Articles

The reproduction accuracy for stereolithographic model of
the thyroid gland derived from the visible human dataset
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Objectives: To investigate reproduction accuracy of the
rapid prototyping technique by comparing 3-dimensional
computer-aided design (CAD) (virtual) model with
stereolithographic (solid) replica of the thyroid gland.

Methods: The Visible Human Dataset was used as the
input imaging data. The Surfdriver software package

was applied on these images to reconstruct the thyroid
gland as 3-dimensional Data Exchange File (DXF)
models. These models were post-processed in Cinema 4D
and 3D-Doctor software for Virtual Reality Modeling
Language (VRML) and Standard Triangulation
Language (STL) formats. Stereolithographic replica was
manufactured in the rapid prototyping machine using
STL format. This study was conducted between June
1-30, 2008 at the Department of Anatomy, Hacettepe
University, Ankara, Turkey. An excellent agreement was
found in comparing the maximal dimensions of the
CAD model of the thyroid gland and the corresponding
stereolithographic model. Visual and tactile examination
of the thyroid gland model allowed correct depiction
of the thyroid gland anatomy. The accuracy of the
stereolithographic model was attained by comparing wih
the CAD model.

Results: Dimensional analysis showed that an average
difference between the measurements on the virtual and
the solid model was 0.09 mm (p=0.06), ranging from
0.07-0.92 mm. Thyroid volume and surface area were
calculated to be 25393.9 mm?® and 8242.8 mm?* using
3D-Doctor software, which were agreement with those
obtained from Brunn’s formula.

Conclusion: Stereolithographic biomodeling is a state-of-
the-art and reliable method of visualizing anatomoclinical
structures and abnormalities.
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Computed tomography (CT) and magnetic
resonance imaging (MRI) are useful tools in the
definition and evaluation of human anatomy. These
contemporary medical imaging technologies provide
detailed images of the internal structure of the human
body."! The images produced from these modalities give
physicians accurate and precise information regarding
the structures or anatomical sites. These images are
limited because they convey only 2-dimensional (2-D)
information on a 3-dimensional (3-D) structure that
allows the structure to be visualized in different planes
and sections. Furthermore, these 2-D images can only
be represented on a screen or as a hard copy.” Therefore,
a solid replica of the anatomy providing tactile views
that can be scrutinized from any perspective, a real
reality model, was presumed to be helpful when trying
to overcome the limits that conventional imaging
entails.” Stereolithography, reported in 1986, a
computer aided design and manufacturing (CAD/
CAM) technique of prototype fabrication,’ utilizes
digital image data to produce a physical model. Thus,
it offers a unique way of displaying and remodeling
both the external and internal anatomical structures of
patients individually.® It can be used for a quick creation
of anatomically correct 3-D epoxy and acrylic resin
models from various types of medical data. Multiple
imaging modalities such as CT, MRI, and anatomical
cryosections can be exploited. That is, stereolithography
is used to overcome limitations in previous computer
aided  manufacturing/milling  techniques.>  This
technique is based on the experience gathered in the
technical fields, widely applied from the aerospace to
automotive industries.” Mankovich et al® released the
first report on the stereolithographic biomodeling for
replication of human anatomical structures. Currently,
its application preoperative  planning of
orthopedic,” maxillofacial surgeries,' cardiology,'! spine
surgery'? and neurosurgery,' the fabrication of custom
prosthetic devices,' and the assessment of the degree
of the bony and soft tissue injuries caused by trauma.?
Despite its increasing use in various medical fields, the
application of stereolithography in endocrinology so
far has never been encountered. The aim of this study
was to investigate reproduction accuracy of the rapid
prototyping technique by comparing 3-D virtual model
with stereolithographic replica of the thyroid gland.

covers

Methods. This study was conducted between June
1-30, 2008 at the Department of Anatomy, Hacettepe
University, Ankara, Turkey. The Local Research Ethics
Committee confirmed that ethical approval was not
needed for this study.
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Data source. The Visible Human Dataset initiated
by the National Library of Medicine was employed.
This dataset exists in different modalities: CT, MRI,
and anatomical cryosections.” In this study, anatomical
cryosections were used because they were high-
resolution cross-sectional colored images and provide
better anatomical information than the other modalities
(Figure 1a). In our study, 69 cryosectional images were
used for preparing the CAD models. These cross-
sections were between number 1247 and 1315, where
the thyroid and its surrounding structures appeared and
disappeared.

Development of the CAD model of the thyroid gland.
The spatial extents of thyroid gland and surrounding
structures were identified to provide their surface
models from serial cryosections using the Surfdriver
software. Surface models represent the geometric
structure that is helpful for fabricating prostheses,
inspecting occluded joints, pre-operative simulation,
and post-operative analysis.'"® Moreover, these models
are necessary for animation and real-time rendering.
The model preparation can be divided into registration,
segmentation, and surface reconstruction stages.
Sections were registered to each other to get an initial
ground truth after substantiating their compatibility
using both manual and automatic tools as well as visual
inspection.” Segmentation covers identification and
delineation of the organ in the cross-sectional images
(Figure 1a). To reconstruct an organ surface: a set of
points on the surface (“nodes”) and information on
how these nodes are linked to their neighbors (“facet
descriptors”) are used to define the organ. Once the
organ is interpreted and labeled on the different cross-
sections as contours, 3-D reconstruction is achieved
by joining the contours of all the pertinent slices using
the Surfdriver software to obtain a 3-D surface model
(Figure 1b)."® In this study, after generating 3-D surface
model of the thyroid gland, the model was converted
to the Data Exchange File (DXF) format to process it
further for 3D-Doctor and Cinema 4D software.

Development of photorealistic and topological models
of the thyroid gland. The CAD model in the DXF file
format was transferred into Cinema 4D to be used
by the Advanced Render Module. The result can be
spectacularly realistic, but incredibly time consuming
(Figures 2a & 2b)."

Topology in our context is defined as a 3-D
connectivity graph of anatomical elements for given
body parts. Topological information thus provides
inter-relationships among elements (Figure 3a).”

The CAD model in the DXF file format could also
be saved in VRML format for displaying on the Internet
(Figure 3b). The application of the VRML as a portable
file format for describing 3-D views of anatomical
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structures has enabled researchers, educators, and
students to share anatomical models on the web.*!

Development of Stereolithographic model of the
thyroid gland. The first step in rapid prototyping (RP)
is to develop a CAD model in DXF file format using
the Surfdriver software (Figure 4a). The volume of this
model is then meshed or broken into small elements.
The file containing all information on the mesh elements
is known as the Standard Triangulation Language (STL)
file.” By using a 3D-Doctor software, the CAD model
in DXF file format could be converted into STL file
format. This file format is readable by most prototyping
machines. The STL file is exported to the software that
comes with the rapid prototyping machine.”” Once the
STL file has been generated from the original CAD
data, the next step is to slice the object horizontally
to create a slice file (SLI). Then, they are merged into
a final build file. The sliced model is exported to the
stereolithography machine. The RP process is additive.
That is to builds the parts up in layers of material from
the bottom. Each layer is automatically bonded to the
layer below and the process is repeated until the part is
built (Figure 4b).*

The measurements on the CAD model were
performed using the measuring tool of the 3D-Doctor
software, and measurements on stereolithographic
model were obtained using digital calipers.

Results. In this study, the CAD model of the
thyroid gland and its surrounding structures were
reconstructed (Figures 1b). Then, the thyroid gland
and its surrounding structures were presented in
photorealistic and topological models to visualize
(Figures 2a, 2b & 3a) and converted to VRML format
to share on the web (Figure 3b). The thyroid gland was
also fully automatically fabricated in a solid model
form (Figure 4b). It took an hour to prepare the CAD
model and approximately 10 hours to fabricate the
stereolithographic replica. Preparing the CAD model
was faster than fabricating the stereolithographic replica.
Because thyroid gland had higher contrast than its
surrounding structures, differences in contrast facilitated
segmentation that made details clearer to view on both
the CAD model and its replica. When comparing the
CAD model with stereolithographic replica, surface
structures on the CAD model were the same as those
of the stereolithographic replica. Stereolithographic
replica had a very smooth surface. Visual and tactile
examination of the thyroid gland model allowed correct
depiction of the thyroid gland anatomy.

The measurements made on the right lobe, left
lobe, and isthmus of the thyroid gland from the CAD
and stereolithographic models were similar (Table 1).
Average difference in dimension of the virtual and the

Figure 1 - Photographic cross-section of the a) thyroid gland and its
surrounding tissues from the Visible Human Male and surface
modeling first involves identifying the region of a desired
tissue in the volume and b) then constructing a description of
this region as a surface.
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Figure 2 - The photorealistic a) anterior and b) posterior view of the
thyroid gland and its surrounding tissues rendered in Cinema
4D. All the anatomical details belonging to the thyroid gland

and its surrounding tissues can be seen with a high sensitivity.

Figure 3 - The topographical position of the a) thyroid gland and
its surrounding tissues in the cranium b) and a view of the
thyroid gland and its surrounding tissues using Virtual Reality
Modeling Language model.

Figure 4 - Animage of a 3-dimensional virtual biomodel of the a) thyroid
gland created by computer-aided design modeling and b) an
image of a 3-dimensional solid biomodel of the thyroid gland
created by stereolithographic technique.
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Table 1- Results comparing the measurements between different landmarks.

Thyroid/parameters Models’
Virtual model (mm) Physical model (mm)
Right lobe
Longitudinal diameter (length) 57.82 56.90
Antero-posterior diameter (depth) 25.98 25.84
Lateral diameter (width) 17.19 17.11
Left lobe
Longitudinal diameter (length) 51.18 51.11
Antero-posterior diameter (depth) 24.47 24.40
Lateral diameter (width) 14.76 14.68
The isthmus
Longitudinal diameter (length) 28.49 28.40
Antero-posterior diameter (depth) 7.22 7.13
Lateral diameter (width) 30.32 30.05

"Virtual model refers to the CAD model developed from serial cryosections using the Surfdriver
software (Figure 4a). Physical model refers to stereolithographic model developed using further
processing of the CAD model (Figure 4b). CAD - computer aided design

solid model was 0.09 mm, ranging from 0.07 mm to
0.92 mm (p=0.06). Moreover, linear regression revealed
that the CAD model precisely and accurately described
the stereolithographic model (Y=0.99X + 0.12, R?
= 1.00, with slope being not different from one and
intercept being not different from 0). Finally thyroid
volume and surface area were calculated on the CAD
model. Thyroid volume was calculated 25393.9 mm’
and surface area was calculated 8242.8 mm? using a
3D-Doctor software.

Discussion. Since 1970, there have been striking
advancements in medical imaging capabilities to enhance
organ morphology. These advancements provided a
variety of new diagnostic methodologies for health
status. The 3-D imaging and visualization continuously
develops to achieve accurate non-invasive clinical
diagnosis and treatment. Moreover, this method seems
imperative for quantitative biological investigations and
scientific explorations.* To visualize a 3-D structure,
successive 2-D slices are generally stacked to create
a 3-D volume, which can then be displayed on an
appropriate computer terminal. Numerous rendering
techniques have been implemented to improve the
quality of images, eventually leading to virtual reality
models.” The creation of life-sized anatomical replicas
through stereolithographic biomodeling is another
method of visualizing anatomoclinical structures and
abnormalities. Stereolithographic biomodeling is a new
technology that allows 3-D imaging data to be used
for manufacturing accurate solid plastic replicas of
anatomical structures.’

One of the major advantages of stereolithographic
biomodeling is the ability to create highly complex
structures elaborating external surfaces as well as internal
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cavities' and to obtain an overview of complex anatomy
from any perspective by using a haptic biomodel during
surgical planning (real reality model). The models
enhanced the surgeon’s comprehension of the 3-D
pathological anatomy preoperatively, particularly when
the findings of conventional images were ambiguous.’
An additional advantage results from the surgeon being
able to exercise on the model with the usual surgical
tools as this enables him to discuss and rehearse different
surgical techniques realistically. Because of this, surgery
can be simulated in a way, which is not possible even
with the latest visualization technologies. Such an
intensive planning of surgical procedures allows the
selection of the best technical approach. Additionally,
using a model clearly improves the communication
between surgeon and patient before a complicated
surgical intervention. Furthermore, it is possible to use
medical models to build individual implants, which
fit more precisely,®® suggesting that stereolithographic
biomodeling seems to be beneficial for the treatment
planning, as a reference during surgery, for the education
of less experienced colleagues and for obtaining patients’
informed consent.?

One drawback of stereolithographic modeling is
minimum 10 hours of manufacturing and delivering
time.> The advancements in the hardware, software
and manufacturing technologies can reduce time
needed to develop the products. Also, both imaging
and manufacturing systems can be established in the
same unit of the hospital. Another drawback is that the
synthetic material of the biomodel is too rigid to use in
dissecting exercises. The synthetic resin is also too brittle
to simulate the anatomical structure. The solid model is
thus less suitable for training than for planning because
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its tactile quality still does not correspond to reality.’
Also, the cost of the stereolithographic model should be
considered.”

In the literature there are several studies concerning
dimensional accuracy. Swaelens and Kruth?® reported an
average deviation of 0.25 mm for the modeling of a dry
human tibia. Such a low deviation can be resulted from
the absence of surrounding soft tissue and the simplicity
of the tibia anatomy. Another study with a fresh vertebra
has shown a maximum difference of +0.5 mm. Wolf*
made a stereolithographic model of a dry skull and
obtained 0.25 mm accuracy. With another type of data
processing, Barker etal* obtained an average dimensional
deviation of 0.85 mm for a human skull; Klimek et
al’! reported an accuracy of between 0.2-0.5 mm for
posterior fossa cranioplasty, and Mole et al** an overall
distortion <3.2%. In addition, Bouyssié et al' reported
an average difference of 0.12 mm with an accuracy
of 97.9% for mandible. Our results for dimensional
analysis for the thyroid gland showed no difference in
the measurements on the virtual and the solid model.
The accuracy of stereolithographic models is influenced
by factors in each step of the process: data acquisition, 3-
D data rendering, data transfer, model fabrication, post
fabrication changes, and handling.”® One of the most
important reasons of our choosing the thyroid gland
for the volume measurement is that the thyroid volume
is the determining factor in calculating the radioactive
iodine dose. In the literature, there are many conflicting
data for the thyroid volume. Clinically, the thyroid
volume is calculated according to Brunn’s formula:**
Volume = 0.52 x (length x width x depth), where the
value of 0.52 represents pi/6, length is longitudinal
diameter, width is measured as the transverse or lateral
diameter, and depth is the anteroposterior diameter.
The final volume is calculated by adding the volumes of
the 2 lobes together. The thyroid volume measured with
volumetric measuring tool of the software is consistent
with its volume calculated with Brunn’s formula using
dimensions of the model, suggesting that the volumetric
measuring tool of the software is a sufficiently reliable
technique for volume calculations.

It is essential to find out a material with properties
similar to those of human tissue, so that the dissecting
exercises on the model of segmented structures and their
environment may become possible. Our future aims to
obtain models in which the quality is equivalent to the
plastic that is molded for use in cadaver studies. The
ability to practice dissection and surgery of an individual
patient’s situation without disruption of the anatomy
should then provide additional quality, preoperative,
noninvasive information, which cannot be reached by
other means.?

In conclusion, stereolithographic biomodeling is
a state-of-the-art and reliable method of visualizing
anatomo-clinical structures and abnormalities. It
provides anatomical models in VRML format to be
used for both education and clinical application on
the internet. This study showed the stages of building
stereolithographic model of the thyroid gland. A lack
of difference in dimensional comparison of the virtual
and the solid model ascertained the accuracy. Moreover,
volume measurements from CAD model and Brunn’s
model were in agreement. These confirm a creation
of a life-sized anatomical replica of the thyroid gland.
Future studies should deal with improving durability
and functionality as well as cost effective and rapid
production of stereolithographic model of organs.
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