without a édsaformation about the ligaments. It is made
with the linear function, which expands the lowatensity range, and assigns a maximum value of
1 to all levels above a threshgid
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Ci.ik) .
— 27 5 C(,j,k)<

Ci,i k=1 p (1k<p (12)
1 otherwise

3.2. SEED SLICE, SEED SPELS, FUZZY AFFINITY

From all sagittal slices o€ the user chooses the seed slicg where the segmented
ligament is visible. On th€g a seed spal (or a se of seed spels;), belonging to the ligament is
marked. Then, a region of interest (ROI) is defibeded on seed spel location and a ligament’'s
size, to avoid unnecessary computation in unimpogarts of an image. Next, a fuzzy connectivity
scene is computed.

Fuzzy affinity has to be defined. The general fasfit was introduced in (4), and the
specific one in (5). The functioig, h, from (5) are both gaussian [6]:

( f<°>+f<d>-rmj2

2 (-t (@)

h,(f(0), f(d))=e 2m=” (13)

2

h(f(c),f(d))=e *

Parameters of functions in (13) should have a nmggoi degree of “objectness” of a fuzzy
affinity relation betweert andd inside an objecD,s. That means, they should depend on intensity
and homogeneity of an object. They are computefiblimvs. First, a selN, consisting of a seed
spelo and its 3D 6-neighbours (of a 8tof spelso; and their 6-neighbours) is created. Then, the
mean valuem and standard deviatisa of a set of mean intensities of all pairs of 6ghéiour spels
from N, is computed. Similarily, the computation of theamey, and standard deviation of a set
of absolute differences between intensities opalfts of 6-neighbours from\, is performed. The
latter of equations in (13) is a gaussian with zesan, so for two spels with the same intensity, th
gradient-based part of a fuzzy affinity will berfl; just increases the standard deviatiomofThe
weightsw, arfrom (5) are both equal 0,5.

3.3. FUZZY CONNECTIVITY SCENE

The matrixC consisting ofg slices of sizevxk is treated as a connected graph. Its vertices
are voxels and its edges are the fuzzy affinitiesvben adjacent spels (adjacency relation in the
algorithm is a hard 3D 6-neighbourhood). In [9] et have proposed dynamic programming
method for finding the connectivity scefig. In [1] it has been shown, that greedy algoritHors
finding paths of lowest cost are more efficienteThijkstra algorithm [4], used in this paper, is
listed below:

Input data: a 3D image intensities in matiixa fuzzy affinityx, a setO of seed spels;.
Output data: a fuzzy connectivity scebg
Auxiliary data structure: a s€t of spelsclIC.

1. Insert allo;JO to Q.

2. SetCo to zero except spetsl1O, for which selCo(0))=1.
3. Removdl if Cp(d) reaches maximum iQ.

4. For each spa@ adjacent ta:



Pawel Badura Xl Conference "Medical Informatics &chnologies" - 2006 73

v=min{Co(d),(c,d)}.
If v>Co(C):

Putc into Q.
. SetCo(C)=V.
9. If Q is empty: stop,
Else: go to step 3.

5
6.
7.
8

Although there can be many seed spels, there iad to compute many fuzzy connectivity scenes
and then apply (10) to achieve final result. Thengs regularly grow from each seed spel during
one course of an algorithm.

3.4. THRESHOLDING, POSTPROCESSING, 3D VISUALIZATION

The final step is the interactive thresholdingragien. The user chooses the threshold level
6, seeing the actual segmentation result. For ealettedd the slices of binary scer@.40) are
two-dimensionally morphologically closed, resultimga binary scen®ayo). The edges 0D«a(0)
are displayed on corresponding slices of originggde, delineating the ligament. Fig. 1 shows the
results of such strategy on 2D slices. A sagitteekjoint image, a fuzzy connectivity scebe,
a closed binary scer@40) and a segmentation result are shown in consecuws.

Fig.1. A 3D segmentation of the PCL,; (a) an origkreee joint image with marked ROI; (b) a fuzzy oentivity
sceneC, for ROI; (c) a binary scen®,g ) thresholded aff= 0,94 (d) a ROI from (a) with edges from (c)

After choosing the threshold lev@la new image is produced:

C(c) = cUO,u0

14
0 otherwise ( )

CKH (C) = {



74 Pawel Badura Xl Conference "Medical Informatics &chnologies" - 2006

Each spel fronCyg belonging to a ligament has its original intensigch spel from outside of an
object has a zero intensity. Then, a matrix ineigdimageCyy is reprocessed, transferred into the
Visualisation Toolkit [7] environment and displayéad three dimensions. Fig. 2 shows several
views of a ligament segmented and shown in figTHe visualized ligament can be rotated or
displayed with different intensity levels and trpagencies.
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Fig.2. A 3D visualization of the PCL from fig. 19lamns display the front, back and top view, retipely,
transparencies have been changed in rows

4. CONCLUDING REMARKS

The paper describes the fuzzy connectedness-bappdoach to segmentation and
visualization of the cruciate ligaments. It hasrbéested on a set of 20 images with satisfactory
results. The method is sensitive to seed poinecteh — the more points are selected, the bédteer t
result is. Furthermore, different voxel size in X\irections cause some inaccuracies in a 3D
segmentation process, but appropriate preprocessidg3D image interpolation methods help to
improve the performance. The goal is a specifiedl fir computer aided diagnostics of the cruciate
ligaments at MRI, enabling segmentation and vigaéibn of healthy or injured ligaments.
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