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Advances in anatomical informatics, three-dimensional (3D) modeling, and virtual reality
(VR) methods have made computer-based structural visualization a practical tool for
education. In this article, the authors describe streamlined methods for producing VR
‘‘learning objects,’’ standardized interactive software modules for anatomical sciences
education, from newer high-resolution clinical imaging systems data. The key program is
OsiriX, a free radiological image processing workstation software capable of directly
reformatting and rendering volumetric 3D images. The transformed image arrays are
then directly loaded into a commercial VR program to produce a variety of learning
objects. Multiple types or ‘‘dimensions’’ of anatomical information can be embedded in
these objects to provide different kinds of functions, including interactive atlases, exami-
nation questions, and complex, multistructure presentations. The use of clinical imaging
data and workstation software speeds up the production of VR simulations, compared
with reconstruction-based modeling from segmented cadaver cross-sections, while provid-
ing useful examples of normal structural variation and pathological anatomy. Anat Sci Ed
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In this article, the authors describe streamlined methods for
transforming newer, high-resolution clinical imaging data into
standardized, interactive anatomical education software that
can be used in a variety of ways. This involves the conver-
gence of two historically different types of computer program
development: ‘‘virtual reality’’ (VR) and ‘‘learning objects.’’

By the early 1990’s, technology had advanced to the point
where it became possible to develop personal computer
(PC)-based programs using simulated three-dimensional (3D)
images of anatomical structures. Two different methods for
generating 3D displays have predominated in the following
decade. One used stereoscopic displays with viewing glasses
to generate the perception of volume and depth in computer
images (Trelease, 1996, 1998), and the other rotated (or oth-
erwise moved) high-resolution images to provide the percep-

tion of 3D relationships (Nieder et al., 2000, 2004; Trelease
et al., 2000). This general application of computers to inter-
active, realistic 3D displays has long been referred to as VR.

Three-dimensional anatomical content has included high-
resolution images of specimens and physical (e.g., plastic)
models, as well as computer-based 3D models constructed
from segmented cross-sectional data. The development of the
Visible Human (VH) dataset (Spitzer and Whitlock, 1998)
provided the first widely disseminated collection of cross-sec-
tional images of male and female human cadavers, setting the
stage for more precise volumetric modeling of the human
body, organs, and tissues. 3D models constructed from seg-
mented VH sections have been widely used, serving as the ba-
sis for procedural human simulation, such as the comprehen-
sive digital atlases of the Voxel-Man projects (Gehrmann
et al., 2006) and the VH dissector for health sciences student
education (Spitzer and Scherzinger, 2006).

As the use of the Internet and World Wide Web (the Web)
transformed the practice of science and education in the late
1990s, movement-dependent 3D displays like QuickTime VR
(QTVR) became more widely used, embedded in Web pages
(Trelease et al., 2000; Nieder et al., 2004). A special class of
the standardized QuickTime digital video file format, QTVR,
allowed users to interact with simulated 3D ‘‘objects’’ that
could include additional types of anatomical information and
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program functions linked to specific areas on the displayed
structures.

More recently, a specialized type of educational software,
the learning object, was defined (Wiley, 2002) and recognized
as an accepted educational tool. Briefly, a learning object is a
compact, self-contained software module that can be easily
distributed, reused, and repurposed for different educational
applications. A learning object includes metadata, or accessi-
ble data about the data it contains, and it is compact enough
to be accessed by the Web. As described earlier, appropriately
designed QTVR objects could thus be used as learning objects.

The purpose of this article is to report on newer methods
for integrating 3D visualization and learning object technolo-
gies to produce ‘‘VR learning objects’’ (VRLOs) that deliver
anatomical information when users interact with them. Most
significantly, these VRLOs can be readily developed by rela-
tively simple processing of clinical imaging datasets, produc-
ing interactive 3D simulations that usefully represent real
anatomical structures from living individuals.

TECHNICAL BACKGROUND
AND OBJECTIVES

Conventional computer-based 3D modeling of anatomical
structures has long relied on a defined series of processing steps
performed on sets of two-dimensional (2D) images (Russ,
2002). This typically involves separate computer programs for
(1) computer-based segmentation, identification, and delinea-
tion of organs and other discrete structures in optical (photo-
graphic) cross-section images; (2) (re) construction of numeri-
cal, 3D volumetric object models from registered, segmented
sections; (3) framing, realistically lighting, and rendering of 3D
model animations for videos and further processing into VR
simulations. Multiple time- and computer-intensive processing
steps are thus typically required to produce volumetric simula-
tions from original 2D section image data. These section-based
simulations do have the advantage of starting with photo-
graphic-resolution data, and so fine structures, down to the
size of small nerves or vessels, can be modeled.

In contrast, clinical imaging systems, such as magnetic res-
onance imaging (MR) and computed tomography (CT) scan-
ners, have stored and presented structural data in relatively
low resolution (e.g., >5 mm/pixel), but inherently 3D and
four-dimensional (4D; time-based) volumetric data arrays.
Tissues, organs, and other structures are identified by their
characteristic voxel signal intensities (MR) or density (CT),
bypassing the conventional segmentation process of identify-
ing structural boundaries and reconstructing their volumes
from serial cross sections. While a number of developers in
the last decade have produced relatively low-resolution ana-
tomical models by ‘‘postprocessing’’ such volumetric data for
use on PCs, ongoing improvements in scanner resolution and
image processing software have enabled direct, scanner-based
3D rendering at near photographic levels of structural detail.

With the further integration of powerful 3D and 4D pro-
cessing tools into current PC-based imaging workstation soft-
ware, volume-mapped structures in MR and CT data arrays
can also be directly rendered as 3D-image frames. Rendered
image frames can then be loaded into QTVR object movies.
Additional software-accessible data, including structural iden-
tifications, hotspot areas, keywords, and other functional in-
formation can be embedded within the standardized, multi-
platform QTVR file. Such QTVR movie files can be played in

a ‘‘stand-alone’’ mode using the free QuickTime player in-
stalled on Apple Macintosh or Windows PCs. The standard
QuickTime Player also serves as a ‘‘plug-in’’ compatible with
all major Windows and Macintosh Web browsers. QTVR
movie links can thus be embedded in HTML code, and so
Web pages can directly display these interactive 3D objects
(see Trelease et al., 2000 for details).

As previously mentioned, learning objects were first
defined by Wiley (2002) as reusable educational software
modules that can be aggregated, maintained in searchable ar-
chives, and repurposed for use in different instructional envi-
ronments. Metadata, or information about the data contained
in each learning object, are crucial for archiving and effective
reuse. Multiple embedded media types (text, images, video,
etc.) and online availability support interactive learning with
these software modules outside conventional classroom envi-
ronments. Use of learning objects has been promoted as sup-
porting a blended approach (in educational psychology terms)
for efficient medical education (Ruiz et al., 2006).

With their embedded metadata, repurposable, modular
QTVR movies can thus become standards-compliant learning
objects, with the special attribute of requiring user interaction
with simulated 3D objects in order to obtain information.
For this project then, the main objective was to develop
QTVR-based VRLOs for teaching aspects of head and neck
anatomy with transformed clinical imaging data. It is worth
noting that the first VRLOs were recently described for pro-
grams supporting cognitive therapy for agoraphobia (Car-
denas et al., 2006).

METHODS AND PROCEDURES

All software development activities were hosted on Apple
Macintosh computers running OS X 10.41, a version of the
Unix operating system. Web services were provided by Apache,
with MySQL database and Tomcat Java servers running on
Apple Xserve hardware.

Representative CT and MR imaging data sets were acquired
from clinical imaging systems, anonymized (stripped of per-
sonal identification information), and managed in SQL data-
bases by OsiriX, free DICOM (Digital Imaging and Communi-
cations in Medicine) image processing workstation software
(see Fig. 1). OsiriX was developed specifically by radiologists
for rapid 3D, 4D, and multidimensional image array process-
ing and rendering. OsiriX has included built-in functions for
3D structure volume- and surface-rendering, multiplanar refor-
matting of 3D data, time-based playback (cine/video), image
database management, and multidimensional image fusion
(e.g., algorithms combining CT images with positron emission
tomography data; Rosset et al., 2004, 2006). OsiriX has also
incorporated a standardized computer visualization software
library and the National Library of Medicine sponsored
Insight Segmentation and Registration Toolkit as part of its
image processing software architecture (Osirix, 2007).

Selected image arrays were generated for desired planes of
view, with tissue density/intensity values mapped to appropri-
ate ‘‘color look-up table’’ variables, in order to generate life-
like structural colors. For example, for a CT rendering of the
near-surface head, bone density volumes were volume-
rendered as ivory white, with muscle density as dark red.
Rendered data sets were saved as individual image files at
maximum resolution in standard Joint Photographic Experts
Group (JPEG) format with no compression.
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Figure 1.

Software used for developing QuickTime VR learning objects from clinical imaging data. Left: 3D viewer screen from OsiriX, Open Source DICOM imaging
workstation, showing volume rendered head CT image. Right: VRWorx preview screen showing a single frame from a head CT dataset, rendered as a QTVR object
movie.

Figure 2.

Three different frames from a 116-frame QTVR learning object configured as an interactive atlas, as displayed by the stand-alone QuickTime Player (OS X;
Windows available). In this simulation, users can freely rotate the head 3608 left or right with the computer mouse. Captions only pop up in selected frames. Note
that a left-sided parotidectomy has revealed structures of the parotid bed.
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Figure 3.

Two frames from a 165-frame QTVR learning object embedded in a Web page configured as an interactive examination question. In this object, volume rendering
of the brachiocephalic arterial trees produced a different kind of freely rotating virtual 3D object that popped up a few captions, as well as an examination question
at the region of a blocked artery. The left image shows the Web page in starting condition, with the arterial display in frontal position, as well as user instructions
and a text-entry box. In the right image, the arterial tree has been rotated to show the indicated occlusion, and the correct answer—left subclavian artery—has been
entered in the text box.

Figure 4.

Two frames from a 98-frame QTVR learning object configured as a virtual bronchoscopy display, as displayed by the stand-alone QuickTime Player. In this object,
orthogonal CT views showing approximate bronchoscope tip position (red dot between green crosshairs) were combined with a video view from the tip of the endo-
scope. The QTVR object movie displayed the top (left) view on starting up, and dragging the mouse downward advanced the CT view and position indicators, as
the endoscope view descended the trachea and left bronchus. The view position could be dragged up or down freely with the mouse. Bronchoscope tip indicators
were digitally enlarged for better visibility in this printed figure.
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Selected images in each data set were processed further in
Adobe Photoshop. Leader lines and captions were added for
structural identification frames. Title (starting frame) legends,
user directions, and controls were created for each different
VRLO’s data set.

QTVR object movies were created from these image
arrays using VR Worx by VR Toolbox (Fig. 1, right), an inex-
pensive commercial 3D animation program (also available for
Windows). For example, volume-rendered CT data set images
were loaded as portrait aspect frames for upright, rotating
views of the head. User interaction controls and starting
views (initial rotation positions) were set, and appropriate
structural identification and intellectual property metadata
were added within VR Worx ‘‘hotspots’’ and ‘‘annotation’’
frames. QTVR object movies were then rendered at original
image resolutions and exported as standardized QuickTime
(.mov) files playable on Windows, Macintosh, or Unix PCs.
File sizes ranged from !5 to 9 MB.

For internal and public distribution, QTVR object movies
and scenes were loaded on secured and public portal web
servers, with linked index pages. Free access was allowed to
the public server, as listed by Google and URL information
distributed during meeting presentations. VRLO movie access
and downloads were recorded by IP address by Apache Web
server log files.

RESULTS

Several different kinds of deployable VRLOs were produced
from clinical imaging data. For example, as shown in Figure
2, volume-rendered and surface-mapped CT arrays were used
to create ‘‘virtual atlas’’ learning objects for the superficial
and the deep head and neck. In this kind of application, users
must rotate the head in order to obtain labels displayed at
certain orientations (e.g., at norma lateralis).

In a second type of ‘‘quiz object’’ VRLO, as typified by
Figure 3, rotation of the object displayed a few structural
labels, along with a question to be answered. This configura-
tion of an object was conceived for online self-assessment or
practical examination applications, and in the example
shown, students would be expected to identify a left subcla-
vian artery obstruction in a volume-rendered MR angiogram
of the upper body.

In a third type of ‘‘procedural simulation’’ VRLO, multiple
imaging modalities were integrated to produce a demonstra-
tion of clinically relevant anatomy in a diagnostic study. As
shown in Figure 4, three dynamic orthogonal sections of an
upper body CT study were registered with a bronchoscopic
camera view, in order to create an interactive ‘‘virtual bron-
choscopy.’’ Users could ‘‘drag’’ the tip of the bronchoscope
down and up, as registered in the CT views, while the inter-
nal view passed from trachea to the left lower lobe bronchus.

In a fourth type of ‘‘complex presentation’’ VRLO, a
PowerPoint-like digital slide show was created as a QTVR
complex ‘‘scene’’ (or multiple object) movie in VR Worx. Like
a conventional lecture presentation, an ordered sequence of
captioned slides illustrated VRLO principles and methods,
with mouse clicks to advance or to go back. However, a
results slide showed images linked to the previously discussed
VR object types, and when these images were mouse-clicked,
the fully functional objects were interactively displayed
individually on the full screen. Different versions of this kind
of VRLO were successfully demonstrated in public lectures

(platform presentations) at the 2007 annual meetings of the
American Association of Anatomists and American Associa-
tion of Clinical Anatomists. All finished VRLOs were made
available for direct online Web display or download from ar-
chives (Virtual Anatomy Lab, 2007).

DISCUSSION

Anatomical informatics is the application of information and
computer science methods to the study and understanding of
anatomy (Trelease, 2002). It has been transforming the way
anatomy is practiced in research and education, and impor-
tant aspects of this include defining new methods for process-
ing and making practical use of structural data. In this article,
we have demonstrated a relatively straightforward application
of anatomical informatics, in using free image processing
workstation software and a popular commercial VR produc-
tion program to transform clinical imaging data into different
types of reusable learning objects.

Anatomists can thus readily create their own collections of
VRLOs for interactive computer-assisted instruction using
institutionally available anonymized MR and CT data.
Because these VRLOs require user-guided movement of the
depicted objects, they immediately engage students in explor-
ing anatomical structures and relationships in a 3D context.
Furthermore, because they are produced by transformation of
high-resolution diagnostic imaging, such VRLOs also immedi-
ately involve health sciences students in learning the anatomy
of living individuals in clinically relevant contexts. Instances
of individual variations, anomalies, and pathologies are easily
preserved by such stand-alone instructional simulations.
Beyond the niche of online computer-based instruction for
individual students, these VRLOs can also be easily incorpo-
rated into laboratory demonstrations and lecture presenta-
tions, as demonstrated at national anatomical meetings.

For applications like virtual dissection, VRLO technology
can be seen as a complement to, and not a replacement
for, the more comprehensive 3D model collections produced
from photographic resolution datasets, such as VH (e.g., the
commercially distributed Voxel-Man) or Digital Anatomist
atlases. Given the existing resolution limits for MR and CT
systems, accurate representation of small and low density/sig-
nal structures remains the domain of 3D reconstructions such
as these, based on optical imaging of cadaver sections.

While the purpose of this article was to describe new
methods for producing practical educational VR simulation
modules from clinical imaging data, open questions remain
about the assessment of their educational efficacy. There have
been few prospective, controlled studies of VR simulations
versus conventional health sciences instructional methods,
and existing study results have been equivocal (Garg et al.,
1999; Nicholson et al., 2006). Certainly, the educational use-
fulness of VRLOs is worth scholarly assessment, and the
authors can conceive a variety of future studies, such as those
comparing the utility of interactive VR versus conventional
‘‘flat’’ images in computerized examination applications (e.g.,
as in Fig. 3). However, it is worth noting that the rapid evo-
lution of computer applications has lead to widespread adop-
tion of new technologies without a priori formal educational
assessment, the most recent example being ‘‘podcasting’’ of
lectures by many universities and colleges (Trelease, 2006b).
While this does not obviate the need for assessment of new
technology, it does indicate that innovations can be rapidly
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adopted if they are readily embraced and demanded by the
current generation of ‘‘Web- and tech-savvy’’ students.

For anatomists who also want to produce conventional
mathematical computer models (like those of the Voxel-Man
project) from clinical data processed by OsiriX, additional
free software is also available for discrete segmentation of
structures in cross sections, 3D model construction, model
rendering, and animation. This includes Open Source programs,
such as 3D Slicer (Slicer, 2007) and ParaView (Paraview,
2007), that can export models in standard formats used by
popular commercial 3D animation software like 3D Studio
Max and Maya.

For education in particular, the extensive, publicly accessible,
Web-based digital atlases of the Digital Anatomist project
(Structural Informatics Group, 2007) have served as exemplars
of the free, open use of 3D models based on reconstructed sec-
tional anatomy (Bradley et al., 1995). With a similar spirit of
sharing, as promoted in the reusability of learning objects and
their production using Open Source software, anatomists and
their students at many institutions also can benefit from the fur-
ther localized development of anatomical VRLOs.

Advances in computer-based imaging and image processing
continue to drive the transformation of diagnosis, clinical prac-
tice, and research. With increasing collaboration between radi-
ologists and anatomists, health sciences educators can further
exploit the benefits of new, high-resolution clinical systems and
freely available or inexpensive, powerful graphics workstation
software. Using new ‘‘image fusion’’ algorithms like those
available in OsiriX, novel kinds of functional structural simu-
lations can be developed, such as a CT-based 3D body object
showing PET-visualized metabolic tracer uptake by metastases
in thoracic and abdominal organs (Rosset et al., 2006).

The incorporation of structural and functional metadata
in VRLOs also supports the further development of database-
oriented and intelligent (‘‘AI-based’’) applications for anatom-
ical visualization and education. As first indicated by Rosse
(1995; Rosse et al., 1998), the integration of structural visual-
ization with anatomical ontological knowledge provides cru-
cial components for novel applications like intelligent tutor-
ing systems, advanced diagnostic aides, and clinical problem-
solving simulations. Ultimately, anatomical researchers should
be able to incorporate VRLO libraries into systems that can
deliver instructive visualizations based on anatomical reason-
ing and inference from natural language dialogues with users
(Donnelly et al., 2006; Trelease, 2006a).
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