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Summary

Objectives: Computerized anatomical 3D at-
lases allow interactive exploration of the
human anatomy and make it easy for the user
to comprehend complex 3D structures and
spatial interrelationships among organs. Be-
sides the anatomy of one reference body
inter-individual shape variations of organs in
a population are of interest as well. In this
paper, a new framework for representation
and visualization of 3D shape variability of
anatomical objects within an interactive 3D
atlas is presented.

Methods: In the VOXEL-MAN atlases realistic
3D visualizations of organs in high quality are
generated for educational purposes using
volume-based object representations. We ex-
tended the volume-based representation of
organs to enable the 3D visualization of or-
gans' shape variability in the atlas. Therefore,
the volume-based representation of the inner
organs in the atlas is combined with a medial
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1. Introduction

Computer-based 3D atlases of the human
body have experienced a remarkable change
during the last two decades. They have
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representation of organs of a population
creating a compact description of shape varia-
bility.

Results: With the framework developed dif-
ferent shape variations of an organ can be vis-
ualized within the context of a volume-based
anatomical model. Using shape models of the
kidney and the breathing lung as examples
we demonstrate new possibilities such an
approach offers for medical education. Fur-
thermore, attributes like gender, age or pa-
thology as well as shape attributes are
assigned to each shape variant which can be
used for selecting specific organs of the
population.

Conclusions: The inclusion of anatomical
variability in a 3D interactive atlas presents
considerable challenges, since such a system
offers the chance to explore how anatomical
structures vary in large populations, across
age, gender and races, and in different disease
states. The framework presented is a basis for
the development of specialized variability
atlases that focus e.g. on specific regions of
the human body, groups of organs or specific
topics of interest.
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evolved from simple anatomy atlases that
were suited only for the interested amateur to
highly professional tools for medical edu-
cation and practice. Nowadays they are not
only a valuable tool for learning and teaching

anatomy but also a reference used e.g. by
health professionals. 3D models of the
human body on which such atlases are based
are typically constructed from 3D image data
generated e.g. by computer tomography (CT)
or magnetic resonance imaging (MRI). With
the Visible Human project [1, 2] high-resol-
ution cross-sectional photographic images
became available which provide a basis for the
generation of 3D models with a high degree
of detail. Similar projects with photographic
data sets of even higher resolutions followed,
as e.g. the Chinese Visible Human [3] or the
Visible Korean Human data set [4]. Using
these data sets a variety of research projects
for the development of 3D models and digi-
tal atlases of the human body came to be
developed.

Computerized anatomical atlases based
on high-quality 3D models are a useful addi-
tion to printed anatomy atlases. In contrast to
static knowledge representation in textbooks,
they allow interactive exploration of the
human anatomy and make it easier for the
user to understand complex 3D structures
and spatial interrelationships among organs.
Besides the high quality and flexibility com-
puter-based atlases have reached these days,
they still have their limitations. In most cases
3D atlases are derived from a single individu-
al, or a very small number of subjects, and are
not representative of the human anatomy in
general [5, 6]. They do not contain any infor-
mation about how and to what extent ana-
tomical structures vary between different
people. Yet, in reality there are considerable
differences regarding the shape and size of
anatomical objects, which is partly due to
natural variability, but may also be affected by
factors like age, gender, ethnic background,
diseases or habits. The investigation of ana-
tomical shapes and their variability can im-
prove the understanding of processes behind
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growth, ageing or diseases and support medi-
cal diagnostics and therapy. Thus, the inclu-
sion of variability into an anatomical atlas
would be a great advancement and would be
useful not only for students learning anatomy
but also for medical experts. This paper pre-
sents a new approach representing inter- and
intra-individual shape variability of ana-
tomical objects in space and time within an
interactive 3D atlas. The concept is explained
and the possibilities of this approach are
shown using shape models of the kidney and
the lung as examples.

Size and shape of anatomical structures
and their variability have always played an im-
portant role in medical education and re-
search. Knowledge about variability in anat-
omy has traditionally been transmitted by sets
of illustrative examples, as in collections of pic-
tures or preparations. Most of today’s digitized
atlases which deal with anatomical variability
use a similar approach like conventional atlas
books, in that they usually show a number of
normal and abnormal variations in schematic
or photographic pictures accompanied by de-
scriptive text. An example for such an ap-
proach is the “Multimedia Human Anatomic
Variation Atlas” by Bergman et al. [7].

The integration of anatomical variability
across whole populationsin a 3D atlas still re-
mains a challenging problem which is not yet
generally solved. So far, most progress has
been achieved for population-based atlases of
the brain [8]. Here large sets of images are
mapped into a common coordinate system
using registration algorithms. The resulting
deformation fields can then be used to create
probability maps which retain information
on anatomical variability. Such an approach
is employed in an ongoing large-scale project
of the International Consortium for Brain
Mapping (ICBM) in which a probabilistic
atlas of the human brain is being developed
based on alarge sample of normal individuals
[9]. Also, a number of disease-specific atlases
of the human brain have been developed
using registration and warping algorithms
which focus on revealing structural changes
due to neurological diseases such as autism,
schizophrenia, or Alzheimer’s disease [8,10].

Variability atlases based on deformation
fields of large populations are powerful re-
search tools with a wide range of clinical and
scientific applications. They contain infor-
mation about positional variability at every
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voxel related to a common reference space
and allow a comparative examination of the
anatomy of a high number of individuals.
However, as anatomical structures differ not
only in shape and size but also in relative
orientation and position to each other, dif-
ferent kinds of information are superim-
posed in the deformation fields. This can
make it difficult to interpret the resultant
probability maps.

For an atlas which is focused on shape
variability of individual anatomical struc-
tures rather than positional variability related
to a global reference coordinate system, an
organ-based approach using shape descrip-
tors is suitable. For modeling and analysis of
organ shapes a great number of shape de-
scriptors and shape models have been pro-
posed over the years like e.g. point distribu-
tion models [11], medial axes [12, 13], Fou-
rier descriptors [14, 15], spherical harmonic
functions [16], and active shape models [17].
Such methods have been applied mainly for
model-based segmentation and classification
of organ shapes. In our approach 3D shape
models for representation of geometric varia-
bility are used in an interactive anatomical
atlas as a new tool in medical education.

To demonstrate the possibility and func-
tionality of an interactive anatomical atlas
visualizing 3D shape variations of organs we
have generated statistical models of the left
kidney and of the breathing lung as examples.
The kidney model is based on a population of
48 kidneys and captures inter-individual
variability. The lung model encodes intra-in-
dividual shape variation during the breathing
cycle based on 4D CT image data acquired
during free breathing. Here, a 4D dataset con-
sists of ten 3D image datasets measured in
different breathing phases. Hence, the seg-
mented lungs of the 4D image data reflect
intra-individual respiratory shape variations
of the lungs, which are modeled by m-reps.

2. Material and Methods

The basis of this work is the VOXEL-MAN
atlas of the inner organs [5] which was devel-
oped at our department. It has been created
from the photographic cross-sections and CT
data of the Visible Human Male [1, 2]. A 3D
model of the torso of the Visible Human has
been built using color-space segmentation

and a matched volume visualization tech-
nique [18]. The model is characterized by a
high level of detail and contains more than
650 3D anatomical structures. The seg-
mented anatomical objects are textured with
their original colors and their surfaces are
visualized with subvoxel resolution. That way
a nearly photo-realistic quality is achieved
(> Fig. 1). Since it is a volume-based model of
the human body, external surfaces of an
organ can be viewed as well as interior views
can be generated using cutting planes. Non-
segmentable objects, like nerves and small
blood vessels, were modeled artificially on the
basis of landmarks present in the image
volume.

The spatial model is connected to a sym-
bolic model which contains descriptive infor-
mation about their anatomical structures. In-
terrelations between objects are described via
a semantic network [19, 20]. Examples of
relations are “is part of”, “has part” or “is
branching from”. The integrated knowledge
base system allows a versatile object-based
interaction with the spatial model, e.g. the 3D
model can be interrogated or disassembled by
addressing names of organs.

The volume-based model allows a highly
realistic visualization of anatomical struc-
tures, but it is not suitable for an efficient rep-
resentation of anatomical variability based
on larger populations. Therefore, we ex-
tended the VOXEL-MAN system by a shape
description that is connected to the volume
model. The choice of shape representation
depends strongly on the type of application at
hand. For modeling anatomical shapes and
their variability in an interactive 3D atlas we
have chosen to use the medial model repre-
sentation called “m-rep” [21, 22]. We have
chosen the m-rep description for the repre-
sentation of shape variability within the pre-
sented framework for the following reasons:
« Me-reps offer a compact description of

shape. They represent characteristic shape

properties in an efficient way using a

limited number of parameters (compared

e.g. to the high-dimensional feature space

of a 3D deformation field).
= Geometric correspondence of shape vari-

ants can be established not only between
surface points but also between volume
points. This is an important property for
our purpose as the shape description is to
combine with a volume-based model.
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Fig. 1
set. The representation exhibits a high degree of realism and detail. Yet, the model does not contain any
information about inter- or intra-individual variability of human anatomy.

Most other shape descriptors like e.g.
Fourier descriptors allow the establish-
ment of correspondence on the object’s
surface, only.

The model parameters invoke an intuitive
understanding of an object’s shape as they
quantify terms like bending, thickness or
elongation. This facilitates the interpreta-
tion of shape variability and allows re-
searchers to argue about identified shape
differences in anatomically meaningful
terms of organ development and de-
formation.

Methods Inf Med 3/2009

3D models of inner organs in the VOXEL-MAN atlas [5] derived from the Visible Human data

2.1 Shape Representation with
M-rep Models

M-reps were introduced by Pizer [21, 22] for
modeling, visualization and analysis of 2D
and 3D objects and are mainly used in the
medical field. An m-rep model is a discrete
skeletal representation of an object based on
the medial axis as proposed by Blum [23].
The basic components of an m-rep model are
the medial figures that have a single, non-
branching medial surface and are represented
as a mesh or chain of medial atoms. Simple

objects like the kidney in P>Figure 2 can be
described by a single medial figure, whereas
more complex objects can be built as a collec-
tion of connected figures. In this paper only
one-figure objects are addressed.

The medial atoms are centers of inscribed
spheres with two equal length boundary-
pointing arrows that are called “spokes”, at
whose ends the implied boundary is to be or-
thogonal. A medial atom describes the local
shape of the object. It is represented by the
tuple m = (x, r, F, 8) that contains the atom’s
position x € R3, the local width r € R* (the
radius of the inscribed sphere), an orthonor-
mallocal frame F € R* that describes the ob-
ject’s local orientation and the object angle
0 €10, m/2]. The local frame F is parameter-
ized by (b, b+, n), where the vector nis normal
to the medial manifold and b gives the direc-
tion in the tangent plane of the fastest nar-
rowing of the object (P»Fig. 3, left). “End
atoms”, i.e. atoms at the outer edge of the
medial mesh, have an additional parameter
M € R* that describes the object’s local elon-
gation at the boundary crest (P Fig. 3, right).
The tuplesm; (i=1, ..., n; n:number of atoms
in an m-rep) for all medial atoms are com-
bined into a feature vector that represents a
given organ shape and can be used for further
analysis. Further details about m-reps can be
found in [22].

The medial atoms provide a figural co-
ordinate system, giving, first a position on
the medial sheet (u, v), second a figural side
t € [-1, 1], and finally a relative figural
distance along the appropriate medial spoke
7 € [-1,0]. Each position on the surface or in
the volume of a figure, or near the figure, has
assigned coordinates that describe its relative
position to the medial surface which is
spanned by the medial mesh. A precondition
for a comparative examination of shape vari-
ants is the establishment of an appropriate
geometric correspondence between objects.
In the case of m-reps, the correspondence is
defined on the basis of the figural coordinate
system. Points on different shape variants
with the same figural coordinates (u, v, t, T)
are considered to be correspondent. However,
correspondence can only be defined between
m-rep models that have the same topology,
i.e. the same number of medial figures and
the same mesh structure.
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2.2 Modeling of Organ Variability

In the framework statistical models of the left
kidney and of the breathing lung have been
generated as examples. The kidney model is
based on a population of 48 kidneys and cap-
tures inter-individual variability whereas the
lung model encodes intra-individual shape
variation during the breathing cycle. While
the kidney model illustrates the inter-patient
shape variability, the statistical model of the
lung describes the intra-patient shape varia-
bility during the breathing process.

For the kidney model we have used a
population of 48 left kidneys which are based
on CT data of the abdomen. An m-rep model
of the kidney with a single medial figure and
3 X 5 medial atoms (»>Fig. 2) was fitted to
each of the segmented kidneys. For the fitting
process a semiautomatic multistage opti-
mization procedure [22] was carried out
using the software “Pablo” which was devel-
oped by the Medical Image and Display
Group at the University of North Carolina.
During this process an objective function is
minimized which optimizes the global fit of
the model to the segmented image object
considered and at the same time increases the
likelihood of point-by-point model corre-
spondence from one image object to the next.
The global fit is measured by the mean
squared distance between the model surface
and the boundary of the segmented object.
The correspondence is improved by favoring
meshes with configurations near the starting
configuration and by producing well-be-
haved meshes, i.e. meshes with relatively
evenly spaced medial atoms. Further details
of the optimization procedure are described
in [22].

Employing this fitting procedure we ob-
tained for each shape variant an m-rep model
with the same medial structure and assumed
point-by-point correspondence between the
individual models. After aligning the models by
translation and rotation an average kidney has
been calculated on the basis of the m-rep
parameters (P> Fig. 4). During alignment of the
models no scaling was done, i.e. size differences
of the individual models were maintained.

Object variants can be characterized by
shape and size parameters (e.g. width,
bending, widening) which can be derived
from the m-rep parameters. For the kidney
variants we have calculated 1) the length of
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Fig. 2 An m-rep model of a kidney (left) and the implied boundary surface (right). The model is
composed of a single medial figure with a mesh of 3 x 5 medial atoms. The atom’s spokes are colored

in turquoise and magenta.

the medial surface as a measure of size and
2) the (global) curvature of the kidneys as a
description of their shape. The length of the
(curved) medial surface can be derived from
the atoms’ positions. The curvature is derived
from the angle that is formed by the middle
atom and the two related end atoms (in longi-

tudinal direction). For the curvature the fol-
lowing measure is chosen: 1 — a;, where a; is
the calculated angle of the kidney variant i in
radians.

A standard technique for describing shape
variability is principal component analysis
(PCA) [24]. However, PCA is only applicable

Fig. 3

lllustration of the figural coordinate system of a medial atom (left) and an end atom (right). A

medial atom is represented by its position x, the length r of the two boundary-pointing arrows called
“spokes”, a frame made from the unit-length vector b and the two b-orthogonal unit vectors n and b+,
and the object angle 6 between b and each spoke. The figural sides are described by t. The end atom
(right), i.e. an atom at the outer edge of the medial mesh, has an additional parameter 7 € R* that de-
scribes the object’s local elongation at the boundary crest.
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for parameter vectors that are elements of the
Euclidean vector space and thus can not be
directly applied to m-rep models as the m-rep
parameters include angles. For this reason the

Second mode

Fig. 4

The average kidney
of the population
(center) and the first
two modes of vari-
ation in shape

PCA has been extended by Fletcher et al. [25,
26] to principal geodesic analysis (PGA)
which is valid for m-rep parameters. Using
this method we have calculated the first prin-

Fig. 5 Anm-rep model of the breathing lung. Top: M-rep model of the right and left lobe of the lung
at the time of maximum inspiration. Bottom: Surface representations of m-rep models of the lung at
three points in time during the breathing cycle (left: maximum expiration; middle: mid-inspiration; right:

maximum inspiration).

Methods Inf Med 3/2009

cipal components of the population of 48
kidneys. Figure 4 shows the mean kidney and
the first and second mode of shape variation.

For integration and visualization of dy-
namic processes in the atlas we have also built
m-rep models of the right and left lobe of the
breathing lung of four patients based on 4D
CT data. The 4D CT datasets were acquired in
different breathing phases during free breath-
ing. An artifact-reducing reconstruction
technique [27, 28] was used to generate 3D
CT data at ten points in time during the
breathing cycle using optical flow-based
interpolation [29].

For both the right and the left lobe of the
lung we used an m-rep mesh with 6 X 7 medi-
al atoms and fitted the m-rep models to the
lung for each point in time using the de-
scribed optimization procedure. P-Figure 5
shows the m-rep model of the lung for one of
the patients.

For high-quality 3D visualization of the
breathing motion we interpolated the lung
models in time on the basis of the m-rep
parameters. That way the lung’s motion
during breathing can be visualized in a
smooth animation. Furthermore, mean
models of the breathing lung lobes as well as
the first modes of their shape variations
during breathing are computed using the
PGA [25, 26].

2.3 Integration of Shape Varia-
bility Models into the VOXEL-MAN
Atlas

For the integration of a population of shape
models into the VOXEL-MAN atlas two main
steps are necessary. First, the shape models
have to be positioned in the atlas in an ana-
tomically sensible way, i.e. surrounding and
connecting tissue and organs have to be taken
into account. And second, a geometric cor-
respondence between the shape models and
the matching organ in the volume-based
atlas, which we call reference organ, has to be
established.

In the case of the kidney population we
chose the average kidney as a representative of
the population and manually fitted it to the
reference kidney of the atlas using rigid trans-
formation, i.e. size and shape of the model
were conserved. The fitting was done in a way
that the concave part of the kidney, i.e. the
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renal hilum, was in concordance with the
atlas kidney. The renal hilum is the part where
ureter and renal vein and artery are con-
nected to the kidney and thus is an important
connecting piece. For the individual kidneys
that had been aligned previously the same
rigid transformation was used as for the aver-
age kidney.

For the establishment of a geometric cor-
respondence between the m-rep models and
the volume-based reference kidney we fitted
the average kidney model to the reference
kidney of the Visible Human data by employ-
ing the optimization procedure described in
Section 2.2. As a result we received an m-rep
model of the Visible Human kidney which
possesses the same medial structure as the
other kidney models, so that a geometric cor-
respondence between the m-reps can be de-
fined. It serves as a reference model and repre-
sents the link between the volume-based
organ of the Visible Human data and the
shape variants represented by m-reps. Fur-
thermore, it allows a deformation of the vol-
ume-based kidney according to various shape
descriptions.
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For the lung model a time point during the
breathing cycle has been selected for which
the shape of the lung was closest to the lung of
the Visible Human data. As these data are
derived from a dead person its lung is not in
one of the natural breathing phases but in an
anomalous position. The m-rep models of
the right and the left lobe of the lung of the
selected phase were fitted to the lobes of the
Visible Human lung, so that a reference
model of the lung was received. In the case of
the lung we did not aim at visualizing the
various lung shapes of different individuals
but transferring the movement of the breath-
ing lung to the lung of the Visible Human. For
that we extracted the shape changes of the
lungs between the successive points in time
during the breathing cycle and applied them
to the Visible Human lung.

For a surface visualization of an m-rep
model the RGB values from the photographic
Visible Human data set are used, giving the
organs their natural colors. For a correct color
mapping the geometric correspondence be-
tween the reference model and the m-rep
model of interest is utilized.

|l
Fig. 6 User |nterface of the extended VOXEL-MAN system. The m-rep shape description has been integrated in the atlas and allows the exploration of shape
variants of an object within the context of a volume-based 3D model. Here the mean left kidney of a population has been selected and is visualized in the
scene on the right hand side. The corresponding m-rep model is shown in the window in the middle of the screen.

To obtain a volume-based representation
of a shape variant represented by an m-rep
model a method has been developed that
allows the deformation of the volumetric
model of the organ in the Visible Human data
set according to the m-rep coordinates. By
this transformation internal structures of the
reference kidney are deformed to visualize in-
ternal structures in the m-rep models of the
population. The transformation field for this
deformation is determined as follows:

First, for each voxel (x, y, z) belonging to
the reference organ in the atlas the figural co-
ordinates (u, 1, t, T) are calculated using the
reference m-rep model of the organ. Then,
the figural coordinates received are trans-
ferred to the m-rep model of the considered
shape variant and its position in the atlas co-
ordinate system is determined.

After calculation of the transformation
field the deformed volume has to be gener-
ated. For doing this a transition from the con-
tinuous coordinates of the transformation
field to the discrete voxel coordinates of the
target image is necessary which is done by a
procedure called resampling. An overview of
resampling methods used in the field of
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image processing is given in [27]. We have
employed an inverse method, ie. for each
voxel in the target volume a transformation
vector is calculated. For calculation of the
RGB values in the target volume we have used
tri-linear interpolation which results in a cer-
tain smoothing effect but has been shown to
be sufficient for our visualization purposes.

For a reconstruction of the deformed ob-
ject’s surface with subvoxel resolution the de-
scribed transformation is calculated not only
for voxels belonging to the considered object
but also for a layer of voxels surrounding the
object.

The transformation developed enables the
visualization of surface and internal struc-
tures in high quality.

3. Results

With the integration of m-rep-based shape
descriptions into the VOXEL-MAN atlas it is
now possible to query and visualize different
shape variations of an organ within the con-
text of a volume-based anatomical model
(P Fig. 6). Attributes like gender, age or pa-
thology can be assigned to each shape variant
which then can be visualized by specifying
these attributes. In addition to the represen-
tation of inter-individual shape variations
(»-Fig. 7) or the average shape of a popu-
lation (Fig. 6), intra-individual shape vari-
ations can be visualized as well, in our
example lung motion induced by breathing.

Shape variants can also be visualized ac-
cording to shape and size parameters that
have previously been derived from the m-rep
parameters and they can be arranged in a
sorted sequence. P>Figure 8 shows an ex-
ample in which the kidney variants are sorted
by length of the medial surface and by curva-
ture. The organs could also be arranged ac-
cording to other attributes, like e.g. the pa-
tient’s age. That way it would be possible to
visualize age-specific differences of an organ
that appear in different periods of life (e.g.
infancy, youth, maturity, age).

For illustration of variability in shape
within a population the principal compo-
nents received from PGA are utilized (see Sec-
tion 2.2). The organ shape can be visualized
while moving along the first or second princi-
pal axes which are the axes in shape space in
direction of the greatest variance (P Fig. 4).

Methods Inf Med 3/2009

That way an impression of the most prevalent
variations in shape within a population can
be seen.

The shape variants may be depicted as sur-
face models which can be rapidly calculated
from the m-rep models. In this way a quick
overview can be gained about the shape varia-
bility of a population of organs. The surface
models are visualized in the organs’ natural
colors giving them a more realistic look
(> Fig. 7). However, as the surface colors were
derived from the Visible Human data set, they
do not reflect the original colors of the indi-
vidual shape variants.

Besides a surface representation, a vol-
ume-based representation of an organ’s

Fig. 7 Visualization of shape variants of the
kidney within the VOXEL-MAN atlas. The left kid-
neys (in the pictures on the right hand side) are
surface representations on the basis of m-rep
models. Top: left kidney of the Visible Human. Bot-
tom: a shape variant of the kidney selected out of
48 shape models available.

shape variants can also be generated. It results
from the deformation of the reference organ
of the volume-based model according to the
m-rep shape description. This way a realistic
visualization of the shape variants is possible,
as well as the visualization of the organ’s in-
ternal structures. As an example a kidney
variant is shown after the application of cut-
ting operations (P Fig. 9).

4. Discussion

The inclusion of anatomical variability in a
3D interactive atlas presents considerable
challenges, since such a system must capture
how anatomic structures vary in large popu-
lations, across age, gender and races, and in
different disease states. We have presented a
new approach for a variability atlas that is
based on the VOXEL-MAN atlas and extends
it by the m-rep shape description for model-
ing variability of anatomical objects. With the
connection of a volume-based atlas and skel-
eton-based shape description the advantages
of both methods are combined. The key ad-
vantages of the system presented are as fol-
lows:

« A volume-based model allows a highly
realistic representation of the anatomy. In
the VOXEL-MAN atlas anatomical struc-
tures are reconstructed with subvoxel
resolution and are visualized using their
natural colors. The result is a visual im-
pression with high realism.

» The VOXEL-MAN atlas is a highly flexible
tool for exploring the human anatomy.
The integrated knowledge base allows a
versatile interaction with the spatial
model, e.g. the anatomical model can be
interrogated or disassembled. Also, the
model can be rotated in all directions and
cutting planes can be placed and the in-
terior of anatomical structures can be
viewed, and so on. The whole functional-
ity of the atlas is also accessible in the
extended version presented.

» The m-rep shape description allows a
compact representation of shape variabil-
ity, i.e. characteristic shape properties are
represented with a restricted number of
parameters (in contrast e.g. to deforma-
tion fields). For a variability atlas that is
designed for representing a high number
of shape variants, a compact shape de-
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Fig. 8 Shape variants can be characterized by shape and size parameters and arranged in a sorted sequence. Top: kidney variants sorted by length of medi-
al surface (in cm). Bottom: kidney variants sorted by curvature (r — a;, where a; is the angle of variant i in radians).

scription is a prerequisite if the system
should be able to run on standard PCs.

We demonstrated the concept and func-
tionality of this atlas using a statistical shape
model of the kidney and a model of the
breathing lung as examples. With the inte-
gration of the m-rep shape description into
the VOXEL-MAN atlas it is now possible to
query and visualize different shape variations
of an organ, the average shape and main
modes of variation in a population.

Yet the approach presented has also its re-
strictions and limitations. One major issue is
the interdependency of neighboring organs
or structures regarding their shape and posi-
tion. If the shape of an organ changes the sur-
rounding structures naturally also move or
deform which haven’t been taken into ac-
count so far in the system presented. In our
examples we have used only m-rep models
consisting of a single object (the kidney) or
two objects (lobes of the lung). For modeling
the dependency of neighboring organs it is
necessary to build m-rep models for all or-
gans of interest and combine them in a group.

Another restriction is that visualizations
of all shape variants are based on the same
photographic data set. For both the surface-
based and the volume-based visualizations of
shape variants the RGB values of the cor-
responding organ in the Visible Human data
set are used and thus they do not reflect indi-
vidual differences in color of these variants.
While the visualization of shape variants in
their original colorsis a desirable goal it didn’t
seem to be a realistic one for two reasons.

© Schattauer 2009

Fig. 9 Volume-based representation of shape variants of the left kidney in the VOXEL-MAN atlas. Top:
reference kidney from the original volume model (Visible Human). Bottom: volume representation of a
shape variant of a kidney based on an m-rep description. The cut-away gives an insight to the interior
of the kidney.
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First, photographic volume data are only
available for a very limited number of sub-
jects and naturally not for patients. And sec-
ond, storing photographic data for each
shape variant would result in a huge amount
of data— which is what we wanted to avoid by
choosing a compact shape description.

Also, it should be obvious that the ap-
proach presented is not reasonable for patho-
logical variants that show substantial mor-
phological differences to a healthy kidney.
However, all healthy and pathological struc-
tures and organs with similar shape can be
represented in the atlas by this technique.

5. Conclusion

We developed a framework for represen-

tation and visualization of shape variability

within a 3D interactive anatomical atlas using

an organ-based approach. It could be a basis

for the development of specialized variability

atlases that focus e.g. on specific regions of

the human body, groups of organs or specific

topics of interest. If filled with appropriate

data such an atlas might be able to answer

questions like the following:

»  What range of variations of organs is con-
sidered “normal™?

= What are the effects of disease on shape
and size of anatomical structures?

- How do organs change during growth and
under normal ageing?

- How is the shape of an anatomical struc-
ture related to factors like gender, habits or
environmental influences?

Possible applications of such variability atlases
are mainly in the area of medical education but
they could e.g. also serve as reference for health
professionals. However, currently the use of
statistical shape models in anatomical atlases is
still in its infancy and there are only limited ex-
periences available with the use of such statis-
tical shape information in medical education.
We have used our atlases of the kidney and the
lung in seminars with medical students of the
University Medical Center Hamburg-Eppen-
dorf to show the range of possibilities of statis-
tical anatomical atlases. The response was very
positive, however a more detailed and extended
evaluation of the educational benefits of the
atlas showing shape variations of organs should
be performed.

Methods Inf Med 3/2009

In the current state of implementation, the
Visible Human data set is used as reference
data set in the extended VOXEL-MAN atlas.
In principle, it is also possible to use other
datasets, e.g. CT or MRI data sets, as reference
data set in the framework. However, in CT or
MRI data sets it is harder to segment fine ana-
tomical structures because of the reduced
image resolution and contrast in comparison
to the high-resolution colored Visible Human
data set. Hence, it is expected that the number
of segmented structures represented in such
an atlas will be strongly reduced in compari-
son to our currently available reference atlas.
Furthermore, a complete segmentation of all
relevant structures has to be performed to
generate a new reference atlas and an adapted
knowledge base has to be created. Hence, the
effort to generate another reference data set is
very high.

The presented framework for represen-
tation and visualization of 3D shape variabil-
ity of organs opens up new insights into the
intra- and inter-individual shape variety of
organs in an interactive 3D atlas. Further dis-
cussions with medical experts are needed to
identify medical disciplines and applications
where this new kind of information is helpful.
Especially, it has to be explored how useful
visualizations of statistical anatomical vari-
ants in an atlas environment are beyond the
educational setting, e.g. in clinical applica-
tions and studies.
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