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s u m m a r y
Unlike volume models, surface models representing hollow, three-dimensional images have a small ﬁle
size; allowing them to be displayed, rotated, and modiﬁed in real time. Therefore, surface models of
lumbosacral structures can be effectively used for interactive simulation of, e.g., virtual lumbar puncture, virtual surgery of herniated lumbar discs, and virtual epidural anesthesia. In this paper, we present
surface models of extensive lumbosacral structures which can be used in medical simulation systems.
One-hundred and thirty-eight chosen structures included the spinal cord, lumbar and sacral nerves, vertebrae, intervertebral discs, ligaments, muscles, arteries, and skin. The structures were outlined in the
sectioned images from the Visible Korean. From these outlined images, serial outlines of each structure
were stacked. Adopting commercial software (3D-DOCTOR, Maya), an advanced surface reconstruction
technique was applied to create a surface model of the structure. In the surface models, we observed
the anatomical relationships of the lumbosacral structures (e.g., cauda equina and ligaments) in detail.
Additionally, the portions of some spinal nerves that could not be outlined were drawn and added to the
surface models. These constructed models will hopefully facilitate development of high quality medical
simulation of the lumbosacral region.
© 2010 Elsevier GmbH. All rights reserved.

1. Introduction
Three-dimensional models of lumbosacral structures can be
used in the development of a variety of virtual lumbosacral procedures as well as educational programs. Unlike volume models,
hollow surface models with small ﬁle size can be distributed,
opened, rotated, and modiﬁed in real time, even online. These
features make the surface models suitable for an interactive simulation system (Uhl et al., 2006). The accurate surface models can
be obtained by surface reconstruction after stacking serial outlines of the structures. However, detailed structures such as the
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cauda equina are difﬁcult to identify and outline from the computed tomographs (CTs) and magnetic resonance images (MRIs).
To overcome this problem, the cross-sectional images of a cadaver
from the Visible Korean can be utilized (Park et al., 2005b). But even
in the sectioned images, small structures cannot be perfectly identiﬁed. Such structures should be drawn stereoscopically to complete
a set of surface models. In addition, surface reconstruction on commercially available software requires input from medical experts
(Park et al., 2007; Shin et al., 2009a,b). Therefore, the technique
used for developing such models would beneﬁt from automation.
The purpose of this research has been to construct surface models of detailed lumbosacral structures to establish a virtual reality
simulator that can be used in clinical practice. The surface models to
be distributed will be accompanied by source data such as sectioned
images and outlined images, all of which correspond to one another.
To achieve this goal, we outlined as many lumbosacral structures
as possible in the sectioned images from the Visible Korean. Surface reconstruction of the outlined structures was performed using
a new technique. With the surface models, we investigated the
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anatomical features such as relationship of the spinal nerves and
ligaments to the vertebral column. In addition to these constructed
surface models, we manually drew the structures which were not
outlined.
2. Materials and methods
During the previous Visible Korean study, the T1 weighted MRIs
(GE Signa Horizon 1.5-T MRI System, Milwaukee, WI) and CTs (GE
High Speed Advantage, Milwaukee, WI) of a male cadaver (age,
33-years; height, 1.64 m; weight, 55 kg) were acquired at 1 mm
intervals. The cadaver was then serially sectioned at 0.2 mm intervals; the sectioned surfaces were photographed to create horizontal
sectioned images (tag image ﬁle format (TIFF); pixel size, 0.2 mm)
(Park et al., 2005b). Among them, the sectioned images including
the lumbosacral region were chosen from the superior end of the
eleventh thoracic vertebra to the inferior end of the hip bones. The
11th thoracic vertebra was included because the ﬁrst lumbar nerve
was known to emerge from the spinal cord at this level. Subsequently, only every ﬁfth image, resulting in 372 sectioned images
(intervals, 1 mm) were chosen for outlining to reduce the amount
of segmentation work and data.
2.1. Outlining of structures (Photoshop)
The lumbosacral structures to be delineated were chosen. All
sectioned images were ﬁrst printed onto paper in gray scale. Large
and well-demarcated structures (e.g., bones) could be delineated
directly on the sectioned images. However, small and indeﬁnite
structures (e.g., peripheral nerves, ligaments) were delineated after
demarcating them on printed paper with colored pens. The use of
paper permitted the images to be readily ﬂipped back and forth to
identify and trace the structures. During the drawing process on
paper, we ﬁnally determined the lumbosacral structures and relevant structures that could be outlined on the sectioned images. In
addition, we selected the structures that could not be outlined, but
Table 1
One-hundred and thirty-eight lumbosacral structures outlined on the sectioned
images and reconstructed to build the surface models.
Systems

Structures

Skeletal (11)

Thoracic vertebrae (T XI–T XII), lumbar vertebrae (L I–L
V), sacrum, coccyx, hip bonesa
Interspinous ligaments (L I–L II, L II–L III, L III–L IV, L
IV–L V, L V–sacrum), ligamenta ﬂava (L I–L II, L II–L III, L
III–L IV, L IV–L V, L V–sacrum), supraspinous ligament,
anterior longitudinal ligament, posterior longitudinal
ligament, intervertebral discs (T XI–T XII, T XII–L I, L I–L
II, L II–L III, L III–L IV, L IV–L V, L V–sacrum), nucleus
pulposus (L IV–L V)c , sacrotuberous ligamentsa ,
sacrospinous ligamentsa
Iliocostalisa , longissimusa , spinalisa ,
transversospinalisa , intertransversariia , quadratus
lumboruma , psoas majora , piriformisa , obturator
internusa , obturator externusa
Common iliac arteriesa , internal iliac arteriesa ,
obturator arteriesa , superior gluteal arteriesa , inferior
gluteal arteriesa , internal pudendal arteriesa , b
Dura mater, spinal cord, terminal ﬁlumc , anterior roots
of lumbar nerves (L1–L5)a , b , posterior roots of lumbar
nerves (L1–L5)a , b , anterior rami of lumbar nerves
(L1–L5)a , b , anterior roots of sacral nerves (S1–S4)a ,
posterior roots of sacral nerves (S1–S4)a , anterior rami
of sacral nerves (S1–S4)a , b , superior gluteal nervesa , b ,
inferior gluteal nervesa , b , obturator nervesa , b , femoral
nervesa , b , pudendal nervesa , b , sciatic nervesa , b
Skin

Articular (25)

Muscular (20)

Vascular (12)

Nervous (69)

Integumentary (1)
a
b
c

Bilateral structures.
Structures, partly pictured in the surface models.
Structures, wholly pictured in the surface models.
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should be shown later, to establish 138 complete surface models
(Table 1).
The spinal nerves, exceptionally detailed among the lumbosacral components, were traced in the sectioned images as follows. Each lumbar nerve was identiﬁed with the help of the corresponding intervertebral foramen. For example, the second lumbar
nerve was found between the second and third lumbar vertebrae.
In the present study, the portion in the intervertebral foramen was
regarded as the spinal ganglion of the lumbar nerve (Fig. 1a and b).
Each lumbar nerve was then traced both proximal and distal
to the intervertebral foramen. The anterior and posterior roots of
the lumbar nerve, which formed the cauda equina, were pursued
proximally (Fig. 1a and b) up to the level of the ﬁrst lumbar vertebra.
Above this level, every root tends to divide into several rootlets,
which were scarcely identiﬁable (Fig. 3).
Distal to the intervertebral foramen, only the anterior ramus
of each lumbar nerve was pursued as the thin posterior ramus
was not recognizable. The pursuit did not advance far because
the color and texture of a nerve was similar to that of the surrounding tissue and this anterior ramus further divided to become
part of the lumbosacral plexus. On the other hand, thick branches
of the plexus being the superior gluteal, inferior gluteal, obturator, femoral, pudendal, and sciatic nerves could be outlined
(Figs. 2b and 3a).
Similarly each sacral nerve was identiﬁed at the anterior sacral
foramen and traced proximally and distally. Differences in the
sacral nerve compared to the lumbar nerve were as follows: The
anterior sacral foramen contained the anterior ramus of the sacral
nerve, while the sacral canal included the spinal ganglia (Fig. 1c
and d). The roots, which also formed the cauda equina, could be
followed upwards almost to the spinal cord since the sacral nerve
roots were not split into numerous rootlets (Fig. 3a).
After the drawing job on printed paper, sequential computer
images were constructed using adequate software packages. The
outlining and color-ﬁlling procedures were performed on Photoshop CS3 version 10 (Adobe Systems, Inc., San Jose, CA, USA);
surface reconstruction was completed on 3D-DOCTOR version 4
(Able software, Corp., Lexington, MA, USA). The surface models
were reﬁned, assembled in their place to be observed, and additionally pictured on Maya version 2009 (Autodesk, Inc., San Rafael,
CA, USA) (Table 2).
While referring to the paper drawings, the lumbosacral structures of the sectioned images were outlined on a computer screen.
The ﬁle format of the sectioned images was converted from TIFF
into Photoshop document (PSD) (Table 2). To enhance the automation of delineation, a ‘median’ or ‘sharpen’ ﬁlter was applied to the
sectioned images. This resulted in the enhanced contrast between
target structures and the background. The lumbosacral structures
were then outlined automatically, semi-automatically, or manually
in sequence (Park et al., 2005a; Shin et al., 2009b).

Table 2
Sequential procedures of outlining and surface reconstruction.
Procedures (software packages)

Resultants (ﬁle extensions)

1. Outlining of structures
(Photoshop)
2. Filling of outlines with colors
(Photoshop)
3. Surface reconstruction of
outlined structures (3D-DOCTOR)
4. Reﬁning and assembling of
surface models (Maya)
5. Anatomic observation of surface
models (Maya)
6. Picturing of not-outlined
structures (Maya)

Outlined images (PSD)
Color-ﬁlled images (TIFF)
Reconstructed surface models
(DXF)
Reﬁned and assembled surface
models (MB)
Captured views (TIFF)
Pictured surface models (MB)
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Fig. 1. Sectioned images and corresponding color-ﬁlled images of the vertebral and sacral canals. (a) Sectioned image at the level of intervertebral foramen between the
second and third lumbar vertebrae (L II–L III). (b) Its corresponding color-ﬁlled image. Spinal ganglion of the second lumbar nerve (L2) exists in the intervertebral foramen.
The dura and arachnoid maters surround the anterior roots (AR) and posterior roots (PR) of the spinal nerves below L2. (c) Sectioned image at the level of the ﬁrst anterior
sacral foramen. (d) Its color-ﬁlled image. Anterior ramus of the ﬁrst sacral nerve (S1) is passing through the foramen. The spinal ganglia of the sacral nerves below S1 are
seen. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

2.2. Filling of outlines with colors (Photoshop)
The outlines of all structures were ﬁlled with particular colors.
At this time, external structures (e.g., skin) were prevented from
covering the internal structures.
In three cases, the outlines were not ﬁlled but line-stroked with
colors in order to distinguish the outlines from their inner areas.
The skin outline was stroked so that it could be distinguished from
the inside subcutaneous tissue. Dura mater outline was stroked as
well. Moreover, just the inside of the dura mater was stroked with
another color to indicate the arachnoid mater, to differentiate it
from the inner subarachnoid space (Figs. 1b and 2b). The spinal
cord outline was stroked to distinguish its covering, the pia mater.
The 372 color-ﬁlled images (intervals, 1 mm) were then saved as
TIFF ﬁles (Table 2).
At the same time, the outlines of each structure were ﬁlled with
black to obtain black-ﬁlled outlines (TIFF ﬁles; intervals, 1 mm),

which were necessary for the next procedure, the surface reconstruction.
2.3. Surface reconstruction of outlined structures (3D-DOCTOR)
The black-ﬁlled outlines of each structure were sequentially
stacked to obtain the appropriate horizontal–vertical proportions
of the surface model. The stacking intervals were determined based
on the intervals (1 mm) and pixel size (0.2 mm) of the black-ﬁlled
outlines.
The black-ﬁlled outlines were simultaneously expanded onto
the next ones to build several small volume models, referred to
as volume reconstruction. Finally, all volume models were combined. From the combined volume models, a surface model was
extracted, which was referred to as the surface reconstruction.
The volume and surface reconstructions were simultaneously performed using the ‘simple surface’ command, which was especially

Fig. 2. (a) Sectioned image and (b) color-ﬁlled image at the level between the fourth and ﬁfth lumbar vertebrae (L IV–L V) showing syndesmoses of the vertebral column.
During lumbar puncture, the needle will pass the supraspinous ligament, interspinous ligament, ligamentum ﬂavum, epidural space, dura mater in turn. The anterior and
posterior longitudinal ligaments enclose the intervertebral disc (L IV–L V) as well as the vertebral body. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
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Fig. 3. Surface models of the vertebral column and spinal nerves. Only the anterior roots, spinal ganglia, and anterior rami of the ﬁrst lumbar nerve (L1) to the fourth sacral
nerve (S4) are displayed for clarity. (a) Vertebral column is made semitransparent to show whole length of the lumbar and sacral nerves. (b) The vertebral column is less
transparent to better display the emerging points of the spinal nerves. The missing parts connecting the anterior rami of the L2–L4 to the femoral and obturator nerves are
pictured and added. The anterior roots (actually rootlets) of the L1–L5 are also connected to the spinal cord, which is magniﬁed in (c).

suitable for this process. The resulting surface model consisted
of the original stacked outlines and numerous triangular surfaces
between them. This surface model was exported into the drawing
exchange format (DXF) ﬁle (Table 2). By repeating the procedure, surface models of all outlined lumbosacral structures were
prepared.
2.4. Reﬁning and assembling of surface models (Maya)
Every surface model (DXF ﬁle) was automatically reﬁned as
follows. The original outlines and the resultant steps in the
surface model were deleted. The triangular surfaces were suitably reduced in number. Incorrect regions in the surface model,
caused by imperfect outlining, were manually revised until
the surface model accorded with the correct human anatomy
(Park et al., 2007).
Regretfully, the surface models reconstructed on 3D-DOCTOR
preserved no information on the locations of the structures. Consequently, the following procedure was obligatory. On Photoshop,
outlines of all structures from PSD ﬁles were vectorized and saved
as Adobe Illustrator (AI) ﬁles. On Maya, after stacking the vectorized outlines from the AI ﬁles, the surface model of each structure
was manually positioned to ﬁt the structure’s stacked outlines. The
stacked outlines were then deleted.
In a Maya binary (MB) ﬁle, 138 layers were prepared and the
layers were labeled by the names of the structures. Every surface
model, in correct position, was placed in its layer of the MB ﬁle to
establish the assembled surface models (Tables 1 and 2).
2.5. Anatomic observation of surface models (Maya)
Among the various lumbosacral structures, we decided to focus
on the lumbar and sacral nerves and ligaments around the ver-

tebrae for observation. Their anatomical features were carefully
examined in both the two-dimensional color-ﬁlled images and the
three-dimensional surface models. The surface models of selected
structures, parts of which were altered to be semitransparent, were
rotated and sectioned. The color-ﬁlled images and surface models,
best displaying the topographic anatomy, were captured and saved
as TIFF ﬁles, some of which were annotated (Figs. 1b and d, 2b, 3a, 4)
(Table 2).
2.6. Picturing of not-outlined structures (Maya)
After observation, surface models of the structures, partly identiﬁed in the sectioned images, were stereoscopically drawn to
complete objects. For example, the anterior roots of lumbar nerves
were elongated to reach the spinal cord at the appropriate level
(Fig. 3b and c) (Table 1).
Other surface models of important structures, not identiﬁed in
the sectioned images, were completely illustrated. For example,
the surface model of the terminal ﬁlum was drawn referring to the
adjacent spinal cord, sacrum, and coccyx (Table 1).
These surface models, together with CTs, sectioned images, and
color-ﬁlled images from the same subject were utilized to develop
a virtual lumbar puncture system (Fig. 5) (Färber et al., 2009).
3. Results
3.1. Outlined images (PSD)
The 372 serial outlined images (intervals, 1 mm) were prepared.
Detailed structures could be delineated because we used high quality sectioned images of 0.2 mm pixel size in 24 bit color (Table 1;
Figs. 1a and c, 2a) (Park et al., 2005b).
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Fig. 4. Surface models of the lumbar vertebrae, sacrum and their ligaments. (a) Lateral view. The bones are semitransparent in order to visualize the whole shape of the
ligaments. (b) Midsagittal plane of the surface models to exhibit the thickness of the anterior longitudinal, posterior longitudinal and supraspinous ligaments. (c) Anterior
view. The posterior longitudinal ligament is seen thanks to semitransparency of the anterior longitudinal ligament and lumbar vertebrae. (d) Posterior view. The bones
are opaque for clear display of the supraspinous ligament. The ligamenta ﬂava (e.g., between the third and fourth lumbar vertebrae (L III–L IV)) are partly covered by the
supraspinous ligament while the interspinous ligaments are almost wholly covered by it (Fig. 2b).

3.2. Color-ﬁlled images (TIFF)

3.4. Reﬁned and assembled surface models (MB)

The color-ﬁlled images (intervals, 1 mm) were generated from
the outlined images; the additional four structures (subcutaneous
tissue, arachnoid mater, subarachnoid space, and pia mater) were
discriminated after the line-stroke procedures (Figs. 1b and 2b).
However, the four structures could not be converted into surface
models due to the absence of their own outlines (Table 1).

The surface models were accurate enough to maintain the
shapes of the original structures (Figs. 3a and 4) thanks to the outlining and reﬁning by medical experts with knowledge of human
anatomy (Figs. 1 and 2). The surface models maintained the proper
locations of the structures (Figs. 3 and 4a), because the surface
models were assembled referring to the stacked outlines.
3.5. Captured views (TIFF)

3.3. Reconstructed surface models (DXF)
The surface models were built with a high degree of automation using new techniques available on 3D-DOCTOR (Table 1). Each
model retained the correct horizontal–vertical proportions of the
structure (Figs. 3 and 4) due to the logical stacking procedure of its
outlines.

The conus medullaris was found to be localized between the ﬁrst
and second lumbar vertebrae which conforms to anatomy textbook
(Fig. 3a) (Moore et al., 2010).
We could observe the entire lumbar and sacral nerves except
the ﬁfth sacral nerve that was not discriminated on the sectioned
images (Figs. 1 and 3a).

Fig. 5. Virtual lumbar puncture system constructed from the images of the present study. A virtual needle is inserted into the subarachnoid space through the successive
surface models. Along the virtual needle, axial and vertical CT images are overlapped. Three orthogonal planes of the sectioned images, where the needle tip passes, are also
displayed. The virtual needle is operated using a haptic device which transfers the resistances of the tissues to the operator.
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In the color-ﬁlled images of the cauda equina, the roots of the
upper spinal nerves were arranged lateral to those of the lower
spinal nerves (Fig. 1b and d). This arrangement is natural considering the intervertebral foramen is located lateral to the spinal cord.
At the same time, the roots of the upper spinal nerves were arranged
anteriorly (Fig. 1b and d). The intervertebral foramen is connected
with the anterior part of the vertebral canal and this can explain
such an arrangement (Agur and Dalley, 2005; Moore et al., 2010).
It was also noted that the posterior roots were thicker than
the anterior roots (Fig. 1b). The above-mentioned arrangement and
thickness of spinal nerve roots actually helped outlining of the roots
in the former process.
The surface models conﬁrmed that swollen spinal ganglia of the
lumbar nerves were in the intervertebral foramen (Fig. 3a). To put
it concretely, each spinal ganglion was located just inferior to the
vertebral pedicle of the corresponding level and it was separate
from the lower vertebral pedicle. Thus the spinal ganglion occupied the upper part of the intervertebral foramen. During the fetal
period, the vertebral column grows faster than the spinal cord, so
the spinal cord ‘ascends’ relative to the vertebrae (Moore et al.,
2010). As a result, the spinal nerve passing through the intervertebral foramen is also ‘pulled upward’ so that it is situated in the
foramen’s superior portion.
Spinal ganglia of the sacral nerves were found in the sacral canal,
so they could not be seen from outside of the sacrum (Fig. 3a and b).
The spinal ganglia were enlarged from the second lumbar nerve
to the third sacral nerve which participate in the lumbosacral
plexus (Fig. 3a).
With regard to the ligaments, the anterior longitudinal, posterior longitudinal, and supraspinous ligaments were continuous.
On the contrary, the ligamentum ﬂavum and interspinous ligament were discontinuous so they could be designated by their level
such as between the third and fourth lumbar vertebrae (L III–L IV)
(Fig. 4a) (Table 1).
The interspinous ligament connected adjoining spinous processes just as its name implies. In the sagittal plane, some gaps
were seen between the interspinous ligaments and spinous processes (Fig. 4b). They could be due to spaces ﬁlled with connective
tissue or errors made in the outlining.
The ligamentum ﬂavum extended between two vertebral laminae (Fig. 4a) with the same direction as the laminae. Therefore,
its thickness can be appreciated on the color-ﬁlled image (Fig. 2b)
rather than the sagittal plane (Fig. 4b).
The anteroposterior thickness of the ligaments was observed
in the midsagittal section. Among the longitudinally running ligaments, the anterior longitudinal ligament was the thickest; then
the posterior longitudinal and supraspinous ligaments had about
the same thickness. There was a tendency for ligaments to become
thicker at the level of the fourth lumbar vertebra. It is likely that the
ligaments prevented the intervertebral discs just above or below
the fourth lumbar vertebra from herniating (Fig. 4b).
As to the bilateral width, the anterior longitudinal ligament
was the widest reaching the lateral side of the vertebral body. The
ligamentum ﬂavum was the next, followed by the posterior longitudinal ligament. The interspinous and supraspinous ligaments were
the narrowest (Figs. 2b, 4c and d). The anterior longitudinal ligament was the strongest in view of the thickness and width, probably
because this ligament is the only one that limits the extension of
the vertebral column, while the rest four ligaments limit its ﬂexion.
3.6. Pictured surface models (MB)
On the basis of the reconstructed surface models, additional surface models were partly or completely created (Fig. 3b and c). An
MB ﬁle (48 MByte), including 138 surface models of the lumbosacral
structures, was produced as the ﬁnal result (Tables 1 and 2).
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In the virtual lumbar puncture system, a haptic device (Phantom
Premium 1.5, SensAble Technologies, Inc., Woburn, MA, USA) was
used to move the virtual needle in real time. The surface models,
CTs, and sectioned images enabled the user to notice whether the
needle passed through the correct tissue layers. Furthermore, the
user was capable of feeling the different resistance of each layer
by the programmed physical properties of the color-ﬁlled images
(Fig. 2b). The system proved the quality and correspondence of our
image data (Fig. 5) (Färber et al., 2009).
4. Discussion
Surface reconstruction technique has been improved by the
appropriate commands in the selected software. Our recent inquiry
found that volume reconstruction in advance facilitates the surface
reconstruction. One drawback is that the volume reconstruction
performed on AutoCAD, prior to surface reconstruction on 3ds Max,
is time-consuming (Shin et al., 2009a). The improved technology
used in the present study performed the volume and surface reconstructions simultaneously in 3D-DOCTOR. We also adopted Maya
software, which compensates for the 3D-DOCTOR’s limitations: The
Maya software allows us to reﬁne the surface models conveniently
and to construct assembled surface models with their correct positions preserved (Table 2) (Park et al., 2007; Shin et al., 2009a,b).
Maya is also a useful software for visualizing the surface models.
The surface models can be selected for display with their transparency adjusted. The models can be rotated at arbitrary angles,
and sectioned to show their sectional planes (Ravichandiran et
al., 2009). By using the remarkable functions of Maya, we were
able to adapt the surface models to the topographic examination
of lumbosacral structures (Figs. 3 and 4) (Table 2). Simultaneously, color-ﬁlled images, the source of the surface models,
were employed as the coordinate materials for the investigation
(Figs. 1b and d, 2b).
The three- and two-dimensional visualization of the lumbosacral region available on computer is hardly reproduced in the
dissection room. In an instance of cauda equina, we observed that
the superior roots of lumbar and sacral nerves were placed lateral
and anterior to the inferior ones. This arrangement might be passed
unnoticed in the dissecting class and is illustrated only schematically in the atlas (Agur and Dalley, 2005). We could show this
arrangement clearly in the color-ﬁlled images (Fig. 1b and d) and
attempted to provide the reason behind it. We could also visualize
the location and size of the spinal ganglia nicely because we could
make the bones transparent as we wish (Fig. 3a and b). They are well
known and well illustrated in the atlas (Agur and Dalley, 2005), but
their demonstration in the real cadaver is difﬁcult because clean
and neat laminectomy is not easy. We could observe the thickness
and width of the ligaments of the vertebral column because we
could rotate and cut the surface models and manipulate their transparency (Fig. 4). Like this, the elaborate image data from the Visible
Korean are expected to make a contribution to education and
research in the ﬁeld of macroscopic anatomy (Pommert et al., 2006).
Despite well-sectioned images, extremely small or obscure
structures are rarely identiﬁed. Therefore, we used stereoscopic
drawing of the structures on Maya software (Fig. 3b and c)
(Tables 1 and 2). It would be challenging to draw structures ﬁner
than those presented in this study (e.g., spinal nerve rootlets).
There are other ways to further add to the construction of surface
models for satisfying the various demands of medical simulation.
The ﬁrst way is outlining supplementary structures in the sectioned images. The sectioned images of the Visible Korean, showing
0.2 mm pixels and true body color (Figs. 1a and c, 2a) (Park et al.,
2005b), have the potential to be used for additional delineation and
subsequent surface reconstruction of other structures (e.g., tributaries of internal iliac veins). The second is dividing a surface model
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into components. For example, in segmentation of the sectioned
images, it is very hard to outline the ilium, ischium, and pubis individually. But once the surface model of the hip bone is constructed,
it can be easily separated into three components on the basis of
anatomical knowledge (Shin et al., 2009a,b).
The surface models of detailed lumbosacral structures, which
could be supplemented in the above-described ways, are hopefully
used as the raw data for the interactive simulations. We introduced
the virtual lumbar puncture system which successfully integrated
all of our data to make the system itself unique and competitive
(Fig. 5). During virtual surgery for a herniated nucleus pulposus or
virtual epidural anesthesia, the surface models might be replaced
with the corresponding volume models. The volume models, made
of the sectioned images, enable users to see the true body color
and the informative sectioned planes from different angles. If the
Visible Korean images are registered to a patient’s CTs or MRIs,
virtual sectioned images of the patient would be yielded. Afterward
the patient-tailored preliminary operation would be accomplished
with high resolution and real color (Park et al., 2008).
This is the ﬁrst report of sectioned images, outlined images,
color-ﬁlled images, and surface models of the detailed lumbosacral
structures (Table 1). For carrying out segmentation and surface
reconstruction, composites of popular software have been optimized (Table 2). The methods introduced in this article might be
utilized to produce surface models either from other sectioned
images of the Visible Human Project (Spitzer et al., 2006), Chinese
Visible Human (Zhang et al., 2006), Virtual Chinese Human (Yuan et
al., 2008; Tang et al., 2010), or from clinical images, namely CTs and
MRIs. The Visible Korean data set, including the outlined images
and surface models, are available free of charge. After obtaining
permission from our group, users worldwide will be provided with
the data either on- or off-line. It is hoped that the image data will
stimulate the development of educational programs and virtual
simulators of the lumbosacral region.
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