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ABSTRACT

This study assessed the influence of acquisition parameters of tomographic volumes on the reproduction of thin bone
structures for rapid prototyping purposes. Two parameters were investigated: Field of View (FOV) and Slice Thickness
(ST). The specimen was comprised of five pairs of 0.6 mm, 1.1 mm, 1.5 mm, 2.0 mm and 2.8 mm thick cortical bone
plates. The plates were stuck into utility wax; the first plate of the pair was in vertical position while the second plate
was oblique to the first one. Forty-five tomographic images were captured and separated into 3 groups of fifteen images.
Each group had a specific FOV: 180 mm; 250 mm and 430 mm, respectively. Within each of these three groups, tomo-
graphic slice thickness was varied for every five of the fifteen slices. Acquisitions were carried out with STs of 1 mm,
2.5 mm and 5 mm. The Cyclops Medical Station software was used in the voxel-to-voxel analysis of radiologic density,
reaching a total of 1350 assessed images. ST and FOV variation influenced the reproduction of thin bone walls, and
FOV was shown to be a very important parameter. The larger the acquisition FOV, the more reduction in the number of
voxels within the range of reconstruction for cortical bone in all of the bone plates. The visual analysis of the images of
very thin bone walls showed that there could be a sharp drop in the radiologic density value in several adjacent voxels,
resulting in areas which might not be reproduced in the reconstruction.
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1. Introduction

The coupled use of CAD (Computer Aided Design) and
CAM (Computer-Aided Manufacturing) technologies
introduced, in Mechanical Engineering at first, the possi-
bility of creating complex computational models and turn
them into solid prototypes through Rapid Prototyping
(RP). In the early 90s, this technology was adapted for
use in medical specialties [1]. Medical rapid prototyping
(MRP) technologies enable the design of physical models
of human anatomy and have been used in several spe-

dental implantology. MRP models provide important
contributions to surgical planning, for example, the in-
trasurgical decision about the location of osteotomies,
reduction in surgical time, increase in surgical safety,
reduction in blood loss and specification of shape and
contour of prostheses, all of which cause considerable im-
provement to the treatment’s final outcome [2-9]. Dental
implantology has been using these models for surgical
planning, especially in more complex cases [10-13]. There
are also applications of MRP in tissue engineering and

cialties, including oral and maxillofacial surgery and
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regenerative medicine [14-16].
Attaining MRP models follows a sequence of stages
[17]: 1) Acquisition of image data of the anatomy to be
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modeled; 2) 3D image processing to extract the region of
interest from surrounding tissues; 3) Mathematical sur-
face modeling of the anatomic surfaces; 4) data format-
ing for RP and, finally; 5) model design. Despite its rea-
sonable dimensional and geometric accuracy for most cli-
nical applications, three-dimensional reproduction of anato-
mical data still poses a few problems, and all the steps of the
process may be potential sources of errors [3,17,18].

The stage of image data acquisition is extremely im-
portant, as the quality of the original data is at the base of
the chain that culminates in the production of the MRP
model. At this stage, in addition to image acquisition
parameters (slice thickness, helical or non-helical acqui-
sition mode, field of view, pitch, gantry tilt, tube current
and voltage), reconstruction parameters (including the
reconstruction algorithm itself) and patient-related variables
(patient movement, metal artifact of intraoral restorations or
prostheses) influence the quality of the images acquired.

The stage of image data acquisition is directly related
to the next stage: 3D image processing. For the construc-
tion of a model that represents only the bone tissue, 3D
image processing involves extracting from the dataset the
data that correspond to the soft tissue. This process, known
as segmentation, is based mainly on the radiologic den-
sity of the tissues. In theory, in order to select only bone
tissue, it should suffice to delimit the range of radiologic
densities which are only bone-related. However, in cer-
tain situations, the process of image acquisition does not
allow the adequate record of the bone tissue density.
Bone tissue might show lower numerical values than
those of the typical range for this kind of tissue, which is
likely not to be reproduced in the computational model,
as a result.

Although computed tomography (CT) is the modality
of choice to generate bone MRP models, some authors
[3,17-23] have reported difficulty in reproducing thin
bone walls (such as anterior wall of maxillary sinus; su-
perior, medial and inferior orbital walls; and small pro-
jections, e.g. the anterior nasal spine) and in determining
contours to adapt prefabricated prostheses. RP systems

Structure to be Acquired
voxel

enable accurate reproduction of structures that are faith
fully represented in the computer-generated model, and
this accuracy is subject to variation depending on the
technique used; it may be as accurate as 0.015 mm for
the stereolithography system. Thus, if thin bone walls are
not being reproduced, it may mean that the data related to
them were not acquired and/or were omitted from the
computational model during segmentation.

The choice for collection acquisition parameters of CT
image data drastically interferes with image quality, es-
pecially as regards small structures, due to partial volume
effect [3,18,19,24]. Given the context above, this study
assessed the influence of two parameters which deter-
mine the spatial resolution of tomographic data acquisi-
tion—1) Field of View (FOV) and 2) Slice Thickness
(ST)—on the reproduction of thin bone walls in CT-
scanned images.

2. Context of the Investigation

For an accurate computational reconstruction of a struc-
ture captured in a tomographic volume, the required CT
acquisition protocol has to be compatible, at least, with
the minimum spatial resolution that can describe all the
details of that structure. The determining factor in spatial
resolution is the number of space subdivisions, known as
voxels, acquired by a CT scanner. The smaller the struc-
ture to be captured/represented, the higher the spatial
resolution required. When a structure with a very low
spatial resolution is acquired, i.e., with voxels of very
large dimensions in relation to the size of the structure,
parts of the structure may take less than 1 voxel (Figure
1); in this case, the gray level of the image pixel gener-
ated for this voxel will correspond to the mean of the
radiological densities of all the objects existing in the
space volume represented by this particular voxel (the
structure, and the air around it, as in Figure 1), resulting
in partial volume effect. The partial volume effect cor-
rupts the accuracy of the acquired data as much in con-
tour as in density, which often hinders a three-dimen

Partial Volume Effect

low

high

Figure 1. Hypothetical tomographic slice showing a structure acquired with insufficient spatial resolution, with parts of the

structure taking space volumes smaller than 1 voxel.

Copyright © 2013 SciRes.
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sional reconstruction, or even prevents the accurate geo-
metric measurement of the structure acquired tomogra-
phically.

The spatial resolution in the international metric sys-
tem (SI) can be properly expressed in terms of voxels per
cubic centimeter (voxel/cm®) or voxels per cubic milli-
meter (voxel/mm’). An ideal voxel is a cube of equal X, y
and z dimensions (isotropic). Several CT scanners do not
enable the capture of tomographic volumes with isotropic
voxels, but rather with voxels shaped as cobblestones.
This policy has an important consequence when an ade-
quate spatial resolution is sought after for a given struc-
ture to be scanned and changes are made to the image
data acquisition protocol, because the spatial resolution
of a tomographic volume is determined by two parame-
ters which are susceptible to independent adjustment:

e z-resolution: The z dimension of the voxel is given
by ST, thus defining a spatial resolution of 1 point per

ST, and the amount of voxels in z is given by the num-
ber of slices.

e xy-resolution: The number of spatial subdivisions in
Xy is a constant given by the graphic resolution of the
tomographic slice image, typically 512 x 512 pixels
in current common tomographs. Consequently, the
number of voxels per CT slice is typically constant.
The spatial resolution alongside the Xy plane can,
however, be modified through the change in the size
of the space area taken by the square represented by
an image of a tomographic slice. This is effected
through the change in FOV, which results in an in-
crease or decrease in the side of this square. This way,
the X and y dimensions in each voxel are modified,
but their amount is not.

Figure 2 shows simplified examples of the influences
on spatial resolution caused by changes in the z-reso-
lution and the xy-resolution. Four hypothetical to

Figure 2. Tomographic volumes with different spatial resolutions showing the influence of the ST and FOV parameters over

spatial resolution.

Copyright © 2013 SciRes.
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mographic volumes were selected, and they occupied an
initial volume of 1000 cm® (cube with 10-cm side). To
simplify the calculation, we assumed that the resolution
of the hypothetical tomograph which acquires this vol-
ume is 10 x 10 pixels and remains constant. Figure 2(a)
shows the acquisition of a tomographic volume of FOV =
10 cm, with two slices S; and S; and ST = 5 ¢cm. The di-
mensions of the resulting voxel v; are 1 x 1 x 5 cm, and
its volume is 5 cm’. Consequently, the spatial resolution
of this tomographic volume is 0.2 voxel/cm’. In Figure
2(b), slice thickness was altered and a tomographic vol-
ume was acquired of FOV = 10 cm with four slices (S; to
Sy) of ST = 2.5 cm. The resulting voxel v, measures 1 x 1 x
2.5 c¢m and its volume is 2.5 cm’. Hence, the spatial
resolution of this tomographic volume is 0.4 voxel/cm?,
i.e., twice as much as the resolution of the previous vol-
ume. In Figure 2(c), slice thickness was reduced even
further and a tomographic volume of FOV = 10 cm and
with six slices (S; a Sg) of ST = 1.67 cm was acquired.
The resulting voxel vzmeasures 1 X 1 x 1.67 cm, and its
volume is 1.67 cm’®. Thus, this tomographic volume has a
spatial resolution of 0.6 voxel/cm’. Figure 2(d) shows
that a different procedure was used and the FOV was
reduced, while the same slice thickness from Figure 2(c)
was selected, and a tomographic volume of FOV =5 cm
with six slices with ST = 1.67 cm was acquired. The di-
mensions of the resulting voxel v4 are 0.5 x 0.5 x 1.67 cm,
and its volume is 0.41 cm’. In this case, the tomographic
volume has a spatial resolution of 2.4 voxel/cm®, four
times as much as the spatial resolution of the previous
volume, even though the ST was kept constant and the
FOV was reduced only by half. This rationale suggests
that FOV variation has at least an influence which is
equal to (or perhaps greater than) the slice thickness on
the spatial resolution of tomographic acquisitions and,
consequently, on their accuracy.

2.1. What Resolution Is Required to Attain a
Good MRP Model?

When image data are acquired for the design of MRP
models, the resolution required is determined by the
purpose of designing the MRP model:

e Minimal resolution: for the reconstruction of a struc-
ture aimed, for example, only at surgical visualization
or application where the accurate reproduction of de-
tails or measures is not required.

e Resolution for accurate reconstruction: when the
reconstructed object is expected to have accurate meas-
ures, enough data must be provided so that the three-
dimensional reconstruction algorithm that will be
used can possibly generate a three-dimensional struc-
ture that offers a detailed characterization of the ob-
ject acquired tomographically.

Three-dimensional digital radiologic objects are for-

Copyright © 2013 SciRes.

med by voxels that can present connectivity with one
another in three different ways (Figure 3), and connec-
tivity is essential in the reproduction of a structure in an
MRP model. If an object is edge-connected, as shown in
Figure 3(a), it can be reconstructed three-dimensionally,
and any of its parts can be measured with a certain de-
gree of accuracy. If parts of an object are only vertex-
connected, as in Figure 3(b), it can be reconstructed for
the sake of visual representation, but the edge-connected
segments cannot be measured because they have null
thickness, and as a result, any estimate would be inaccu-
rate. Objects of this class are unlikely to yield an accurate
three-dimensional reconstruction. If parts of an object
have null connectivity, as shown in Figure 3(c), the ob-
ject is then divided into disjoint segments, and hence,
cannot be accurately reconstructed. Figure 3(b) corre-
lates the concept of connectivity with the required reso-
lution for the design of an MRP model, and represents
the minimal resolution for three-dimensional reconstruc-
tion. However, in order for objects to have resolution for
accurate three-dimensional reconstruction, they must be
100% edge-connected, as in Figure 3(a).

Some reconstruction algorithms use additional tools,
and not only consider the radiological densities on seg-
mentation, but also take into account concepts of contour,
etc., which can increase their reconstruction capacity.

2.2. What Should Be Considered?

Some authors claim that the definition of the scanning
protocol must take into account the purpose—i.e., the
production of the MRP model [17,19,25]. Studies re-
porting the use of MRP models have diverse scanning
protocols, based either on the author’s experience or on
the protocol previously established for the area and/or for
a given CT scanner [18,19,23-26]. ST reduction is seen
as the most important controllable parameter at the time
of image acquisition to ensure adequate resolution of thin
bone structures. Lower ST means greater exposure to
radiation, and this should be considered when choosing
the most appropriate scanning protocol [19]. The study

(2) (®) (©

Figure 3. The 3 types of connectivity for two-dimensional
representations of objects comprised of quadrangular struc-
tures: (a) edge-connectivity; (b) vertex-connectivity and (c)
null connectivity.
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reported in this article aimed to identify the influence of
Xxy-resolution over spatial resolution and the quality of
the data acquired tomographically, through the analysis
of the interrelationships among FOV, ST and spatial re-
solution.

3. Method

The method adopted for this study was divided into 4
steps:

1) Data collection: different combinations of z-reso-
lution and xy-resolution were used in the acquisiton of
tomographic images of a specimen, generating datasets
with different spatial resolutions.

2) Qualitative data analysis: the acquired tomogra-
phic volumes were assessed qualitatively through visual
analysis, by means of a radiological workstation tool
which provides a voxel-to-voxel data analysis module.

3) Quantitative data analysis: statistical analysis of
some of the most remarkable aspects observed, aiming to
support the qualitative observation.

3.1. Specimen Design and Image-Data
Acquisition

The sample was comprised of 5 pairs of cortical bone
plates, taken from a piece of ox bone collected in a meat
market. Prior to the plate design, the bone piece was to-
mographed with 5 mm-thick slices, and the radiological
density (in HU) of the cortical bone part was measured.
The bone plates were designed with a Buehler water-
cooled precision sectioning saw (ISOMET 1000—
Buehler, Lake Bluff, EUA), with diamond blades (15 HC
DIAMOND, 6" x 0.020"—Buehler, Warehouse, Union-
ville, Ontario, Canada) and speed range of 600 rpm. Five
groups of two plates were then produced, with thick-

nesses of 0.6 mm; 1.1 mm; 1.5 mm; 2.0 mm and 2.8 mm.
The pairs of bone plates were stuck into utility wax. The
first plate was placed in vertical position and the second,
in oblique position to the first one, yielding an angle of
35 degrees, as shown in Figure 4.

The specimen was placed in the CT scanner (HiSpeed
Advantage, GE Healthcare) so that the vertical bone
plates were perpendicular to the tomographic slice plane.
Forty-five images were taken in non-helical mode, with
120 kVp and 150 mA, which are the bone tissue settings
suggested by the manufacturer for this equipment, with-
out slice gap, and with a matrix of 512 x 512 pixels. No
image post-processing, filtering or reconstruction meth-
ods were applied at the level of the radiological work-
station, being all image processing tasks delegated to the
data analysis step, described below. Two acquisition pa-
rameters were modified when the specimen was scanned:
ST (1 mm, 2.5 mm and 5 mm) and FOV (180 mm, 250
mm and 430 mm). As a result, the acquired tomographic
volumes yielded 9 different spatial resolutions (Table 1).

3.2. Methodology and Qualitative Data Analysis

The images were analyzed through the use of the Cyclops
Medical Station software (www.telemedicina.ufsc.br/ cms/

Figure 4. Specimen.

Table 1. Voxel dimensions and spatial resolutions for each of the acquired volumes.

FOV =430 mm FOV =250 mm FOV = 180 mm
X: 0.84 mm X: 0.49 mm X: 0.35 mm
voxel dimensions y: 0.84 mm y: 0.49 mm y: 0.35 mm
ST =5.0 mm z:5.00 mm z: 5.00 mm z: 5.00 mm
’ volume: 3.53 mm’ volume: 1.19 mm’ volume: 0.62 mm’
spatial resolution 0.28 voxel/mm’ 0.84 voxel/mm* 1.62 voxel/mm’
X: 0.84 mm X: 0.49 mm X: 0.35 mm
voxel dimensions y: 0.84 mm y: 0.49 mm y: 0.35 mm
ST=2.5 mm z:2.50 mm 2: 2.50 mm 2:2.50 mm
’ volume: 1.76 mm® volume: 0.60 mm’ volume: 0.31 mm®
spatial resolution 0.57 voxel/mm® 1.68 voxel/mm’ 3.24 voxel/mm’
x: 0.84 mm x: 0.49 mm x: 0.35 mm
. . y: 0.84 mm y: 0.49 mm y: 0.35 mm
voxel dimensions ; ) :
ST =1.0 mm z: 1.00 mm z: 1.00 mm z: 1.00 mm

spatial resolution

volume: 0.71 mm?®

1.42 voxel/mm’®

volume: 0.24 mm’®

4.19 voxel/mm’

volume: 0.12 mm?®

8.09 voxel/mm?®

Copyright © 2013 SciRes.
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index.php?lang=en), developed by the Laboratory for
Image Processing and Graphic Computing (http://www.
lapix.ufsc.br) of the Federal University of Santa Catarina
(UFSCQ), in the Cyclops Group (hjttp://cyclops.telemedi-
cina.ufsc.br) and in partnership with the Telemedicine
Laboratory (http://www.telemedicina.ufsc.br) of the Uni-
versity Hospital at UFSC. This radiological workstation
application offers a model for the analysis of voxel-to-
voxel tomographic volumes, which allows for the magni-
fication of image areas and shows each voxel with its
radiologic density value in HU. Additionally, this tool
enables the delimitation of radiologic density interval
ranges, defined by the operator, by coloring the numbers
of the varied radiologic density interval ranges in a dif-
ferentiated fa- shion (Figure A in the Appendix). For the
3D reconstruction we employed solely the acquired data
in the value domain, using the HU values of each voxel
accordingly to Wegener [27], considering voxels inde-
pen- dently of each other. This was performed without
the use of any method in the spatial domain, such as re-
gion- growing segmentations or morphological kernels,
because such methods are based upon general assump-
tions about data distribution and could introduce false
results, e.g. through the closing of gaps in the acquired
volume.

Figure A in the Appendix A illustrates the use of this
tool in the present study: in figure a region of interest
(ROI) in the original image is selected and visualized
voxel-to-voxel, together with the respective overlapped
HU values. The HU values are displayed in different
colors, which represent the different radiologic density
interval ranges defined for this study. Voxels in red are
located within the tomographic density range defined for
the cortical bone (300 to 3095 HU); voxels in yellow are
located within the range previously defined as air and
noise (—1000 to —701 HU). The definition of the value
range for bone tissue was based on Wegener [27], who
claims that the HU value range for a compact bone be-
gins at 300 HU in a —1000 to 3095 HU scale. If the im-
ages of the specimen were to represent it accurately, they
should show voxels in red and in yellow. Nevertheless,
one can see a third density range, in green, which corre-
sponds neither to bone tissue nor to air/noise; instead,
this range corresponds to partial volume effect (defined,
thus, between —700 and 299 HU).

The qualitative analysis was carried out for the five
pairs of plates. For each pair, there was the selection of
an ROI of approximately 10 x 14 mm, in each of the
FOV/ST combinations in Table 1, which yielded a total

of 9 FOV/ST combinations x 5 plate thickness = 45 ROIs.

These images were analyzed regarding their apparent
quality, through the visual comparison of sequences of
images with identical FOV and identical ST.

Copyright © 2013 SciRes.

3.3. Methodology for Quantitative Data Analysis

This study was based on the hypothesis that the reduction
of spatial resolution both in Xy and in z triggers the in-
crease of the partial volume effect. In order to verify
whether or not the variation of spatial resolutions in Xy
and in z affects, in a systematic manner, the quality of the
acquired data, the HU density means in the voxels of
bone, partial volume and air ranges were calculated, and
thus the mean of HU values in each plate was obtained
for each acquisition protocol, yielding a total of 1.350
radiologic density means. For the sake of comparison,
this study used the tomographic density of 30 random
measures involving only the cortical bone in the bone
piece tomographed previously to the design of the speci-
men, whose tomographic density mean was 1572.53 HU.
For the purposes of this study, this value was considered
the gold standard for cortical bone. Through the analysis
of variance (ANOVA), the variation of the radiologic
density was compared taking four parameters into con-
sideration: physical thickness of the bone plate, ST, FOV,
and plate angle (perpendicular or oblique) in relation to
the X axis. These parameters were paired and the data
were submitted to several ANOVA analyses in order to
assess which factor more markedly influences the partial
volume effect expressed as systematic radiologic density
loss.

3.4. Methodology for Data Reconstruction and
Three-Dimensional Visualization

The 3D reconstruction was carried out through the Cy-
clops Visualization Toolkit [28,29], another radiological
workstation module developed at UFSC. This module
implements, with slight improvements, the 3D segmenta-
tion and 3D reconstruction methodologies based on the
Marching Cubes method [30], the current methodology
of choice for radiological workstations; in addition, it
uses the Doubly-linked Face Lists (DLFL) methodology
[31], also currently considered the state of the art in the
field of 3D visualization of radiologic images.

4. Results
4.1. Qualitative Data Analysis

Starting from the set of assessed images, sequences of
images were created illustrating the effects of the FOV
variation in the reproducibility of bone plates. Figure 5
shows a sequence of images of the 0.6 mm plate acquired
with 1 mm ST, with ROIs of identical dimension but
with different spatial resolution due to the FOV variation.
The images were scaled in order to always show the bone
plate with the same apparent size, which enables the size
difference for the voxels in each FOV to be viewed.

In the acquisition with FOV = 430 mm, reproduced
infailures can be seen in the continuity of the bone struc-
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Figure 5. Effect of the FOV variation on the reproduction of bone plates with physical thickness of 0.6 mm, with constant ST
of 1 mm. The voxels whose radiologic density corresponds to cortical bone are displayed in red. In the case of a three-dimen-
sional reconstruction, only the voxels in red would be considered. However, their reconstruction in the MRP model would

also depend on the connectivity relations among the voxels.

ture, which characterizes null connectivity, as shown in
Figure 3(c); this image is not susceptible to 3D recon-
struction as a single object. In the acquisition with FOV =
250 mm, reproduced in Figure 5(b), there are no conti-
nuity breaks, but only vertex connectivity, as shown in
Figure 3(b); this image may be reconstructed three-di-
mensionally as an only object, but because of its null
thickness regions, there may be some accuracy problems
in the reconstruction. In Figure 5(c), with FOV = 180
mm, one can note good reproduction of the bone plate,
generally with two columns of voxels and edge connec-
tivity along the entire object. This object’s 3D recon-
struction is likely to be used for purposes of prototyping
considering accurate reconstruction. The apparent quality
of the reproduction of bone plates is visibly higher in the
FOV of 180 mm; this phenomenon was repeated in a
systematic manner for the thicker plates, and the smaller
FOV is always the best.

Besides, sequences of images were produced illustrat-
ing the effects of ST variation on the reproducibility of
bone plates. Figure 6 shows the results for the ST varia-
tion in a 0.6 mm plate, with FOV = 180 mm (the best
resolution). There is a subtle improvement in the bone
reproduction in the image with ST of 1.00 mm; however,
it is slight in relation to the apparent quality of the other
STs (2.5 mm and 5 mm). The same trend can be seen for
the thicker plates, in which the apparent influence of the
ST was even smaller, as it was limited to the periphery of
the plates.

4.2. Quantitative Data Analysis

The ANOVA analysis using both FOV and ST as cate-
gory variables showed a significant variation in the to-
mographic density for all thicknesses of bone plates and
of the tomographic slice. The level of significance was
90%. The thicker the bone plate, the greater the tomo-
graphic density mean in a same ST. The same occurred
for the FOV. It also showed that the tomographic density
mean is lower for the plates obliquely positioned in rela-

Copyright © 2013 SciRes.

tion to the X axis, when compared to the perpendicular
ones. Table 2 has an example of the acquired data; it
shows the means for the radiologic densities and for the
amount of voxels per density range, ST, FOV and incli-
nation for the 0.6 mm plates, in which the variations are
more expressive.

Each line of Table 2 presents the means for the num-
ber of voxels and for the values of radiologic density
expressed in HU in 5 tomographic slices made with the
ST and FOV value shown in the first two columns,
yielding a total of 45 tomographic slices per (vertical and
oblique) plate. These measures were repeated for the 1.1
mm, 1.5 mm, 2.0 mm and 2.8 mm plates. These data are
available for full reference at http://www.lapix.ufsc.br/ST-
FOV. For each plate thickness (0.6 mm, 1.1 mm, 1.5 mm,
2.0 mm and 2.8 mm), 8 analyses of variance were carried
out, divided into two groups:

— Group 1: Using ST as a categorical variable, with the
aim to assess the influence of ST on the partial vol-
ume effect:

e 3 ANOVAs describing the radiologic density vari-
ation in the bone range in relation to the ST,
keeping the FOV constant; an ANOVA for each
FOV;

e Radiologic density variation in the bone range in
relation to the ST, disregarding the FOV.

Group 2: Using FOV as a categorical variable, with

the aim to assess the influence of FOV on the partial

volume effect:

e 3 ANOVAs describing the variation of radio-
logic density in the bone range in relation to the
FOV, keeping the ST constant; an ANOVA for
each ST;

e Variation of radiologic density in the bone range
in relation to the FOV, disregarding the ST.

The results in each group and the plate thickness were,
according to the statistical significance and trend shown,
very similar and, for this reason, this section presents, for
illustration, only some of the results obtained in the

OJRad
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Figure 6. Result of the variation of the ST with a FOV of 180 mm. For this demonstration the 0.6 mm plate was selected,
where the acquisition protocol variation produced more expressive changes.

Table 2. Example of the means for the radiologic densities and for the amounts of voxels in each HU unit range, ST, FOV and

inclination, showing the results for the 0.6 mm plates.

Positioning of the bone plates in relation to the Xy axes of the tomographic slice plan

Perpendicular to the X axis

Oblique to the X axis and to the y axis

(Fm?n\; (;Tn) 300/3[;)09r1se(HU) —75Q/299 (HU) -1 000/—?49 (HU) 300/3095 (HU) —759/299 (HU) —1000/-749
partial volume air bone partial volume (HU) air
voxels HUunit voxels HUunit voxels HU unit voxels HUunit voxels HUunit voxels 1]1—11[1{
180 1.0 140.0 715.2 120.8 -310.9 4262 -919.1 131.2 661.2 125.4 -317.8 1101.2 -939.1
180 2.5 152.2 638.2 143.4 -316.0 415.6 -913.6 136.6 591.1 137.0 -299.1 11344 —940.2
180 5.0 170.8 558.6 164.4 -322.6  378.6 -912.4 143.4 513.6 146.0 —298.3 1191.0 -941.7
250 1.0 79.8 702.6 60.8 -270.4  200.8 —921.4 78.6 624.6 73.0 —294.5 6902 —943.4
250 2.5 85.6 624.1 73.0 -308.6  190.2 —908.1 76.6 582.2 77.0 -302.6 6424 —942.0
250 5.0 91.6 543.6 80.8 -305.0 233.0 —914.0 73.4 522.9 75.4 —293.0 580.4 —940.0
430 1.0 26.2 615.1 36.0 -270.5 93.2 -916.9 25.4 665.2 24.0 —285.8 2054 9409
430 2.5 28.6 578.0 34.6 -317.6 95.0 —908.2 254 600.1 252 —308.0 205.0 —940.5
430 5.0 32.0 523.9 32.6 -362.5  102.0 —912.2 25.6 530.3 26.0 -319.8 198.0 9385

analysis of the variation of radiologic density in the
bone range in relation to the ST and to the FOV for the
0.6 mm and 2.8 mm plates (physical thickness ex-
tremes). Figures 7 and 8 illustrate the obtained results.
The remaining data are available for reference at
http://www .lapix.ufsc.br/STFOV. For the 2.8 mm plate,
the same trends were noted, only with much lower
significance.

4.2.1. Quantitative Data Analysis in Group 1
Figures 7 (a) and (b) illustrate the results obtained for
the 0.6 mm plates. Figure 7(a) shows the results for the
analysis of the radiologic density variation in the bone
range in relation to the ST for acquisitions with FOV =
180 mm. Figure 7(b) shows the results for the analysis
of the radiologic density variation in the bone range in
relation to the ST, when performed over all the acquisi-
tions, irrespective of FOV. The trend is slightly more
significant with the fixed FOV, but both are very similar.
Figures 7(a) and (b) illustrate the results obtained for
the 2.8 mm plates. Figure 7(c) shows the results for FOV =
180 mm and Figure 7(d) shows the results for the in-

Copyright © 2013 SciRes.

dependent analysis of FOV. They show the same trend as
does the 0.6 mm plate, it only is more evident. In both
cases, there is a constant, linear and significant reduction
of the radiologic density with the increase of the slice
thickness (ST).

4.2.2. Quantitative Data Analysis in Group 2

Figures 8(a) and (b) exemplify the results obtained for
the 0.6 mm plates, and Figures 8(c) and (d) exemplify
the results for the 2.8 mm plates.

Figure 8(a) shows the results for the radiologic den-
sity variation in the bone range in relation to the FOV for
the acquisitions with ST = 1.0 mm. Figure 8(b) shows
the results for the analysis of radiologic density variation
in the bone range in relation to the FOV, when carried
out over all the acquisitions, irrespective of ST. The trend
is slightly more significant with the fixed ST, but both
are very similar.

Figures 8(c) and (d) exemplify the results obtained
for the oblique 2.8 mm plates. Figure 8(c) shows the
results for ST = 1.0 mm, and Figure 8(d) shows the
results for the ST independent analysis, which shows a
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(a) Measured HU range of 0.6 mm plates acquired with varying STand FOV =180 mm
Current effect: F(2.12)=14.136. p=0.00070
Effective hypothesis decomposition
Vertical bars denote 0.90 confidence intervals
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(c) Measured HU range of 2.8 mm plates acquired with varying STand FOV = 180 mm
Current effect: F(2,12)=162.07. p=0.00000
Effective hypothesis decomposition
Vertical bars denote 0.90 confidence intervals
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(b) Measured HU range of 0.6 mm plates acquired with varying ST considering FOVs
Current effect: F(2.42)=12.157, p=0.00005
Effective hypothesis decomposition
Vertical bars denote 0.90 confidence intervals

perpendicular plates

1 2
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(d) Measured HU range of 2.8 mm plates acquired with varying ST considering FOVs
Currenteffect: F(2,42)=203.30, p=0.0000
Effective hypothesis decomposition
Vertical bars denote 0.90 confidence intervals
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Figure 7. Examples of ANOVA results for Group 1. (a) and (b) display the analyses of perpendicular 0.6 mm plates, and (c)

and (d) display the analyses of the oblique 2.8 mm plates.

trend that is very similar to that of the 0.6 mm plate, only
it is more evident.

4.3. Three-Dimensional Reconstruction and
Visualization of Data

Figure 9 shows the results for the three-dimensional re-
construction of tomographic volumes of the 0.6 mm and
2.8 mm plates, as they represent the extremes of sensibil-
ity and robustness of the process. The considerations
made in Section 2.1 are confirmed: objects with null
connectivity were reconstructed with diverse segments,
objects with vertex connectivity show defects that appear
as regions without thickness, and objects with edge con-
nectivity are accurately reconstructed. One can also note
a slight quality deterioration in the reconstruction of the
slices with greater ST, but the determinant factor of qual-
ity was the FOV, undoubtedly.

5. Conclusions

The study of the parameters for the acquisition of tomo-
graphic images with the purposes of rapid prototyping

Copyright © 2013 SciRes.

aims to improve the quality of the MRP model. The di-
mensional accuracy and the biomodel anatomic details
depend mainly on the quality and, consequently, on the
spatial resolution of the acquired images, which results
from the selection of the scanning parameters and from
the CT scanner. Other factors may negatively interfere
with the quality of the MRP model (such as the inade-
quate handling of images), but no later processing can
manage to revert the consequences of images acquired
under low spatial resolution.

The conclusions drawn from this study are the follow-
ing:

1) The ST and FOV variations in the protocols for the
acquisition of images in this study interfered in different
ways with the reproduction of thin bone walls. Never-
theless, they were both shown to have significant influ-
ence;

2) The reduction of the spatial resolution, whether
through the increase of ST or of the FOV, always led to
the reduction in the mean density of the acquired voxels
corresponding to bones, which shows direct relation to
spatial resolution. An acceptable interpretation is that the
variation of both parameters influences the partial vol-
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(a) Measured HU range of 0.6 mm plates acquired with varying FOV and ST=1.0 mm
Currenteffect: F(2,12)=3.6193, p=0.05889
Effective hypothesis decomposition
Vertical bars denote 0.90 confidence intervals
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(c) Measured HU range of 2.8 mm plates acquired with varying FOVand ST= 1.0 mm
Current effect: F(2,12)=77.837,p=0.00000
Effective hypothesis decomposition
Vertical bars denote 0.90 confidence intervals
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(b) Measured HU range of 0.6 mm plates acquired with varying FOV considering STs
Current effect: F(2,42)=2.2357,p=0.11949
Effective hypothesis decomposition
Vertical bars denote 0.90 confidence intervals
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(d) Measured HU range of 2.8 mm plates acquired with varying FOV considering STs
Currenteffect: F(2,42)=19.746, p=0.0000
Effective hypothesis decomposition
Vertical bars denote 0.90 confidence intervals
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Figure 8. Examples of the ANOVA results in Group 2.

ume effect;

3) The ST variation had much more significant statis-
tical influence on the reduction of the mean of bone than
did the FOV variation;

4) The FOV wvariation had much more significant
qualitative influence on the generated images, especially
on the quality of the 3D reconstructions, than did the ST
variation, which counters the expectations raised by the
statistical analysis;

5) In comparison to the tomographic density of the
whole piece of cortical bone, thin bone structures (be-
tween 0.6 and 2.8 mm) presented lower mean values of
tomographic density, and the lower these values the
smaller the physical thickness of the bone plate;

6) Bone plates obliquely placed in relation to the axes
of the plan of tomographic slice had lower mean values
of radiologic density when compared to the values of the
perpendicular plates due to greater partial volume effect.

The findings on the influence of the tomographic slice
thickness in the reproduction of thin bone plates cor-
roborate reports by Ono et al. (1993), Kragskov et al.
(1996), Lightman (1998), Choi et al. (2002), Chang et al.
(2003). The increase in the thickness of the tomographic

Copyright © 2013 SciRes.

slice was responsible for the reduction of the radiologic
density values in cortical bone regions.

On the other hand, this research demonstrated that the
FOV variation, as another influence factor on the spatial
resolution, also influences the reduction of radiologic
density values in thin bone walls. This influence is less
statistically significant for the analyzed FOV values, but
its consequence for the data qualitative analysis and for
the quality of the generated 3D reconstructions is more
striking. One possible explanation for this consequence
may be the fact that great FOVs drastically reduce the
spatial resolution and make the voxels in critical posi-
tions of the object be highly influenced by the partial
volume effect, which triggers the loss of connectivity and
effects such as the occurrence of pseudoforamina and the
difficulty in reproducing thin walls such as those of the
orbit.

The ANOVA analyses for Groups 1 and 2 show a
clear correlation both between the FOV and the ra-
diologic density variation and between the ST and the
radiologic density variation. This correlation is more
marked and systematic in the relation between the ST
and the radiologic density variation, which reflects the
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Figure 9. Three-dimensional reconstructions of the 0.6 mm and 2.8 mm plates.
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approximately linear relation of 1:2.5 and 1:2 existing
between the STs chosen for the experiment. In the case
of the relation between the FOV and the radiologic den-
sity variation, a marked separation was noted between
the 430 mm and the 250 mm FOVs and a much less
marked separation between the 180 mm and 250 mm
FOVs. This was expected due to the relation 1:1.72
(close to 1:2) existing between the two first FOVs, and
the slightly marked relation of only 1:1.39 existing be-
tween the 180 mm and 250 mm FOVs.
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Appendix A. Brief Illustration of the Process
executed to perform the Experiments

The analysis process described in Section 3.2 is illus-
trated in this Appendix. The images were analyzed through
the use of the Cyclops Medical Station software http://www.
telemedicina.ufsc.br/cms/index.php?lang=en), developed
by the Laboratory for Image Processing and Graphic Com-
puting (http://www.lapix.ufsc.br) of the Federal Univer-
sity of Santa Catarina (UFSC).

This radiological workstation application offers a tool
for the analysis of voxel-to-voxel tomographic volumes,
which allows for the magnification of image areas and
shows each voxel with its radiologic density value in Houns-
field units (HU).

Additionally, the tool enables the operator-defined de-
limitation of radiologic density interval ranges. This is
highlighted in the tool by coloring the numbers of the
varied radiologic density interval ranges in a differenti-
ated fashion (Figure A).
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Figure A. Cyclops Medical Station software’s tool for radiologic density analysis. (a) displays the selection of an ROI for
analysis, given by the arrow; (b) displays a selected ROIL, in which one can see the individual voxels and their respective over-
lapped HU values; (c) displays the definition tool for ranges of HU values.

Copyright © 2013 SciRes.

OJRad



