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structures traversed by the needle [127] providing a veri-
fication of, published in vitro studies and also of simula-
tor model output forces, enabling re-evaluation of underly-
ing mathematical models [120]. Ultimately, combination of
visuo-spatial realism in VEs based on patient specific data,
with haptics derived from in vivo studies, will deliver an au-
thentic learning environment to the trainee.

5. Applications and Innovative Projects
5.1. Educational tools

Traditional teaching of human anatomy involves dissection.
The benefits include a spatial understanding which is difficult
to glean from textbook demonstrations. Traditional methods
are now less commonly used, having been largely replaced
by problem-based learning scenarios and pre-dissected spec-
imens. Yet there are developing deficiencies in the anatom-
ical knowledge of today’s medical graduates, and such in-
formation is vital to their future practice in specialties such
as surgery and radiology. A substitute for the traditional, in-
teractive methods exists in the application of virtual envi-
ronments where anatomy can be explored in 3D, providing
new educational tools ranging from three-dimensional in-
teractive anatomical atlases to systems for surgery rehearsal
[128]. The facility to develop these methods has been drawn
from data sets such as the Visible Human Project [129]. The
Visible Human male is around 15 GB and the female 45 GB
in size. There are now a number of Chinese [130] and
Korean [131] variants with up to 1.1 TB of data, yielding
vastly improved image resolution (0.1 mm) but some chal-
lenges for data manipulation and segmentation processes.
The exemplar product in this category is the VOXEL-MAN
family of applications developed by the University of
Hamburg [132], based on the original male data set from the
Visible Human project. Organ relationships, gunshot tracks,
related physiology and histology can be learnt in a highly in-
teractive manner. Anatomical structures can be explored and
labelled, and can be made available in cross-sectional format
[133], segmented, isolated organ structure, or can introduce
functionality, as in the contractility of muscle. Structures can
be removed sequentially, returning to the learning advantages
of traditional dissection. In addition, feedback to the trainee
can be provided as to developing knowledge levels.

5.2. Diagnostic aids

CT and MR scanners can provide 3D data sets of 1000 image
slices or more, but only around 20 to 60 hard copy images can
be displayed on a typical light box. Consequently, thorough
assessment of a complete volume data set requires mental
reconstruction to provide the viewer’s own 3D interpretation
from those relatively few 2D images. Today’s radiologists,
when reporting medical imaging, will generally use a pro-
prietary workstation, with much reporting work based on re-

view of axial images, often using interactive movie scrolling
to rapidly evaluate the multiple slices. Exploring off-axial
(multiplanar) 2D reconstruction can also provide valuable
demonstration of anatomical relationships. Other visualiza-
tion methods can be deployed, such as sliding thin-slab max-
imum intensity projection (STS-MIP) [134], which can be
considered as part way between a 2D slice and a true 3D
view. However, it is the latter that has the significant advan-
tages of being able to present all of the image data to the
clinician at the same time and in an intuitive format. A vol-
ume presentation or a maximum intensity projection, also
allows measurements to be performed in other than the axial
plane.

Moreover, this 3D representation could be significant to a
nonspecialist in radiology, such as a surgeon. The techniques
used are described in Section 3. They allow the clinician to
see the internal structure and the topology of the patient’s
data. Figure 2 is a good example of a volume rendering gen-
erated from a CT data scan showing the relationship between
the confluence of the superior mesenteric, splenic and por-
tal veins with a large tumour. Figure 5 is another interest-
ing example, which was obtained by segmenting and vol-
ume rendering data obtained from a Siemens Sensation 16,
Multidetector Array CT scanner with intravenous contrast
enhancement for maximum arterial opacification The study
was post-processed using a Leonardo workstation with Vessel
View proprietary software. The anatomy depicted is unusual
and shows separate origins of the internal and external carotid
arteries from the aortic arch.

Note that all of the major scanner manufacturers (Philips,
GE, Siemens, etc.) already provide 3D visualization support
and the value of 3D as a diagnostic aid is being demonstrated
with excellent results [135]. Companies such as Voxar (Edin-
burgh, UK) and Vital Images (Plymouth, MA) have been suc-
cessfully marketing 3D volume rendering software technolo-
gies for several years. Such displays are particularly valuable
in the planning of the endoluminal management of aneurysm
where accurate lumen length measurements of the aorta are
required to determine the correct size of endograft needed
for a particular patient’s anatomy. In such cases, the use of
3D representation replaces invasive catheter-based measure-
ment, reducing risk, discomfort and cost. Nevertheless, use
of 3D visualization techniques today is still largely confined
to the workstations in radiology departments.

5.3. Virtual endoscopy

In video or optical endoscopy [136], an endoscope (made
from a fibre optic tube) is inserted into the patient body
through a natural or minimally invasive opening on the body.
It is an invasive process and only a limited number of struc-
tures can be viewed by the camera positioned at the tip of
the endoscope. Virtual Endoscopy (VEnd) is a visualization
technique that provides the same diagnostic information to
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the clinician by creating a 3D model from a medical scan
of the patient. VEnd is not invasive (except for the radia-
tion produced by a CT scan) and enables visualization of any
structure, providing for interactive exploration of the inner
surface of the 3D model while being able to track the posi-
tion of the virtual endoscope. The clinician can also record
a trajectory through the organ for later sessions, and create a
movie to show to other experts.

A disadvantage of VEnd is the lack of texture and colour
of the tissue being examined. However, if VEnd is combined
with other tools to highlight suspicious areas [137,138], the
clinician can have access to additional information during the
diagnostic phase. Other potential limitations of VEnd include
the low resolution of images, the creation of a 3D model can
also be time consuming and the use of 3D software is often
nonintuitive and frustrating. Most of these limitations are
being overcome with higher resolution scanners, improved
3D software and experienced operators.

Clinical studies have shown that VEnd is useful for surgi-
cal planning by generating views that are not observable in
actual endoscopic examination and that it can also be used
as a complementary screening procedure or control exami-
nation in the aftercare of patients [139-142]. Of particular
note are studies that have investigated the effectiveness of
virtual endoscopy [143,144], which augur well for adoption
of this technique. Virtual colonoscopy has received most of
the attention and research effort [145,64] with a recent study
finding that its cost can be up to half of that of standard
colonoscopy [146].

The steps involved in building a VEnd system include: data
acquisition, pre-processing and detailed segmentation, calcu-
lation and smoothing of the path for fly-through animation,
and volume/surface rendering for visualization. Different ap-
proaches to each of these steps address different VEnd appli-
cations such as colonoscopy, bronchoscopy or angiography.
Bartz [64] provides an excellent overview of clinical applica-
tions of VEnd and highlights the current research topics in the
field. With improvements currently being made in the spatial
and temporal resolution of imaging modalities, and new tech-
niques for automated path definitions [147], improved tools
for user orientation during the virtual endoscopy, and im-
proved reconstruction speeds allowing real time fly throughs
at high resolution, VEnd will undoubtedly play an increasing
role in the future of whole body imaging.

5.4. Treatment planning aids

The use of medical imaging and visualization is now perva-
sive within treatment planning systems in medicine. Typically
such systems will include a range of visualization facilities
(e.g. virtual resection [148]), fusion of images, measurement
and analysis planning tools and often facilities for the re-
hearsal of operations and risk analysis. For most image guided

surgery systems (see Section 5.5 for neurosurgery planning),
except for some trauma surgery where surgical planning is
based on intra-operative imaging, surgery is planned pre-
operatively. Treatment planning systems are essential to such
areas as hepato-pancreatic surgery, spinal surgery, maxillofa-
cial surgery, radiotherapy treatment planning, neurosurgery,
etc. Liver surgery planning is one of the most advanced fields
in this area (including use of augmented reality—see Sec-
tion 5.7) and is gaining clinical importance, with examples
of both pre-operative [149,150] and intra-operative systems
[151]. Within orthopaedic surgery planning and navigation,
aids can be classified as CT-based, 2D fluoroscopy based, 3D
fluoroscopy-based and image-free. The special issue of the
Injury journal titled ‘CAOS and the integrated OR’ explains
these approaches and gives details of treatment planning aids
for tibial osteotomy, total hip replacement, spinal surgery,
long bone fractures, anterior cruciate ligament (ACL) recon-
struction, etc. [152]. To date, the focus has been on providing
greater precision when targeting treatment. The next chal-
lenges will be to provide more effective user interfaces [153],
real time systems and to inclusion of functional data.

The benefits of using 3D visualization techniques for radio-
therapy treatment planning have been reported for many years
[154,155]. A well-used technique is called 3D conformal ra-
diation therapy (3DCRT), in which the high-dose region is
conformed to be close to the target volume, thus reducing the
volume of normal tissues receiving a high dose [156]. More
recently, 3DCRT has evolved into intensity modulated ra-
diotherapy treatment (IMRT) of cancer tumours [157] which
relies on a sophisticated visualization planning environment.
In IMRT the tumour is irradiated externally with a number of
radiation beams (typically 5-9). Each beam is shaped so that
it matches the profile of the tumour. The intensity of radiation
is varied across the beam using a multileaf collimator (MLC).
The shape and intensity of the beam is computed by an in-
verse planning optimisation algorithm. The goal of this algo-
rithm is to provide a high radiation dose to the tumour while
sparing normal tissue surrounding it. Particular attention is
paid to reducing radiation to critical organs (e.g. spinal cord,
heart, pituitary glands, etc.). Planning involves visual identi-
fication of tumour(s) and critical organs, selecting the beam
directions and defining the objective function and penalties
for the planning optimisation algorithm. The radiation plan is
then checked by viewing overlays of radiation dose on patient
anatomy and various radiation dose statistics. Revised plans
are produced by adjusting the parameters to the planning op-
timisation algorithm until a satisfactory solution is obtained.
Comparisons of conventional techniques, 3DCRT and IMRT
for different clinical treatments have been made [158] and
verify that the techniques that use 3D visualization do in-
deed reduce dose. Researchers at the University of Hull have
used a virtual environment to further enhance radiotherapy
planning (Figure 6) by producing a full-scale simulation of a
real radiotherapy room used for IMRT with visualization of
patient specific treatment plans displayable in stereo-vision
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