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Abstract—Computing redundancy, bad expansibility and
“scalelike effect” lie in standard MC algorithm now.
Furthermore, because of the complex structures in the
segmented object, the triangular mesh model contains many
isolated fragments. Fragments exaggerate the data size of
the surface model and hinder the RP manufacturing speed.
To solve the repeating calculation redundant problem, a
suitable data structure was applied to seek cubes. By
making segmentation result as the input of MC algorithm,
the author eliminated the limitation of expansibility. By
smoothing the normal vector of isosurfaces, this paper
improved the image displaying effect. Finally, a special
storage data structure was designed to save the non-
manifold triangle model obtained from MC algorithm and a
new defragmentation algorithm was presented to delete the
corresponding triangle meshes whose computed volume
were less than given threshold. The modification mentioned
above has been realized in 3D reconstructing software-
MedLG which was developed by authors’ institute and
applied successfully in customized prostheses designing
already.
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|. INTRODUCTION

MC algorithm is a classical 3D reconstruction method
of medical image [1]. MC algorithm makes use of the
Characteristics of the medical data adequately when it is
applied to reconstruct the medical image and the high
quality 3D images can be obtained by interpolating
process. However, the realization of MC algorithm has
some difficulties. In fact, MC algorithm obtained the high
quality image by adding computing works and storage
space [2]. The standard MC algorithm has the following
four problems:

(1)The first is memory space and computing
redundancy. The amount of medical data is very large.
For example, a reconstructed pelvis image needs about
20M storage space. For more data, the memory can not
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bear. Furthermore, the standard MC algorithm needs to
deal with every cube in turn, but according to the statistic,
the cubes intersecting with isosurface account for only
ten percent of all cubes [3]. Much time has been used to
detect the blank cubes, which cause repeating calculation
and the resources of computer are wasted. Moreover, the
computing error can be induced by repeating calculation
of floating point. So a suitable data structure is needed to
seek cubes.

(2) The second is bad expansibility. The standard MC
algorithm can extract the isosurface by thresholding
segmentation method [4], for example, according to a
certain CT value. The expansibility of MC algorithm thus
is limited. If many kinds of segmentation method can be
integrated in MC, the expansibility of MC will be
improved greatly.

(3) The third is definition of display. The 3D image
reconstructed by the standard MC algorithm is not very
clear. For a cube, the location and orientation of triangles
in it are interfered easily by noise, which can cause
“scalelike effect” in displaying [5, 6].

(4) The last is fragments problem. The triangle model
of target tissue extracted by MC algorithm is a non-
manifold model because of the floating point operation
error and the existing of cancellous bone. The triangle
mesh model contained many isolated fragments. However,
Fragments exaggerated the data size of surface model and
lower the RP manufacturing speed.

Il. THE IMPROVEMENT OF MC ALGORITHM

The medical data are composed of sectional data files.
The author realized the improvements of MC algorithm
according to the characteristics of medical data
integrating Cuberrille algorithm at the same time [7].

A. Data Extraction of DCM File

Firstly we needed to extract the pixel information from
the DICOM images file and then extracted the interested
tissue by image segmentation.

It was necessary to simplify the information of
DICOM image files, extracted the major and removed
redundant information.
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Generally, the information of DICOM data is uniquely
determined by the data element tag. Firstly we found the
corresponding labels when checking the required data
information, then read out the data content in the data
elements. Data element tag is constituted by the group
number and data element number. We could find the
corresponding group numbers, and then judged the
information corresponding to the data elements number.
The group numbers concerned with pixel values and
image information are 0028, 0020 and 7EFO.

For example, we needed to extra the image pixel data.
Firstly found the data elements which group number was
7EFO, and then found the data elements that express pixel
data values, whose data element number is 0010.The data
contained in data elements was the value of the pixels,
then extracted pixel values according to the structure of
data elements.

The specific content could be found in the DICOM
standards [8-10]. The flow chart of DCM extraction was
shown in Fig.1.

Find the group number of Data
Element Tag corresponding to patient
information, pixel information, etc.

'

Find data element number of Pixel
parameters and pixel value in the group
number have found

'

Read pixel data
|

Figurel. The flow chart of extracting DCM files

B. Eliminating Memory Space Occupation and
Computation Redundancy

The medical data can be stored in octree or three-
dimensional array. Octree storage can seek the data more
quickly than three-dimensional array.

For MC algorithm, it must use the information of
adjacent cubes when dealing with one cube. The treating
way is one section by one section. However, octree stores
the cube data with tree form structure which all needed to
be read in memory one time. The occupation of memory
space is large and difficult to compress as well. In
addition, octree has complicated implementing process,
which cause sectional segmentation and treating
difficulties.
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Considering the factors mentioned above, the author
still used the three-dimensional array. To save the
memory space, the improved algorithm dealt with data
along the X and Y scanning direction in turn. Because the
treating of one cube needs six cubes of X, Y and Z
directions, the algorithm only stored the data of four
slices in memory one time. After finishing the data of one
layer, the algorithm would read the data of four new
slices. By establishing such exchanging mechanism, the
system held down the requirement of memory space
greatly. The occupation of memory space related to the
resolution of slice but not the quantity of slices.

By analyzing we know that if the isosurfaces
intersecting with a cube (for example, CubeA) was
determined, then the isosurfaces would extend in the
neighbors of CubeA. In this paper, we added a flag to the
fifteen basic structure of MC algorithm. The flag
recorded the number of the visited cubes of the six
neighboring cubes. For the six neighbors, the number of
the visited might be 0, 3, 4, 5, and 6. For example, we
sought only the three neighbors of a cube in Case-3 in [1],
but we needed seek all six neighbors of a cube in Case-10
in [1]. According to our statistic,c 90 percent of
isosurfaces were composed by the six cases showed in
Fig.2. Thus a lookup table could be set to record the
information of neighbors for every basic structure of MC
algorithm and a queue could be introduced to record the
cubes treated already at the same time. A great of time
could be saved through above modification to MC.

Figure2. Cube tracking

To reduce the calculating further, this paper fully
utilized the characteristic of medical structural data.
Every vertex (for example, VertexA) of a cube was
shared by four cubes which share a same edge, so every
cube could be treated along X, Y, Z direction in turn.
Namely only the vertex of three edges were needed to
calculate by interpolating and the vertexes of triangles
lying on the rest nine edges could be obtained from the
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previous calculation. The author utilized such calculating
relativity. When a new vertex was calculated, the result
was sent to the corresponding location of next untreated
cubes which share the same vertex. The buffer should be
reserved for the current layer and the next layer to be
dealt with in memory.

As shown in Fig.3, when calculating the point of
intersection e,, we needed to send the calculating result to
data buffer area of corresponding intersecting points of
neighbor cubes which share e, for example the

intersecting points of es, eg, €.

Figure3. Computering correlation of data

Accoring to the modification mentioned above, the
basic data structure needed another lookup table NBCase
and structure lookup tale TAJi][j] to record the
information of neighbor cubes for every structure form, a
queue QCube to record the treated cubes and a dualistic
flag array M={Flag, C} to reflect the visited information
of cubes except structure index table Vindex.

When starting, M was initialized and all elements were
set to zero. Then a seed cube was selected (a cube that
intersecting with isosurface) and put in the QCube. The
flag value was set to 1. Every time a cube was taken out
from QCube, two judges must be needed: one was the
structure form of the cube. Then the intersecting point
and normal vectors would be calculated and added to
triangle arrays TRA. The other is which neighbors would
be visited determined by NBCase and added that
neighbor cube to QCube. By the above processing, a seed
cube was thought to finish Traversal. The algorithm
would keep on running until QCube is blank. Finally, the
extraction of isosurface was over and the reconstructed
triangle model could be displayed.

The flow of Modified algorithm was as following:

IN: the 3D data set

OUT: the triangle array TRA

(1)Read the lookup table of intersecting point of edge
EIndex and structure form lookup tale TA[i][j];

(2) Initialized M, set the Flag value of all elements 0
and set QCube blank;

(3) Detected data set and selectd a cube Cubel whose
structure form was not zero. Looked up NBCase by
Vindex of Cubel and putted the neighbor cubes sharing
the common intersecting point with Cubel into Qcube,
circulate step (3) to (5);
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(4)Calculated the VIndex value of cubes and according
to Vindex value found the edge intersecting with
isosufaces from Elndex;

(5)Calculated the coordinate of intersecting point;

(6)Looked up TA[i][j] according to VIndex, determined
the connecting turn of triangle;

(7)Outputted the triangle array TRA.

C. Enhancing the Expansibility of MC Algorithm

(1) The segmentation method used in this paper

Threshold segmentation is a commonly used image
segmentation technology in medical images. The basic
principle is as follows: It divided image pixels into two or
more independent class through setting different
characteristics threshold. Such segmentation algorithm
can divide various tissues from background effectively.
However it involved in the problem of more threshold
choosing in image processing. The main shortcoming of
the algorithm is that the search space is too large and the
convergence rate is too slow [11].

Seeded region growing algorithm is a region-based
semi-automatic segmentation algorithm. The algorithm
has highly response speed and reliable function, which is
suitable for segmentation of various images. The seed
needs to choose manually. A single regional growth starts
from a seed pixel; search all adjacent neighbors of seed
pixel. If elements of segmentation matrix corresponding
to adjacent neighbors are 1, identifies it as 2. Then, search
recursively for all adjacent neighbors, until you can not
find element “1” corresponding to adjacent neighbors.
The seeded neighbor region is regular polygon, which has
18-neighbors or 26-neighbors [12].

This paper adopted an algorithm integrating the
threshold segmentation with seeded region growing
segmentation. Firstly, set a threshold according to the CT
number of target tissue, identified the elements within the
setting threshold with monochrom which was diffident
from the original grayscale image. Observed the
segmentation result, re-adjusted the threshold if needed.
Then initialized the segmentation matrix and selected a
seed in target tissue region. Next set the seed as the
starting point to execute the seeded region growing
operation and identified the segmentation result with
another monochrom. Last, observed the segmentation
result and repeated the above process if the result was not
ideal.

Neighbor region with 26 neighborhood pixels was
adopted. Fig.4 was the illustration of 26 neighborhood
pixels; each point represented a pixel, ® represented the
seeded pixel.

Usually, the target tissue accounted for a small part of
whole image. The segmentation matrix was sparse and
the storage space could be reduced further by octree
coding or sparse matrix coding. However, the system
needed to code or decode for every random accessing,
which affect the segmentation speed. It often needed to
reset the threshold and the location of seed when
segmented the target tissue in practice. So the further
space reducing must be reconsidered to prevent the low
segmentation speed. Moreover, even though not
considering the compressing further, the algorithm must
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be designed to reduce time complexity of random
accessing and matrix initializing.

)

™
M
o

Figure 4. llustration of 26-neighbors

Fig. 5 was the seeded region growing algorithm.

/1Q is a queue to store the identified region
elements, Seed is the seeded pixel

Label (seed) =2;

Push Seed into Q;
x[9]={0,1,1,-1,-1,-1,0,1};
y[9]={0,0,1,1,1,0,-1,-1,-1};

While(Q is not empty)

NewSeed=Remove(Q);
for(z=-1;z<=1;z++)
for(i=0;i <9;i ++)

Neighbor=NewSeed +((x[i],y[i],2);
if(Element(Neighbor)==1)
{

Label(Neighbor)=2;
Push Neighbor into Q;
}
}

Figure 5. Seeded region growing algorithm

The number of rows and columns is the multiple of 4.
According to the row or the column, every four pixels of
segmentation result could be combined to a byte. The
segmentation matrix was shown in Fig.6.

According to Fig.6, layers and rows were Kkept
changeless and columns were reduced to a quarter of
original number. The operation to the segmentation
matrix mainly included the following case: the
initialization of segmentation matrix; the random
accessing in segmenting process; the computation of
isosurface and reading the segmenting result when
extracting the contour in later steps.

The random accessing in segmenting process mainly
included the shift of single byte, AND operation and OR
operation. The speed of bitwise operation was very fast,
which has little affection to the time complexity of
segmenting  operation. So the initialization of
segmentation matrix and reading the segmenting result by
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layer should be paid more attention. Every byte of
segmentation matrix corresponded to four pixels, so when
initializing, a byte should be filled before the next writing.
For the reading the segmenting result by layer, the shift
operation to extract the four segmenting result should be
executed when reading a byte every time.

1 Byte

6 54 32 10

Columns

Q&"
s

Layers

Figure 6. Segmentation matrix

(2) Inputing the Segmenting Result for MC

To throw away the limitation of thresholding
segmentation, the segmenting result could be inputted to
MC. Thus the most suitable method was selected
according to the feature of an image and the isosurfaces
could be formed by segmenting result. Of course, the
segmenting result was a binary image by this way.

When calculating the point of intersection of the
isosurface with a cube, there were no suitable thresholds
to finish interpolating calculation because of binarization.
The author directly selected the midpoint of edges of a
cube as the point of intersection of the isosurface with a
cube, which could omit the -calculation of linear
interpolating. The maximum error was a half cube if the
midpoint was used to represent intersecting point.
However the resolution of ordinary display could not
reach this definition. For a 512 X512 data set, the screen
image projected by midpoint almost had the same
displaying effect comparing to the image projected by
point obtained from linear interpolating.

Many segmenting algorithm could be integrated with
MC algorithm if the segmenting result was inputted to
MC. The modularity and expansibility could be improved
correspondingly.

Fig. 7 showed the 2D display of the extraction to skull
tissue of the patient applying the segmenting algorithm
mentioned above.

D. Smoothing of Isosurfaces

To obtain the clear reconstructing result and get rid of
“scalelike effect”, this paper dealt with the direction of
isosurfaces.

Assuming the isosurfaces obtained from MC algorithm
was: Fo={( t;, N;) | i=0,1, ..., N}.

N was the total number of triangles. N; was the unit
normal vector of one triangle t;. For ti, the unit normal
vector was:
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Figure 7. The 2D display of target tissue image segmentation
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According to illumination model of rendering in 3D
graphics library, we knew that the 3D displaying effect of
triangle t; was related to the direction of the normal vector
of t;. We assumed that the set of neighbor triangles of t;
was {ty, t,, ..., t}, the corresponding normal vectors were
Ni, Ne,..., Ny, then the average value could be obtained:

N )

@

1 < (\7mj ~Vini ) X (Vi = Vi)

N+10= |y = Vi) X i = Vi)

The value of Nt” was then assigned to Nt. We could get
the smoothed vector field of isosurfaces by dealing with
all normal vectors of triangles in this way. The
reconstructed image looks clearer accordingly. The Fig.8
showed the comparative effect of non-smoothed and
smoothed.

(a)Non-smoothed

(b) smoothed
Figure 8. the comparative effect of non-smoothed and smoothed

D. The Storage Data Stuacture Of Non-uniform Triangle
Model

When MC algorithm was used to extract isosurface to
display the medical image data, usually a non-manifold
triangle model was produced.

For the non-manifold triangle model storage, the
simplest method is to use vertexes list and triangle faces
list. The vertexes list has the coordinate information of
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vertexes and the faces list has the pointers to vertexes.
Because the non-manifold triangle model might have the
isolated vertexes and isolated edges, a table was needed
to record the linking relation of vertexes. The linking
relation table of vertex is a 2D matrix applied widely in
graph theory. If the number of vertex of a grid model is n,
then 2D matrix nXn is sparse of course. Only has linking
relation were two vertexes set to 1, the rest were set to 0.
Applying the vertex linking matrix could cause the waste
of storage space and the low efficiency of looking up.

In this paper, a list ST of vertex and face was adopted
to take the place of the vertex linking matrix. An index of
vertexes was put ahead of faces list. Then a list SE of
isolated edges was established. ST, SE, vertex list
(include vertexes of face SV and isolated vertexes SP) and
triangle face list SF were applied together to store the
non-manifold triangle model. The Fig.9 was the storage
structure of non-manifold triangle model.

Vo Fu

Vi Fi

V: E:
SV | Vs Fs

SF

V4 F4

V: Fs

Vs Fs

\E

‘ Ve ‘ Fo | F: | Fs ‘ ST |

Vi :
SP :

Vo

Figure 9. Data structure of non-manifold triangular

F. Defragmentation Process

Because of the floating point operation error in
isosurface extraction and the existing of cancellous bone,
the triangle mesh model contained many isolated
fragments shown in Fig.10.

Figure 10. The isolated fragments

Fragments exaggerated the data size of surface model
and hinder the RP manufacturing speed. Thus
Defragmentation algorithm was presented in this paper.
Usually the fragments were the closed the triangle mesh
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with small volume. The idea of algorithm was to find all
the isolated spanning trees after isosurface extraction
process, and then computed the volume of every spanning
tree or the volume of circumscribed cuboids to decide the
deleting single isolated spanning trees or not according to
the value of volume.

(1)The computation of the volume of tetrahedron

Assuming the tetrahedron T showed in Fig.11 (a) was
composed of four vertexes a( Via, V2a, Vaa), B( Vip, Vob, Vap),
C( Vaes Vac, Vae) and d ( Vag, Vad, Vaa)-

The formula of volume of V(T) was:

Vla V2a V3a

V(T)=1 Vi Vab  Vap 3)
6 Vie Vac Vg

Via  Vad  Vad

V(T) was a signed value in the above equation. For
example, when the observing direction was opposite to
the outer normal of triangle made up of a, b, ¢ and the
connecting order of a, band ¢ was anticlockwise, then the
value of V(T) was positive and the opposite was the other
way around. In Fig.11(b), the coordinates of the four
vertexes of the tetrahedron were : a(1,0,0), b(0,1, 0),
¢(0,0,1), d(0,0,0). According to (3), V(T)=1/6.

@)

X (b)

Figure 11. Tetrahedron volume
computation

(2) The computation of the volume of closed triangle
mesh

To deduce the computation formula of closed triangle
mesh, considered a simple closed mesh abcdef composed
of eight triangles in Fig.12 (a). All the outer normal of
triangles pointed to the outer of mesh. Prolonged the
edges ad, be and cf to a point g. The Fig.12 (b) showed
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that the volume of tetrahedron abcg composed of vertex g
and underface abc was positive and the volume of
tetrahedron defg composed of vertex g and face def was
negative. Other volume of tetrahedrons composed of
vertex g and the rest six faces was zero. So the volume of
mesh V(abcdef) equaled to V(abcg)+V(defg). In fact, the
volume of mesh V(abcdef) was the algebraic volume sum
of eight tetrahedrons composed of vertex g and eight
triangles. Though the vertex g in Fig.12 (b) had a special
position and the conclusion was obvious. It is not
difficult to prove that for vertex with any position, the
conclusion mentioned above is tenable. For any close
triangle mesh M and any vertex g, the volume of triangle
mesh M is:

V(M) = > V(fi,fi2fis0) @)

feM

Where: f,1, fio, fi3 are the three vertexes of triangle f.
The connecting order of f,q, f5, f,3 is determined by the
normal direction of f and right-handed screw rule.

f
‘ e
d
a A
(@)
g
e
d
b
(b)

b

Figure 12. Closed triangular mesh volume
computation

(3) Defragmentation algorithm

Assuming the triangle model after extracting was
M=(V,T).Usually M included one or more close triangle
meshes. V was the set of all vertexes and T was the set of
all triangle faces. For every vertex v €V, constructed a
link list L(v) and added all the vertexes in L(V).

Firstly, traversing depth-first all the vertexes to find all
the isolated spanning trees, the forest F={ ST;} would be
formed . Next, for every spanning tree st &F, computed
the volume of st. If the absolute value volume was less
than the setting threshold according to (4), deleted all the
vertexes V(st) and all the triangle face F(st) composed of
V(st) in spanning tree st. The setting threshold should
satisfy that deleted the fragments with small volume but
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not including the important faces. Assuming the vertexes
set V(L(v)) was a point set which lied on the same edge to
vertex v in L(v),the algorithm was shown in Fig.13.

1. F—¢, ST—¢
for all v€V do visited(v)=0
3. while for some w, visited(w)=0 do
Begin
ST«STU{w}
DFS(w)
6. F=FU{ST}; ST—¢
end
7. for each steF do
begin
8. If the absolute volume of st<threshold
9. V=V-V(st); T=T-T(st)
end
10. procedure DFS(v)
begin
11.  visited(v)=1
12.  forall ve€V(L(Vv)) do

N

a &

13. if visited(ve)=0 then
begin
14, ST—STU{ve}
15. DFS(ve)
end
end of DFS

Figurel3. Defragmentation algorithm

A 3D reconstructing software MedLG including
improved MC algorithm developed by ourselves was
used to design an ear prosthese for a patient with a
missing ear in Fig.14. In Fig.14(c), the model in left
image was manufactured by LOM (Laminated Object
Manufacturing) technics[13].

(c)the rapid prototyping modeland silicon ear
model

Figure 14. The appliation of improved
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I1I. CONCLUSIONS

The improved method proposed above can eliminate
the memory space occupation and computing redundancy
effectively, and expand the commonality of standard MC
algorithm. At the same time, by adjusting the direction of
isosurface, the “scalelike effect” can be weaken to some
extent and the image obtained has better displaying effect.

Because the grid model extracted by MC algorithm is
non-manifold, the storage data structure adapting to
non-manifold triangle model is presented in this work.
Especially, a defragmentation algorithm is put forward to
delete the useless information, thus the data of the
reconstructed model and the later RP manufacturing time
can be reduced.
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