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Computer-aided instruction systems are often based on conventional hypermedia techniques,
which offer a convenient access to logically related informations. As a major drawback, how-
ever, these systems provide only predefined texts or images, which often do not match the
student’s needs.

In this paper, two fundamentally different methods for building education systems are re-
viewed, based on recent knowledge-based and 3D imaging techniques. Intelligent tutoring
systems provide a means to model, investigate and explain more abstract knowledge, while 3D
anatomical atlases can be used to create arbitrary views of the human anatomy, providing a
“look and feel” close to a real dissection. Both concepts are supporting a “learning by doing”
approach. Advantages and current problems are discussed.
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1. INTRODUCTION

Up to now, teaching of anatomical, functional and pathological medical knowledge follows
the rules developed at the beginning of medicine. A student gets a more abstract knowledge
from lectures and text books, while he acquires an imagination of the spatial properties of the
organs by dissecting cadavers and from anatomical and other medical atlases. Integration of this
knowledge acquired from such fundamentally different sources is a difficult and mostly tedious
task.

In order to facilitate learning, a large number of medical instruction systems have been devel-
oped on the basis of hypermedia techniques, which allow an integration of texts, images, video
sequences, and other types of data [5]. These systems provide a rich structure of references
between logically related informations. Comfortable tools are available, easing both design and
use of hypermedia applications. As a major drawback, however, a hypermedia screen usually
can only display predefined texts or images. User interaction remains thus basically the same
as studying a conventional book.

For teaching more complex skills, it would certainly be desirable that a student could really
“work” with the things he is interested in. In this paper, two complementary methods are
reviewed which support this “learning by doing” on different levels of abstraction: intelligent



tutoring systems, and 3D anatomical atlases. The latter, which we developed in the last three
years at our institute, is presented in some detail. It is shown how both methods and hypermedia
techniques might eventually be merged.

2. INTELLIGENT TUTORING SYSTEMS

In contrast to conventional hypermedia systems which can only present predefined informa-
tion, the aim of intelligent tutoring systems is to interact more flexibly with the student, very
much like a real teacher would do it [8,14]. These systems are especially useful for teaching
complex cognitive skills, such as decision making in medical diagnostics. For example, a tutor-
ing system may present a simulated patient case with randomly generated complaints, comment
on the student’s steps and results, suggest and explain what to do next, or (if the student does not
succeed) show how a diagnosis could be obtained. It should be noted, however, that applications
remain limited to such domains which can be formalized.

Some major components of an intelligent tutoring system are a knowledge base, which ex-
plicitly models the knowledge to be communicated, an interpreter which can draw conclusions
from the knowledge, and an explanation component. Quite interestingly, this is exactly what
makes an expert system [15]. In the medical community, acceptance of expert systems for
diagnostic purposes has been limited, partly because modeling medical domains and expert be-
havior proved too complex for realistic applications [11]. However, complete coverage of a
large domain is not so important for tutorial purposes. A successful example is ILIAD (Ap-
plied Informatics Inc., Salt Lake City, UT), which runs on Macintosh computers, and is actually
an expert system on internal medicine. It can work on cases entered by the student, or create
simulated cases. Quite realistically, the system evaluates the student’s performance in terms of
costs of investigations, which the student needs to obtain a diagnosis. It could be shown that the
students skills are considerably improved after training with this system [4].

Other major parts of an intelligent tutoring system are a didactics component, planning the
tutorial actions, and a student model, representing the student’s state of knowledge. Both are
currently subject to intensive basic research [8].

3. 3D ANATOMICAL ATLAS

All anatomical atlases based on conventional hypermedia techniques share the drawback that
they can only provide predefined views of the human anatomy. It is thus not possible to look
at an object from a different view angle, or to create other views, according to own ideas and
needs.

Recent advances in image processing and computer graphics suggest a much more pow-
erful method for creating anatomical atlases. Three-dimensional (3D) imaging (also known as
volume visualization) provides various ways to realistically display anatomical objects from im-
age volume data, as obtained in computed tomography (CT) and magnetic resonance imaging
(MRI) [6,13]. These techniques are increasingly used in clinical practice, both for diagnostic
and therapy planning purposes.

While interpretation of a 3D image is left to the observer in clinical applications, using this
technique for teaching purposes requires that the data structure also contains some knowledge
about spatial and “symbolic” properties of the objects represented in the image volume. In
particular, both directions of knowledge acquisition must be possible:



� access symbolic knowledge in the context of a 3D image (e.g. by automatically annotating
or describing a currently visible object)

� visualize symbolically defined views (e.g. “show all gyri which are involved in a certain
function”)

In the following, basic principles of the 3D anatomical atlas are presented [2,9].

3.1. Modeling
The basic idea is to describe the anatomy in a two-level data structure (fig. 1), which we

preliminary call an “intelligent volume”. The lower level is a discrete data volume, as ob-
tained from a medical imaging system. In addition, a set of attributes is assigned to every voxel
(volume element), indicating its membership to anatomical regions under various aspects (e.g.
macroscopic anatomy, functional anatomy). This level is equivalent to the previously described
generalized voxel model [1].

Figure 1. Basic structure of an “intelligent volume”. Besides an intensity value (e.g. from CT
or MRI), every voxel holds a set of attributes, indicating its membership to various anatomical
regions. Logical relations between different objects are modeled using a semantic net.

On the upper level, properties and relationships of the basic regions are modeled as a se-



mantic net [15]. This more abstract “symbolic” knowledge includes names, synonyms and
colloquial terms in various languages, references to texts and histological images, and visual-
ization parameters for 3D display, such as colors and shading methods. Using different link
types, both hierarchical and functional relationships can be represented, e.g. “right precentral
gyrus PartOf right precentral lobe”, “long bone IsA bone”, or “right visual nerve PropagatingTo
optic chiasm”.

This model is not yet adequate to cover the various “views” used in medicine. For example,
the optic chiasm is part both of the brain and of the visual system. In order to avoid a confusion
of meanings, a number of further attributes for objects (e.g. special or general anatomy) and
links (e.g. macroscopic, microscopic or functional anatomy; topographic or systematic order)
have been introduced. For a detailed discussion of semantic modeling, we refer to [7].

3.2. Preparing an “intelligent volume”
In order to prepare an “intelligent volume” from a raw data set, both the symbolic and the

spatial properties of the objects have to be defined. Most of the symbolic properties, however,
are valid for the human anatomy in general. Thus, if a symbolic description of a part of the
body has been defined, it can be used again for any data set of the same body region. Thus, an
ever growing generic model of the human anatomy is obtained.

Since locations of objects are a property of the data set, assignment of the object membership
labels has to be done again for every case. In order to obtain a really space-filling model (see
below), it is important that these labels are assigned to every voxel in the data. This is usually
a very time-consuming process. While a large number of automatic segmentation systems are
available, results are mostly not satisfactory for typical data sets. We therefore use an interactive
system, based on simple, but fast operations, which provides a comfortable user interface [3].
The whole procedure is described in detail in [10].

3.3. Exploring the model
Using this method, we started by preparing two atlases of the head, based on MR and CT data.

In the first case, approximately 150 structural, 50 functional and 30 blood supply areas mainly of
the brain were segmented and symbolically described. Anatomical terms were defined in Latin,
English, French, German and Japanese. Additionally, a large number of textual descriptions
and histological images were prepared. The whole work took an expert several months. For the
second data set, about 50 constituents mainly of the skull were segmented and described.

After an “intelligent volume” has been prepared, it can be explored using the program VOXEL-
MAN/atlas. It is currently running on various workstations (DEC, SUN, HP, SGI). In contrast
to conventional hypermedia atlases, it offers a large number of tools which can be used to cre-
ate views, according to a student’s own ideas and needs. In the following, a short overview is
provided. For an extended presentation, we refer to [12].

A typical scene with the brain atlas is shown in fig. 2. Similar functions are grouped into
menus. The “change view and light” menu may be used to define “cameras” with individually
adjustable view direction, resolution, focal length, and magnification, which appear as windows
(fig. 2, at right). Different light sources may be used to illuminate the scene.

The major exploratory functions are grouped on the “services” menu which is always visible
(fig. 2, at left). As a consequence of the space-filling model, the contents of the knowledge base
may be accessed at every point of the 3D image. Symbolic descriptions can thus be obtained
by simply clicking on the image. Object names appear on a popup menu, (fig. 2, at right)



Figure 2. User interface of VOXEL-MAN/atlas. Objects may be addressed by selecting their
names from the knowledge base, or by clicking on an image. The view may be changed e.g. by
rotating the scene, or by defining cut planes.

together with the names of the objects they are related to, ordered by anatomical domains and
link types. By choosing a name, objects may be automatically annotated, removed or added like
in a construction kit, painted, made transparent, or additional texts and images may be requested
(fig. 2, at center).

The same functions may also be activated for objects which are not currently visible, using the
knowledge base. The menu “knowledge base” provides various representations of the symbolic
knowledge. In order to keep the presentation simple, only subtrees of the whole net are shown,
which the user may modify by expanding or collapsing nodes, according to his needs (fig. 2,
bottom).

Using the “dissection” menu, arbitrary cut planes through the volume may be defined (fig. 3).
All functions which are activated using an image will thus only be effective in one sector on one
side of the plane. With the radiological display mode used here, the original intensities from the
underlying data set are mapped onto the cuts.



Figure 3. Preparation of a pyramid tract, using exploratory functions such as dissection and
removal. English and Japanese annotations were automatically created by clicking either on an
object surface or on a cut plane.

Both atlases of the head are already being used at about 50 institutes and hospitals. A number
of atlases for other regions of the body are currently being prepared (fig. 4).

4. CONCLUSIONS

As has been shown, both intelligent tutoring systems and 3D anatomical atlases are very
powerful tools for teaching complementary aspects of medical knowledge. Possible user inter-
actions are by far exceeding those of conventional instruction systems, based on hypermedia
techniques. Intelligent tutoring systems are covering the more abstract properties, while 3D
anatomical atlases allow a student to create anatomical views, according to his own ideas and
needs. With the tools presented, they provide a “look and feel” that comes close to a real dis-
section. Experience shows that students very much enjoy to work with these new techniques.

A common drawback, both of tutoring systems and 3D atlases, are the high costs for prepar-
ing such systems. Since these systems may be copied in arbitrary numbers, however, this is not
a major concern. Another problem, the high computational needs, will be less relevant with
increasingly powerful computers becoming available.

An very interesting question is of course how the capabilities of intelligent tutoring systems



Figure 4. Without modifying the program, new atlases can be created by transforming data sets to
“intelligent volumes”. The upper abdomen shown here is based on a spiral CT data set, obtained
in clinical routine diagnostics.

and 3D anatomical atlases could be joined. As has been shown, both structured and unstructured
medical knowledge may be assigned to any point in space, and accessed in the atlas. References
to conventional hypermedia systems may thus easily be included into the system. The same
mechanism can also be used to relate the rules defined in an expert system to the objects defined
in an atlas. For example, patient’s complaints could be “visualized” by painting the regions
which may have caused them; vice versa, the consequences e.g. of a surgical intervention
simulated with the atlas could be explained. Creating such integrated systems will be a major
task in the future.
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