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Abstract

The visualization of image structures in 3D o0b-
tained from computerized tomography examinations aids
the medical professional in the analysis of images and con-
sequently, provides a more accurate diagnoses. As these
images (slices) are spaced apart it becomes neces-
sary to fill in the empty spaces to show the structure in
3D. The use of the virtual slice between the real slices fol-
lowing the restoration is a new approach to realizing slice
interpolation aimed at 3D visualization. The goal of this ar-
ticle is to develop a method which produces a virtual slice
with few empty regions and, through the use of an in-
painting process using transportation and diffusion of
information with a Partial Differential Equation, com-
plete the virtual slices. The experimental results, presented
by images 2D and 3D show the efficiency of the pro-
posed method.

1. Introduction

The examination results of computerized tomography
are usually printed on film or photographic paper. This al-
lows any medical professional or even the patient to visu-
alize the results of the examinations without the necessity
of any additional resource. These results are represented on
slices (image of one transversal cut of the examined struc-
ture).

The 3D visualization of computerized tomography ex-
amination results, that is, the visualization of the internal
body structures as true to life, help the medical professional
to be more accurate when analyzing examination results.
The 3D visualization spares the medical professional the
job of mental reconstruction of the human body’s internal
structure from the examination results, making the analy-
sis process easier.

Between two consecutive real slices, there are usually
spaces from 1.0 to 3.0 mm. It is necessary to fill in these
empty spaces to show the structure in 3D, that is, to gener-

ate a 3D image. This process is called image interpolation.
There are several methods for image interpolation in liter-
ature, like the Goshtasby et al. [10], Bors et al. [6] and the
Wang et al. [18].

Traditional image interpolation methods are based on the
goal of generating the virtual slices between the real slices
from a computerized tomography examination. However,
most of these methods [10, 6, 18] use only the informa-
tion from two consecutive real slices to generate the virtual
slice. This approach causes the incorrect curvature in the
structure.

To solve the problems described above, the interpolation
method of computerized tomography slices uses the follow-
ing considerations:

e Gostasby and Turner [10] declare that between consec-
utive slices from computerized tomography examina-
tions, there should not occur abrupt alterations of the
tissues in the slices. The visual analysis of consecu-
tive slices in Figure 1 permits visual verification.

Figure 1. Images from two consecutive slices
from a computerized tomography.

e Currently, there are several image restoration methods
that recover damaged or occluded portions in an im-



age transferring the contours and texture from a neigh-
borhood to internal areas to be restored. A method pro-
posed by Bertalmio et al. [5] uses the image inpainting
process through transportation and diffusion of infor-
mation, Barcelos et al. [3] use the geodesic curves’ in-
formation to promote the image inpainting.

As two consecutive computerized tomography slices are
very similar and the restoration process can recover the well
defined contours of damaged areas, this work proposes di-
viding the interpolation process into two steps. They are:

1. Obtaining the initial virtual slice;

2. Utilization of the image inpainting process.

The initial virtual slice must contain similar portions as
those found in the two consecutive real slices. The non sim-
ilar portions remain empty, that is, without usable informa-
tion. This empty area must be filled in by an inpainting pro-
cess applied to the image.

The fewer the empty regions in the initial virtual slice,
the better the results of the image inpainting process will
be. Thus, the goal of this work is:

1. To propose a method which obtains an initial virtual
slice, where the slice empty area must be minimized
by determination of the possible similarities between
two consecutive real slices.

2. To propose a second method, based on the work of
Bertalmio et al. [5], to realize image inpainting in a
3D image.

This article is based on a previous work that helped in the
creation of the method proposed in this work, definitions of
what is the initial virtual slice, modification of the method
of Bertalmio et al. [5] to 3D image, as well as the presenta-
tion of the results obtained from the experiments and their
analysis will be presented.

2. Previous Works

The method developed in this article uses some process
already developed in previous works. They are:

e Goshtasby and Turner [10] proposed a linear interpo-
lation process between the slices, where the similar-
ity measurement between the pixel from a slice and its
neighborhood in another slice defines the correspond-
ing pixels. The connection between its pixels is the
path to linear interpolation.

The method proposed in this article uses the same
principles. However, a tolerance in comparison to the
process of the pixels in real slices is created. Thus, it is
possible that a resulting virtual slice has empty spaces
when the comparison process fails, that is, the distance
between pixels is greater than the tolerance.

e Wang et al. [18] proposed an approach where the free
spaces between the slices were divided into a num-
ber of small cubes. From the analysis of the gray level
found in the corners of these cubes, the direction of the
interpolation process is defined. In this approach, the
results are also similar to those obtained by linear in-
terpolation.

The proposed method in this article also uses the
pixels neighborhood, where the gray level which
shows greater similarity in the neighbor real slice is
the gray level chosen to defined the pixel in the inter-
polated slice.

e Bertalmio et al. [5] proposed an image inpainting pro-
cess which is divided into two steps. The first step is
the transportation of information, after this, the diffu-
sion process is applied. Batista [4] propose a modifi-
cation to the inpainting process. The diffusion step in
the Batista approach is extended to the whole image,
but outside of the inpainting area the diffusion process
uses the edges conservation methods.

This work uses the approach proposed by Batista
[4], but the domain of application is extended from 2D
to 3D space.

All processes described above aim at producing the com-
plete image interpolation. In this article, the goal is to ob-
tain an initial virtual slice. With these slices it is possible
to use the interpolation method that takes into considera-
tion spaces in a wider context than only the space found be-
tween two consecutive slices.

This wider context can be obtained from transversal sec-
tions of the pixels’ cube, when the cube is already complete,
that is, with real and initial virtual slices. The use of inpaint-
ing in the transversal section naturally uses the wider con-
text.

The use of the proposed transversal section in this
method will allow the transportation of the contour infor-
mation of several slices. The expected result is a correct
reconstruction of the tissues.

The Goshtasby and Turner methods [10], Bors et al. [6]
and Wang et al. [18] consider the hypothesis that no abrupt
changes occur in tissue contours. Thus, they also consider
the possible continuation of tissues in the pixel’s neighbor-
hood, the fundamental hypothesis of this work.

There are different ways of performing 3D reconstruc-
tion, such as the use of mesh, as in [17] and [7] or work-
ing on pixel’s cube which is the procedure adopted in this
work, as in [11].

3. Obtaining Initial Virtual Slice

The initial virtual slice contains the common portions
from the two consecutive real slices. It is obtained by com-



paring all the areas of real slices, where the non similar re-
gions contain empty values. These empty spaces must be
filled in by some inpainting method.

The pixel by pixel comparison between two consecutive
real slices can be a simple method for obtaining an initial
virtual slice. When two pixels in the same position (x,y),
one in each slice, have the same gray level, then the vir-
tual slices between them also have the same gray level. Fig-
ure 2 shows the results of this approach applied to the 23rd
and 24th slices of a computerized tomography examination.
The gray color indicates the pixels position whose values
are not similar to the slice comparison process. The simi-
larity perceived by visual analysis was not mapped by this
process, as shown in Figure 2.

(a) (b)
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Figure 2. (a) and (b) two consecutive comput-
erized tomography slices; (c) Similarity ob-
tained in pixel by pixel comparison.

Table 1 shows the percentual numerical results obtained
by comparison of three distinct slice pairs using the pixel by
pixel comparison. The statistical correlation (c) [12, 8] was
also calculated between the slice pairs as
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where:

- n,m indicate, respectively the number of lines and
columns of the images;

- Ta and Ib indicate respectively the average intensity of
the pixels in the images Ia and Ib;

- Ia;; and Ib;; indicate respectively the intensity of the
pixel (i, 7) of Ia and Ib in this position.

Test Slices Similarity Statistical
Pixel by Pixel | Correlation
1 3 and 4 40% 98.3%
23 and 24 44% 97.4%
3 51 and 52 42% 98.1%

Table 1. Results obtained by a comparison
between the consecutive slices of three slice
pairs in a pixel by pixel approach and by sta-
tistical correlation.

One observes in Table 1 that the statistical correlation be-
tween the slices expresses a much greater similarity from a
visual analysis than similarity obtained from a pixel by pixel
comparison. The statistical correlation shows that the sim-
ilarity perceived by visual analysis is real. Thus, one con-
cludes that to obtain an initial virtual slice which is to be
restored in the second step of the process, a pixel by pixel
comparison should not be used. A process based on statisti-
cal measurements must be used for obtaining the major pos-
sible similarity between slices.

3.1. The Proposed Method to Obtain an Initial
Virtual Slice

In the pursuit of a method that produces an initial vir-
tual slice with few empty regions, this work proposes the
use of a standard deviation measure of the real slices in-
volved in the process. The standard deviation indicates the
average difference of gray levels between tissues contained
in two consecutive real slices. Besides this, the proposed
method uses a coefficient K that defines tolerance levels to
the comparison process. The coefficient /K can have values
between 0 and 1 with the objective of reducing the toler-
ance, in the comparison process, obtained by the average of
the standard deviation. If K has a value near 1, the tolerance



can be very high and an incorrect interpretation of the two
different tissues as the same tissue. If K has a value near 0,
the result can be the same as that of the pixel by pixel com-
parison.

The proposed method in this article aims at obtaining the
initial virtual slice, and can be described by using the fol-
lowing steps:

1. Consider A and B as two real slices that will interpo-
late, generating between them the virtual slice C;

2. From the slices A and B, one obtains the average from
the standard deviation of the gray levels. By multiply-
ing the results obtained by the tolerance coefficient K,
the threshold T'g is obtained;

3. For each pixel C;; to be interpolated in C, the distance
between A;; and B;; is obtained, and between A;; and
the neighborhood pixels of B;;;

4. Repeat the same process between B;; and A;;, includ-
ing the neighborhood pixels of A;;;

5. The minimal distance found in steps 3 and 4 is com-
pared with T'g;

6. If the least distance found in steps 3 and 4 is less than
T'g, then there is information passed to the virtual slice
C. The pixel C;; will receive the value of A;; if the
lesser found distance is obtained in step 3, otherwise
C; will receive the value of B;;;

7. If the minimal distance found in steps 3 and 4 is greater
than T'g, then Cj; therefore it will receive an empty
value.

4. The Digital Inpainting Algorithm

This article will use the algorithms proposed by
Bertalmio et al. [5]. In his work, Bertalmio defines D as
the image regions where the inpainting process will be ap-
plied. The region 0D, which define the boundary of D,
contains the information to be transported into the do-
main D. The process intercalates a step of information
transportation from 0D to D, following from a diffu-
sion step.

4.1. Transportation

In this algorithm, the transportation of information to a
point P(x,y) € D is realized through the use of a scalar
product from normal vector N at P with the vector 3 that
indicates the direction of the isochromatic line containing
P. Figure 3 shows its vectors in the inpainting domain.

The normal N is obtained calculating the gradient of
laplacian in P(x,y). The vector §'is the perpendicular vec-
tor defined by the gradient in P(z,y).

Figure 3. Shows a point P € D and the nor-
mal vector N and isochromatic vector 5.

To obtain the vectors N and 3 at a point P(z,y) € D
from image I : R?> — R, one can use the following ex-
pression:

N=vcC (I(z,y)),
where

L(I(z,y)) = A(z,y) = V(VI(z,y))

and

§=Vti(z,y).
Thus, the transportation step is obtained by

5 = VL)V )

where ¢ is the time of the evolution in the transportation pro-
cess. The transportation process is made only in the D do-
main.

4.2. Diffusion

The diffusion process, based on the mean curvature flow
equation [16], has already been used in works such as [2, 9,
1]. The equation used in previous works is

. VI
I = |VI\dW(W) 3)

where:
I(x,y) is the original image and I(z,y,0) = I(z,y).

Equation (3) realizes the diffusion in the orthogonal di-
rection of the gradient.



Aiming to use Equation (3) and maintaining the image’s
edges, Malik and Perona [13], used Equation (3) with a edge
detection process. The objetive is to weaken the action of
Equation (3) along the edge regions. The equation proposed
by Malik and Perona is

Iy = div(g(|VI)VI) O]
with I(x,y,0) = I(x,y).

In Equation (4) a G function is inserted. This function is
non-increasing and obeys the following conditions:

-9(0) =15

- g(s) > 0, and;

-Se g(s) — 0, when s — o0.

A new model inspired on the method proposed by Ma-
lik and Perona [13] was proposed by Barcelos et al. [3]. Its
model is described in Equation (5):

Vu

[Vl

u = g(|VGoru|)|Vuldiv(5—)—(1-9g(IVGoxul)) (u—TI)

)]
where “*” indicates the convolution between func-
tions, and the initial condition is u(z,0) = I(x).

The model given by Equation 5, allows the diffusion of
the image in the orthogonal direction of Vu with speed

9(|IVG, xul) K, where K = div(lg—z‘). The chosen g func-

tion in this work is: g(s) = 75y
5. The New Proposed Approach

With the goal of verifying the proposed method in this
work, the image inpainting process proposed by Bertalmio
et al. [5] and improved by Batista [4], needs to be increased
from the 2D to the 3D domain.

Equation 2 was detailed for the 2D process in [4] and
Equation 3 was detailed for the 2D process in [15]. In this
work a 3D image is used, u : R® — R, here D C R3.

The resulting 3D image of juxtaposition of real slices and
initial virtual slice is an incomplete image. The empty re-
gions of the initial virtual slice needs to be restored and this
work proposes the 3D inpainting as a solution to the prob-
lem.

Thus, the inpainting process will be realized in a 3D do-
main. The empty spaces will be filled in through the use of
a 3D process, where the considered context is greater than
two slices. Following on, the new equations for 3D process
are presented.

5.1. Transportation in 3D

The transportation step is obtained by Equation (2) pre-
sented in the previous section. Changing the 2D image,
I(x,y), to a 3D image, u(x,y,z), one obtains:

ou i
i VL(u).V-u (6)

Detailing this equation:

% = VL(W).V+tu = V(Au).V+iu = V(div(Vu)).(Vu)*  (7)
After these developments, Equation (8) makes the trans-
portation step into the new approach.
ou u PBu Bu ou
% = oty * o * ooy 5y
ot ox20y Oy 0220y "0y
(8311, + O’u +@)(@+@)_
0220z  Oy?20z 0z3" ‘0x Oz
&Bu Bu Bu | 0u

(% * Oy20x + 3z23x)'(87y)
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5.2. Diffusion in 3D

The diffusion step is obtained by using Equation (5),
considering v : R® — R.
In this way, the diffusion term is given by:

Vu .,
[Vu )=
Ugx (“32/ +u?) 4wy (Ul + u?) + uss (uf + ui)
u? + u? + u? B
2Ug Uy Ugy + 2UpUzUsy + 2UyUs Uy,
u? + u2 + u?

[Vu|div(

€))

K,4|Vu| as in the 2D process, where K, is an attenuated

coefficient.

The ¢ function used was: g(s) =

6. The Implementation Process

The proposed Algorithm can be described as:

1. Create the 3D image with initial virtual slice:
Read all real slices of the examination;
Calculate how many virtual slices will be created;
Generate the initial virtual slices as explained in sec-
tion 3.1;
Generate the 3D image through juxtaposition of real
and initial virtual slices;

2. Read all necessary parameter to inpainting process.
The parameters are:
M - the total number of iterations of the process;
Mt - the number of iterations of the transportation
process;
Kt - the attenuation coefficient of the transportation
step;



Md - the number of iterations of the diffusion pro-
cess;
K - the attenuation coefficient of the diffusion step;
K - the attenuation coefficient of the g function;
3. Repeat M times
Repeat Mt Times
Transportation Process with Equation §;
Repeat Md Times
Diffusion Process with Equation 9;

All routines were written in C++ and executed using a
Pentium IV, 2.4Ghz computer, 1Gb of RAM and a video
graphic card with 128Mb of memory. To show the 3D im-
age an application also written in C++ and using the VTK
library was used.

The execution time to reach an examination result with
52 real slices and 102 initial virtual slices is shown in Table
2.

Test | Process Step Time (sec.)
1 Examination read 5

2 Initial virtual slice generation 17

3 3D Inpainting 550

4 Visualization 25

Table 2. The spent time for each step of the
interpolation and visualization process.

After the execution of the first three steps, the user can
execute the visualization step several times without the need
to execute the first three steps again.

7. Obtained Results and Analysis

Figure 4 shows four consecutive slices. The first line, (a)
and (b), are the real slices, and the second line, (¢) and (d),
the virtual slices after the 3D inpainting process. One ob-
serves that the process generates virtual slices with all the
features of the real slices, but its also has specific features,
which show the effectiveness of the proposed process. Also
one observes the high quality of the virtual slices generated.

Figure 5 shows three images resulting from the 3D inter-
polation process proposed in this work. Two different trans-
fer functions were used for the visualization process. The
first function, Figure 5 (a) and (b), shows the human jaw
bone in two positions and the second, Figure 5 (c), shows
the human face using the same examination.

One observes that the proposed interpolation process
produces a high quality 3D image.

Tests were carried out, which compared the proposed
method to the Goshtasby et al. [10] and interpolation lin-
ear method. The visual result from one of these methods

(b)

(c) (C))

Figure 4. Output of the inpainting process to
four consecutive slices. (a) and (b) real slices
43 and 44; (c) and (d) virtual slices 43.01 and
43.02.

can be seen in Figure 6. Two different points can be high-
lighted in the amplified results. The first in the upper central
part, where the results obtained by the interpolation method,
Figure 6 (c) and (d), and The Goshtasby et al. method, Fig-
ure 6 (e) and (f), present non-existent scaring to the image.
The second, which easily shows in the center of the image,
the formation of wrinkling which does not appear so appar-
ent on the image of the proposed method, Figure 6 (a) and

(b).
7.1. Conclusions

In terms of the method for obtaining the initial virtual
slice and its restoration, it can be concluded that:

1. Obtaining the initial virtual slice allows for the use of
the considerations made by Goshtasby et al. [10] and
of the Bors et al. [6]. While these methods use these
considerations to interpolate all slices, the method pro-
posed in this work uses these considerations to obtain
a initial virtual slice with empty spaces;

2. The use of statistical measurements in the comparison
allows for the determination of an initial virtual slice
with fewer and smaller empty regions;
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Figure 5. visualization of 3D image generated
by proposed interpolation process. (a) and
(b) human jaw bone. (c¢) human face.

(e) ®

Figure 6. Obtained results from two interpo-
lation methods and the proposed method.
(a) Proposed method result. (c) Linear inter-
polation method result. () Goshtasby et al.
method result.(b), (d) and (f) Amplified details
of figures (a), (c) and (e) respectively.

3. The pixel by pixel comparison does not produce good

results for obtaining an initial virtual slice;

4. The proposed method obtains an initial virtual slice

with the same amount of filled in area and statistical
correlation, showing the method’s efficiencys;

. The improvement of the algorithm and equations from
2D to 3D shows the expected results, that is, a visible
and sharp 3D image.

6. The 2D image generated by the proposed method ob-

tained such high quality, it becomes difficult to recog-
nize them as virtual slices;



One concludes that the proposed method allows one to
obtain the initial virtual slice with small empty regions,
making it easier to use than other proposed inpainting
restoration methods.

The new approach in this work produced a 3D image
with a high level of quality. Thus, the objective proposed
was reached. The evolution of inpainting methods from 2D
to 3D demonstrates to be a good approach, which can be
used in other applications which use 3D images.

Some parameters, such as the transport coefficient and
total iteration number, must be tested further as a few prob-
lems in 3D image diffusion can be observed in Figure 5.

Finally, one concludes that the proposed method presents
a good result, by considering a context with several slices
for the inpainting process thus, satisfying the purpose of this
work.

7.2. Suggestion For Future Works

The method proposed in this article for obtaining an ini-
tial virtual slices shows better results than other methods
that use the pixel by pixel comparison. However, it is possi-
ble to increase the quality of the results if the existing noise
in the slices is removed before the application of the pro-
posed method. Applying a smoothing process before ob-
taining initial virtual slices can reduce the noise on the
slices, increasing the uniformity of the gray level intensity
on the same piece of tissue.

Another suggestion is to change the method of 3D in-
painting to the method proposed, to that of the proposed 2D
image, by Martins [14]. The computational performance of
their method is better than the method used in this work.
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