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Abstract: Three-dimensional models have played important roles in
medical simulation and education. Surface models can be manipulated in real time and even online; surface models have significant
features for an interactive simulation system. The objective surface
models are obtainable from accumulation of each structure’s outlines,
followed by surface reconstruction. The aim of this research was to
suggest the arranged methods of surface reconstruction, which might
be applied to building surface models from serial images, such as
computed tomographic scans and magnetic resonance images. We
used recent state-of-the-art sectioned images of a cadaver head in
which several structures were delineated. Four reconstruction methods were regulated according to the structure’s morphology: all outlines of a structure are overlapped and singular (method 1), overlapped
and not singular (method 2), not overlapped but singular (method 3),
and neither overlapped nor singular (method 4). From the trials with
various kinds of head structures, we strongly suggested methods 1
and 2, in which volume reconstruction before surface reconstruction accelerated the processing speed on 3D-DOCTOR. So as to use
methods 1 and 2, how to make the neighboring outlines overlapped
in advance was discussed. The surface models of detailed head structures prepared in this investigation will hopefully contribute to various simulations for clinical practice. The value of the surface models
are enhanced if they are placed over the original sectioned images,
outlined images, and magnetic resonance images of the same cadaver.
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T

hree-dimensional models have played important roles in clinics
since the computed tomographic (CT) scans and magnetic resonance images (MRIs) became popular. The ordinary three-dimensional
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models are made by volume reconstruction after stacking the serial images. Unlike the volume models, hollow surface models with
a small file size could be handled in real time: these are remarkable
attributes for interactive simulation.1Y3 The objective surface models
can be obtained from stacking of structures’ outlines and subsequent
surface reconstruction. Clearly, the more comprehensive the anatomic
structures are outlined and reconstructed, the more diverse the uses
of the simulations. The detailed structures, such as small individual
muscles, are identified merely in the sectioned images of cadavers
comprising high resolution and real color.4
In our laboratory for the Visible Korean, serial sectioned images
(0.2-mm-sized intervals and pixels; 24-bit color) of a whole cadaver
were created.5 Successively, structures in the selected sectioned images
(intervals, 1 mm) were delineated. On the basis of the outlined images,
we progressively developed surface reconstruction techniques on the
popular software without programming.3,6,7 The techniques needed
to be systematized for fast acquisition of the surface models. It was
much easier to identify a three-dimensional surface model’s components than to recognize the components in the two-dimensional
images. So we became interested in the trial to subdivide the outlined
images of a structure referring to the structure’s surface model.
The principal aim of this research was to suggest the arranged
methods of surface reconstruction, which might be applied to building
surface models from other serial images (eg, CT scans and MRIs). We
used the new sectioned images of a cadaver head. In the sectioned
images, 64 intracranial and extracranial structures were already
outlined.2 The second aim was to show the possibility that the surface models are reflected on the revision of relative outlined images.
The last aim was to present the surface models of various head
structures and the corresponding sectioned images, outlined images,
and MRIs, which would be helpful in creating virtual dissection and
simulated operation of the head.

MATERIALS AND METHODS
Sectioning and Outlining
Our research team had already produced the MRIs, sectioned
images, and outlined images of a head from a male cadaver (age, 67 y;
cause of death, myasthenia gravis; height, 1.62 m; weight, 45 kg).
After scanning his brain using a 7.0-T MR scanner (Magnetom;
Siemens AG, Berlin, Germany), the cadaver head was serially sectioned by means of a cryomacrotome to generate 2343 sectioned
images (direction, horizontal; intervals, 0.1 mm; pixel size, 0.1 mm;
bit depth, 48-bit color). In every 10 sectioned images, borders of
64 structures were drawn semiautomatically or manually on Photoshop CS3 (version 10; Adobe Systems, Inc, San Jose, CA) to produce
the outlined images (intervals, 1 mm), which were Photoshop data
(PSD) files.2,8 In addition to the 64 structures, 26 structures were
recently demarcated. The new structures included most of the muscles (eg, masseter muscle and lateral pterygoid muscle), several small
arteries (eg, pericallosal artery), and couple of brainstem components (eg, red nucleus and substantia nigra) (Table 1).
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TABLE 1. Ninety-One Outlined and Surface Reconstructed Structures,
Categorized According to the 4 Reconstruction Methods
Method 1

Method 2

Method 3
Method 4

Intervertebral disks (second to fifth), masseter muscle,* lateral pterygoid
muscle,* medial pterygoid muscle,* longus capitis muscle,*
sternocleidomastoid muscle,* rectus capitis anterior muscle,*
thyrohyoid muscle,* rectus capitis lateralis muscle,* rectus capitis
posterior major muscle,* rectus capitis posterior minor muscle,*
obliquus capitis superior muscle,* obliquus capitis inferior muscle,*
sternohyoid muscle,* omohyoid muscle,* sternothyroid muscle,*
trapezius muscle,* levator scapulae muscle,* longissimus muscle,*
splenius capitis muscle,* semispinalis capitis muscle,* levator veli
palatini muscle,* pituitary gland, common carotid artery,* basilar artery,
internal jugular vein,* confluence of sinuses, occipital sinus, sigmoid
sinus,* inferior sagittal sinus,* straight sinus, inferior petrosal sinus,*
superior petrosal sinus,* superior cerebral vein,* great cerebral vein,
internal cerebral vein,* spinal cord, substantia nigra,* red nucleus,*
thalamus,* mammillary body,* optic tract,* septum pellucidum,*
globus pallidus,* eyeball,* skin
Cranium excluding mandible, mandible, hyoid bone, cervical vertebrae
(first to seventh), external carotid artery,* internal carotid artery,*
pericallosal artery,* posterior cerebral artery,* vertebral artery,*
transverse sinus,* superior sagittal sinus, cavernous sinus,*
brainstem, fourth ventricle, cerebellum, dentate nucleus,*
emboliform nucleus,* optic chiasm, fornix,* cerebrum,
corpus callosum, lateral ventricle,* caudate nucleus,* putamen,
optic nerve*
Anterior cerebral artery,* middle cerebral artery,* emissary vein,
posterior communicating artery*
Superficial temporal artery,* maxillary artery,* polar frontal artery

*Bilateral structures.

Surface Reconstruction
We investigated and improved the surface reconstruction techniques, which had been developed in past studies. The techniques were
then classified into methods 1, 2, 3, and 4, depending on the outlines’
shape of each structure. One morphologic criterion was whether all
outlines of a structure were overlapped in the adjacent horizontal
planes. In most cases, neighboring outlines (intervals, 1 mm) were
partly overlapped (methods 1 and 2), whereas neighboring outlines
of thin structures (eg, anterior cerebral artery) were not overlapped
at least once (methods 3 and 4). Another criterion was whether all
outlines were singular in every plane or not. It meant that structures
might exist either without division (eg, thalamus; methods 1 and 3) or
with division (eg, corpus callosum; methods 2 and 4) in horizontal
view (Fig. 1; Tables 1 and 2).
As the preprocess of method 1, total outlines of a structure
in the outlined images (PSD files) were simultaneously filled with
white and saved as tag image file format (TIFF). On 3D-DOCTOR
(version 4; Able Software, Corp, Lexington, MA), the white-filled
outlines were stacked in sequence and extruded on the next ones to
build several columns, which was the volume reconstruction. After
combining all columns, a surface was extracted from the united columns to generate the surface model of the structure (Fig. 1A; Table 2).
Method 2 was in fact the same as method 1. In other words, surface reconstruction by way of volume reconstruction on 3D-DOCTOR
was carried out no matter whether all outlines were singular or not in
each section (Fig. 1B; Table 2).
Method 3 was performed independent of volume reconstruction. In the outlined images (PSD files), outlines of a structure were
simultaneously vectorized and saved as Adobe Illustrator (AI) files.
The vectorized outlines were piled on Maya (version 7.0; Autodesk,
Inc, San Rafael, CA) and connected by superoinferior lines on
Rhinoceros (version 3.0; McNeel North America, Seattle, WA). In
addition, the uppermost and lowermost outlines were closed to finalize surface model of the structure (Fig. 1C; Table 2).7
In method 4, the structure was first disassembled into branches
with their own outlines. On Maya and Rhinoceros, the surface model
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of every branch was built in the same manner as described before.
The constructed surface models of branches were assembled on
the Rhinoceros to complete the reunited surface model (Fig. 1D
and Table 2).7

Refinement
Regardless of the surface reconstruction methods, every surface model was composed of stacked outlines and quadrangular surfaces between them. On Maya, the outlines were deleted to have the
model smooth. At the same time, the quadrangular surfaces were
changed into triangular surfaces, which were appropriately reduced
in number (Fig. 1).3,6

Combination
Ninety-one surface models were combined in a Maya binary
(MB) file with 91 containing layers. The surface models built from
AI files on Rhinoceros (methods 3 and 4) preserved the information
of the original size and location of structures. However, the surface
models constructed on 3D-DOCTOR (methods 1 and 2) did not
keep it. So, the latter models were properly placed in the cumulated
outlines of all structures resulting from the AI files (Fig. 2).

Coloring
On Maya, every surface model was painted with a specific
color to distinguish the collective structures. The colors enabled easy
anatomic labeling in the still views of the surface models (Fig. 3).

Displaying With Two-dimensional Images
The three-dimensional surface models were displayed together
with the corresponding two-dimensional images, namely, the horizontal, coronal, and sagittal planes of sectioned images, outlined images,
and MRIs of the same cadaver. The three-dimensional models and
two-dimensional images could be superimposed in several ways on
Maya (Fig. 4).

Revising Outlined Images
The surface models were wielded to revise the initial outlined
images. For instance, the surface model of the left lateral ventricle
was rotated for discovery of its body, frontal horn, occipital horn,
temporal horn, and collateral trigone. The parts of the surface model
were painted with dissimilar colors, and the surface model was then
superimposed on an outlined image. By referring to the colored surface

FIGURE 1. Four surface reconstruction methods of the schematic structures.
All outlines of a structure are overlapped and singular (A; method 1), overlapped
and not singular (B; method 2), not overlapped but singular (C; method 3),
and neither overlapped nor singular (D; method 4). The right column
illustrates the final surface models consisting of triangular surfaces without
stacked outlines.
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TABLE 2. Schemes of 4 Kinds of Surface Reconstruction Methods
Structure Shapes

Method
Method
Method
Method

1
2
3
4

Surface Reconstruction Procedures

All Outlines Are Overlapped

All Outlines Are Singular

Used Software

By Way of Volume Reconstruction

Duration of Reconstruction

+
+
j
j

+
j
+
j

3D-DOCTOR
3D-DOCTOR
Maya, Rhinoceros
Maya, Rhinoceros

+
+
j
j

+
+
++
+++

model, the outline of the lateral ventricle was divided into the outlines of its components (Fig. 5).

RESULTS
Ninety-one outlined structures in the sectioned images belonged to one of the skeletal, articular, muscular, endocrine, vascular,
nervous, and integumentary systems. Most structures were surface
reconstructed by methods 1 and 2 with few exceptions of some blood
vessels by methods 3 and 4 (Table 1).
Methods 1 and 2 could be quickly performed to attain 84
surface models in just 4 days. However, manufacture of 4 models
in method 3 and 3 models in method 4 required 1 and 2 days, respectively. It was because methods 3 and 4 required manual creation of
superoinferior lines connecting the outlines, and method 4 needed
the supplementary works of disassembling and assembling (Fig. 1;
Table 2).
An MB file (40 MBytes), including 91 assembled surface
models in the matching layers, was produced as the final result
(Table 1). The surface models could be displayed in many ways. Any
combinations of the models were selected for display. They were
shaded for stereoscopic effects. The colors were made semitransparent to visualize the behind surface models. Moreover, the surface models could be rotated in real time (Fig. 6).
The surface models kept the proper size and location of head
structures. As a result, the surface models could be appropriately
superimposed on the sectioned images, outlined images, and MRIs
to show the morphologic relationship between the three-dimensional
models and two-dimensional images (Fig. 4).
Details of the lateral ventricle were designated on the surface
model, then they were suitably separated on the outlined images
(Fig. 5). In like manner, branches of the external carotid artery were
recognized and broken up on the surface models and then on the
outlined images.

the structures’ branches (methods 1 and 2). Unfortunately, this procedure cannot be applied to not-overlapped outlines because the
persisting application yields the separate volume models that are
not intended (Fig. 7A). In our past inquiry, the volume reconstruction was performed on AutoCAD (version 2007; Autodesk, Inc).7
In the current study, 3D-DOCTOR was chosen for the volume and
surface reconstructions to reduce further time and effort.
The main contribution of this report is to guide researchers
who build surface models of the serial images to the best manner.
Through our trials with various kinds of head structures (Table 1),
methods 1 and 2 are absolutely suggested. So as to use methods 1
and 2, the neighboring outlines of a structure should be overlapped
in advance (Figs. 1A, B).
The first way to acquire the overlapping outlines is to delineate structures at sufficiently thin intervals. In the current study,
delineation can be executed at 0.1-mm intervals, the original intervals of sectioned images. However, in the cases of CT scans and
MRIs, the intervals could not be so reduced. Another practical problem of thin intervals is the extremely time-consuming job of manual
outlining.
The second way is to interpolate the outlines to make them
overlap one another. We have the experience of satisfactory interpolation on Combustion (version 4; Autodesk, Inc) without programming (Fig. 7B).6 In nature, intervals of a human organ do not exist.
The intervals of serial images are artificially created either by serial

DISCUSSION
The surface reconstruction techniques have been improved
by applying the fitting commands in the suitable software. We first
divided the reconstruction methods into methods 1 and 3 and methods 2 and 4 according to the presence of structures’ branches (Fig. 1;
Table 2). In all cases, Rhinoceros was used without volume reconstruction process.3
It was recognized that volume reconstruction before surface
reconstruction accelerates the processing speed, not considering

FIGURE 2. Proper placement of the surface model. On the stacked outlines
of cerebrum and cerebellum, surface model of the cerebellum is placed to
fit its outlines.
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FIGURE 3. Surface models of the brain components, painted with artificial
colors. Portions are designated and labeled on the surface models of basal
nucleus, brainstem, and related structures (A) and on those of dural venous
sinuses (B).
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FIGURE 6. Surface models of the head structures, which are differently selected
to display with some structures semitransparent: anterior (AYC) and posterior
views (D).

FIGURE 4. Display of the surface models jointly with the corresponding
sectioned images, outlined images, and MRIs of the same subject. Surface
model of the skin (A) and that of the left cerebral hemisphere (B) are
superimposed on the different two-dimensional images.

sectioning cadavers or by scanning patients’ CT scans and MRIs.
Afterward the intervals of outlines are finally decided during delineation. Therefore, interpolation to reduce the intervals is likely to
make the outlines more similar to the original organ contour.
The last way is to outline in the coronal or sagittal planes.
From the standpoint of an artery passing forward, horizontal sectioning is in the tangential direction, which might produce nonoverlapped outlines, even after thin delineation. However, coronal
sectioning of the artery would inevitably yield the overlapped outlines
in the succeeding coronal planes. The coronal planes are achieved by
stacking the original horizontal sectioned images. The resultant surface models built out of the coronal planes do not differ from those
built out of the horizontal planes. Instead, labor is required to perform
delineation in the abundant coronal planes of the artery proceeding
posteroanteriorly.
The above-mentioned 3 ways are for using methods 1 and 2
that are convenient surface reconstruction. One way of the three
could be chosen after full consideration of the structures’ morphology in the serial images and the laboratory’s various situations.
The stereoscopic surface models, made of the outlined images,
could be the reference for revision of the primary outlined images.
It is because the three-dimensional surface models are much easier
to discover the components than the two-dimensional outlined images. Moreover, incorrect delineation is hardly missed in the three-

FIGURE 5. Amendment of outlined image referring to equivalent surface
model. A, B, On the surface model of the lateral ventricle, anatomic divisions are
differently colored. C, The surface model is superimposed on outlined image.
D, E, The lateral ventricle in the outlined image is properly divided into the
frontal horn and body.

dimensional surface models with definitely irregular contour that
did not conform to knowledge of anatomy. Stereoscopic findings are easily reflected on two-dimensional alterations when the
surface models are superimposed on matching outlined images
(Figs. 4, 5).
In the near future, we expect an advanced program in which
three-dimensional models and two-dimensional images are linked
to be simultaneously modified. Thus, adjustment of the surface
models automatically reflects correction of the outlined images, and
the reverse reflection is possible as well.
The surface models of detailed head structures, prepared in
this investigation, hopefully contribute to various medical simulations. After programming, the surface models would be exhibited in
various ways, even excluding Maya software.9,10 The surface models,
which are selected to display and rotated in a real time, could be
provided for the self-learning program of gross anatomy and neuroanatomy (Fig. 6).11,12 The surface models, which users are able to
interactively manipulate and modify, are used as the resource for
virtual operation, including stereotactic neurosurgery.13Y16 The surface models of diverse head structures also seem to be applied for
making educational animations (eg, three-dimensional picture about
cerebral blood flow) or computer simulation games (eg, virtual emergency department) (Table 1).17
The value of the surface models is enhanced if they are placed
over the sectioned images, outlined images, and MRIs. For instance,
the superimposed surface models on MRIs help medical students and/
or physicians understand how the normal brain structures in the MRIs
look stereoscopically (Fig. 4). The surface models can be replaced
with volume models, which are capable of visualizing the sectional
planes at arbitrary angles.18,19 The correspondence of the entire
three-dimensional models and two-dimensional images, not obtainable
from patients, is the strong aspect of this project, Visible Korean.
Our resultant data can be compared with the published atlas,
where thousands of brain constituents were annotated in the horizontal, coronal, and sagittal sectioned images of the same cadaver

FIGURE 7. Effect of interpolation on the not-overlapped outlines. A,
Not-overlapped outlines of a thin structure cause the separate volume
models. B, Overlapped outlines produced by interpolation give rise to the
combined volume models.
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FIGURE 8. Atlas of the sectioned images of the identical cadaver. The thorough brain structures are labeled in the horizontal, coronal, and sagittal planes.18

(Fig. 8).18,20,21 On the basis of the extraordinarily detailed annotation in the book, some neuroscientists might try additional delineation and surface reconstruction for their own intentions.
All the surface models and two-dimensional images are
available free of charge. Once approval is gained for using these data
from our group, users all over the world will be provided with the
data either online or offline.
It is hoped that our suggested reconstruction method facilitates the production of surface models for many applications in
other laboratories. The produced surface models have the potential to help outlining revision for the complete data set. The surface
models of detailed head structures, accompanied by the corresponding two-dimensional images, promote the development of medical
simulators.
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