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Abstract

This study focuses on three-dimensional (3D) presentations of medical images such as magnetic resonance (MR) images and computed
tomography (CT) images. Also multimodal presentations of medical images and signals, including different visualization techniques are
considered. A C++ class library together with graphical user interfaces was developed for presenting the results. The implemented software
operates in PC/Windows®™ environment. It was tested with various medical images including raw MR and CT data and segmented images,
and was applied in a hospital environment. The software operates relatively fast and the quality of resulting pictures is adequate for all tested
medical applications. Further applications of 3D presentations in clinical medicine are considered. © 1998 Elsevier Science Ltd. All rights

reserved
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1. Introduction

Modern medical imaging methods, such as magnetic
resonance (MR) imaging and computer tomography (CT)
are capable of producing accurate three-dimensional (3D)
information of the anatomy of the patient. Even if the image
data is obtained in 3D it is usually displayed conventionally
by observing the data slice by slice. However, complicated
anatomical structures are better visualized in 3D mode.

Any voxel based object can be visualized in 3D by apply-
ing ray tracing theories [1,2] and, therefore, medical images
consisting of voxels of different intensities can easily be
displayed. The most used methods for this purpose are for-
ward mapping [1], ray casting [3] and marching cubes [4].
Usually medical images must be preprocessed before visua-
lization in order to separate various tissues and structures.
Such procedure is understood as segmentation [5,6].

3D visualization can be applied in numerous medical
applications to clarify patient anatomy or even to plan sur-
gical operations [7]. Such presentations will probably never
fully replace the conventional displaying methodology, but
will aid in better understanding the structures. For example,
some anatomical structures that cannot be seen in their
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normal state (e.g. fluid filled spaces) can be easily visua-
lized. One way to combine conventional and new displaying
methods would be the integration of 3D surface and section
images by cutting the surface. Such a technique is capable of
producing section images including information of the
surrounding anatomy.

One important application of 3D visualization is to com-
bine different information modalities. For example, electro-
encephalogram (EEG) and MR images can be combined to
present potential field distribution on a 3D surface of the
patient scalp [8]. If a cortical EEG [9] is obtained potential
field can be presented inside the head. Such visualization
can be produced using an appropriate color map to represent
potentials. Particular conductivity models and inverse meth-
ods [10] are capable of producing continuous information of
potential fields inside the head and thorax, which can also be
visualized by combining the use of color maps, 3D recon-
struction, and volume cuts.

Due to the increasing computing capabilities in recent
years the popularity of 3D visualization has increased in
the field of medicine. The number of voxels in a common
MR/CT study varies from 1.5 X 10° to 30 X 10° and, there-
fore, requires huge amounts of memory and processing per-
formance. Also the resolution and color space of displaying
hardware increases the requirements and, therefore, com-
mercial 3D visualization packages usually operate in a
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Fig. 1. The class hierarchy of 3D_OBJECT library.

workstation environment. In this study a parsed class library
for the 3D visualization was developed. In addition, a
simple graphical user interface for PC/Windows environ-
ment was implemented to control the displaying. The soft-
ware is capable of producing all of the aforementioned
graphical presentation modes.

2. Materials and methods

In order to present raw and preprocessed medical images
in 3D a special computer software called Medimag was
developed. It was tested by using various test materials
including several T,-weighted MR image sets of the head
(250 X 250 pixels, 100 slices, produced by a General
Electric 0.5 T MRI unit) and CT image sets of the skull
(512 X 512 pixels, 100 slices, produced by a General
Electric Pro Speed PLUS scanner). Also multimodal images
were created by combining simulated 3D electric fields and
MR images. Simulations were computed using a previously
reported software developed at Ragnar Granit Institute for
epileptic studies [10].

2.1. Object class
The core of the visualization software is the 3D_Object

class library developed particularly for medical
applications. However, it can be used for any voxel based

ey 8

visualization. The class defines several abstract data types
and objects for voxel-based data, 3D surfaces, volume cuts,
coordinates, colors, etc. (Fig. 1):

C_3d_Object is an abstract class for storing information
about the coordinate systems, viewing parameters, and illu-
mination parameters. It forms the basis for the other more
specific classes and defines a common interface for inherited
classes.

C_volume_mesh is an abstract class for storing and hand-
ling voxel based data. The data can include voxels of homo-
genous x- and y-dimensions, and varying z-dimension. In
the structure a voxel is an 8-bit word capable of representing
256 different intensities. Usually the voxels in the CT and
MR images are presented using 16-bit words capable for
presenting 65536 intensities. In spite of that, 256 intensities
are sufficient enough for practical purpose 3D presentation
because only low frequency details are lost when converting
from 16-bit to 8-bit. Further, when segmented images are
used in visualization instead of original MR/CT images
256 intensities are capable in representing 256 different
tissues.

C_polygonized_volume_mesh is a concrete class inher-
ited from C_3d_object and C_volume_mesh for creating a
surface of a voxel based object and for computing surface
normals. The criterion for generating the surface is based on
amplitude segmentation [11] defining the minimum and
maximum intensity of an object voxel. The class includes
the definition of projection planes, voxel dimensions, virtual
camera locations, illumination parameters, surface colors,
volume cuts, filtering, anti-aliasing, etc.

C_cut is a class representing sections which can be imple-
mented on a surface. Three different types of sections have
been inherited from this class: Slice cut (C_xyslice_cut), Pie
cut (C_pie_cut), and Cube cut (C_cube_cut) (Fig. 2). It is
also possible to define what type of information is presented
on a sectioned surface: solid surface, original MR/CT data,
multimodal data using colors, or a combination of original
MR/CT data and multimodal data.

C_image is a class for defining, filtering, and storing
generated 3D images. The images are 24 bit true color bit-
maps in the raw format, which can easily be displayed.
C_image can also be used in combining images by applying
Z-buffering.

Fig. 2. Different section styles: (a) C_xyslice_cut; (b) C_pie_cut; and (c) C_cube_cut. The section parameters can be defined arbitrary.
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S_color is a class for defining color maps that are used in
multimodal imaging. The most commonly used map is the
heated—cooled object spectrum.

C_coordinate is a light-weighted class to present voxel

dimensions.

The following simple pseudo-code clarifies how the

objects and abstract types can be applied:

1. C_IMAGE image(512,512)

2. C_ POLYGONIZED-VOLUME-
MESH
image_data

lower threshold coefficient,

upper threshold coefficient,
pointer to voxel data,
parameters for surface calculation,

voxel dimensions,
pointer to multimodal data,

/fconstructor for a birmap object
//constructor for a 3D surface

//number of voxels in x, y, and z
direction

//lowest intensity representing an
object

//highest intensity representing an
object

pointer to the 8-bit voxel data
//Simple Polygon or Flood Filling
//x-, y-, and z-dimensions of a voxel
//pointer to 8-bit voxel data

pointer to slice thickness vector);  //if the z-dimension of voxels vary

4. C_PIE_CUT cutl(parameters); //define start and end angles, etc.

5. image_data.add(cur 1); //generate pie section

6. image_data.set_colormode //MRI/CT data, multimodal colors,
(parameters for section surfaces);  etc.

7. image_data.set_zoom; //magnification

8. image_data.set_camera; // e.g. location and direction

9. image_data.set_light; /fintensity, direction, light type

10. image_data filtering; //anti-aliasing, oversampling, etc.

11. pvdata.draw(image); //store the produced picture to

“image’’

The 3D_object library was developed using standard
C++ programming language and can, therefore, be
imported into any programming environment supporting
C++.

2.2. Three-dimensional reconstruction

The 3D_object class enables two different implementa-
tions for detect a 3D surface. The simpler one, called simple
polygon method (SPM) applies the basic ray casting theo-
rem [3]: a 3D matrix (e.g. MRI data) representing the mod-
eled object is scanned from all six sides in order to find
surface voxels. The detected voxels are thereafter stored
in a data structure for further processing. SPM operates
perfectly when the modeled object is a convex. However,
cavities and complex structures cannot be detected accu-
rately and, therefore, another surface scanning technique
called flood filling method (FFM) was implemented. The

basic conception of FFM involves a non-recursive 3D
flood filling [11,12] in order to detect and mark all the
“‘empty’” voxels outside the object. FFM does not require
additional memory for surface generation because it
utilizes the same 3D matrix where the voxel data is
stored. The algorithm saves memory by using the voxel
values under nine for its own computation (limits the
original MR/CT voxel values to the range of 10-255).
Thereafter, all the voxels adjacent to ‘‘empty’’ voxels
represent surface voxels. The criteria for determining voxels
representing a particular object was based on threshold
coefficients.

The next step is to compute surface normal vectors for
each surface voxel. That was implemented by applying the
“‘center of gravity’”’ (CG) of a group of surface voxels; A
voxel is surrounded by a small hollow sphere (radius =
1...5 voxels) and the CG is computed for this sphere. A
vector drawn from CG to the voxel represented the surface
normal. The accuracy of the normal vector calculation
depends on the size of the sphere and also on some
additional parameters. As a simple rule, large continuous
surfaces can be processed using a large sphere and small
complex surfaces using a small sphere. However, high fre-
quency noise on a continuous surface can be removed using
a large sphere.

Visualization of the surface voxels was implemented sim-
ply by applying Phong shaded [13] polygons. Z-buffering
[1] was used in the process as a back-face removal algo-
rithm. It also enabled the integration of two different 3D
surfaces for presenting some segmented structures located
partially within each other [Fig. 3(d) and (e)]. The piecewise
definition of the surface color and transparency [Fig. 3(d) and
(f)] enables the visualization of arbitrary multimodal images.

2.3. Software implementation

Medimag software was developed to utilize the 3D-object
library. It involves the visualization of original MR/CT
images, produced 3D images, projection plane, definitions,
definitions of threshold coefficients, etc. Medimag is cap-
able of processing raw and RLE-coded segmented medical
images. The appearance and operation of the software are
presented in Fig. 4.

Medimag uses a simple data format to open MRICT
image sets. Any digital image format can be easily con-
verted to this format consisting of a header and data. The
header contains image stack size (x-, y-, and z-dimensions),
physical dimensions, imaging techniques and projection
planes. Image data itself is stored as a 3D matrix using
8 bits per voxel.

3. Results

Medimag together with the 3D-object library was tested
using several source data and it’s performance, time use,
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Fig. 3. 3D images produced using Medimag. Axial projections of (a) scalp; and (b) skull reconstructed from raw CT images (512 X 512 X 99 voxels). Nasal
cavities and paranasal sinuses (C) were segmented from the same CT set and presented in 3D. A MR set of the head was segmented and visualized by applying
transparency and volume cuts (D,E). (F) Computed cortical EEG is presented as a multimodal image on the surface of the cortex obtained from MR images.

and memory consumption were estimated. All the tests were
performed on a 200 MHz Pentium Pro® based PC,
equipped with a 24 bit color display and 64 MB of RAM.
The processing time requirements are expressed as asymp-
totic notations O(n).

Most of the processing was required by the constructor of
the “‘polygonized volume mesh *’ in order to reconstruct a
3D surface. The time use was comparable to @(x X y X z +
pa X nv), where x, y, and z represent the dimensions of the
source data, pa the number of surface voxels, and nv the
number voxels applied in the surface normal calculation for
each pa. Surface voxels and normals can be stored to a hard
disk and reused, thus decreasing the processing time. In
practice, for a 250 X 250 X 99 MRI set of the human
head the number of surface voxels was 230000 and the
total processing time was 20's. For a 512 X 512 X 100
CT data the processing time was about 2 min. When the
computed surface was read from the disk, the rendering
required 5 s of pre-processing. Other operations, for exam-
ple, volume cuts and displaying a 3D image required only a
few seconds of processing. Without filtering, the displaying
of an image (800 X 800 pixels) required only 1 s of proces-
sing. Storage of the source data consumed most of the mem-
ory and is proportional to @(x X y X z). The memory
requirements of the polygon surface are linearly propor-
tional to the number of surface polygons and the number
of voxels in the sectioned surfaces. In general, at least
32 MB of RAM is recommended (for a 250 X 250 X 100

data set) and the use of virtual memory should be
avoided.

The produced 3D images offer new perspectives to
medical image analysis (sample pictures are presented in
Fig. 3). The multimodal imaging enables powerful visuali-
zation of different types of data, such as integrating poten-
tials and MR images.

4. Discussion

The Medimag software was tested in a hospital environ-
ment where the MR and CT images were produced. Physi-
cians, surgeons, radiologists, and especially neurologists
were interested in using 3D presentations in their clinical
work. Various researchers have reported how surgeons have
applied 3D images in planning operations [7,14] and in
visualizing tumors and other anomalies [15—17]; It is easier
to render anatomical structures from 3D images than from
normal 2D slices. Further, a 3D surface together with
sections is a powerful tool in studying patient anatomy.
Neuroradiologists and neurologists are particularly inter-
ested in visualizing different brain lesions, such as multiple
sclerosis plaques, cerebral infarcts, etc. Transparent 3D
surfaces enable the clear presentation of the lesions
(e.g. lesions caused by cerebral hemorrhages, brain
tumors, and such dementias as Alzheimer’s disease) inside
the head.
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Fig. 4. The Medimag software. Generated 3D images are presented on the main window, which also enables the definition of projection planes, zoom factor,
sections, etc. If the source data consists of raw information the ““MRI/CT Parameters’ window appears and requires threshold coefficients, surface and
background colors, and some additional parameters for displaying. If the source data is preprocessed, i.e. segmented, the *‘display segmented data’ window

appears and asks which tissues should be displayed, etc.

Multimodal visualizations are very useful in neurological
studies; Simulated or measured signals can be presented on
a 3D surface using colors. If the signal consists of multiple
consecutive samples, it can be presented as a continuous
animation. Further, the signals can be visualized on sections
enabling clear presentation of electric fields inside the head.
Such techniques are also important in the presentation of
epileptic foci.

The implemented 3D library is comparable with other
software-based visualization packages due to several prop-
erties, such as that after preprocessing, the image can be
displayed rapidly. The best result thus far on a single pro-
cessor computer is three frames per second (Digital Alpha
600 MHz) even though the software is fully portable and
does not use any hardware specific optimizations. The
rendering algorithm is a combination of pure volume and
polygon surface rendering enabling simple hardware imple-
mentations. However, 3D graphics accelerators could
increase the displaying performance dramatically at a very

low price. Further, concurrent implementation of the render-
ing algorithm is trivial to develop and linearly scaleable.
Another important feature of the library is the ability to
interactively make sections to the 3D surface, and new
section types can be developed.

We have compared the properties and obtained results of
Medimag to three other software-based visualization
packages called Volvis', VolPack®, and VFleet. Volvis
was developed at State University of New York and offers
four different visualization methods: Ray casting, ray tra-
cing, radiosity, marching cubes, and splatting. These con-
ventional visualization techniques are capable of producing
accurate 3D images, but operate slowly and require huge
amount of memory.

Medimag applies only surface voxels instead of all voxels

! http://www.cs.sunysb.edu/~vislab/volvis_home.html
f (http://www-graphics.stanford.edu/software/volpack
* http://www psc.edu/general/software/packages/vfleet/package_docs/
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in visualization procedure and, therefore, operates faster.
This faster approach enables still most of the needed
features, such as volume cuts. Further, the preprocessing
of the surfaces allows for more realistic illumination when
compared to conventional methods. VolPack utilizes the
method of shear-warp and applies also all the object voxels
in visualization, hence its performance is linearly dependent
on the number of voxels. One drawback of VolPack is that
the dimensions of voxels must be regular. VFleet was devel-
oped at the Pittsburgh Supercomputing Center and applies
distributed ray casting. Its performance has been tested* in a
Cray T3D computer including 40 CPUS, demonstrating the
speed of 4 s per frame.

Even if Medimag operates relatively fast, 30 s for pre-
processing is a relatively long time to wait. However, the
performance of computer increases rapidly and it is realistic
to suppose that the processing time will decrease dramati-
cally in the near future by applying multimedia instruction
sets (e.g. MMX® and VIS® technologies) and 3D graphics
accelerators. In the future, this visualization software can be
used in association with various clinical image analysis
methods as automatic or semiautomatic segmentation [5,6].

5. Summary

This study involved the development of a 3D visualiza-
tion software for medical images. The implemented soft-
ware called Medimag includes two separate parts: the 3D
object library and the user interface. The 3D_object library
was developed using C++ language and can be utilized in
3D reconstruction and visualization of voxel based data.
The main purpose of the software was to display multimodal
3D images in which MR/CT images and measured—
simulated electric fields are combined. Further, the software
can be efficiently utilized in presenting medical images in
3D. The implemented 3D library is comparable to other
software-based visualization packages due to several prop-
erties. It operates relatively fast, it is hardware independent,
it has an option to concurrent processing, and it enables
interactive sections to a 3D surface. With the help of the
user interfaces, the properties of the library can be intui-
tively utilized; raw and segmented images can be displayed
and integrated, etc. Medimag was tested in a PC/Windows®
environment using several MR, CT and segmented medical
images. The results appear realistic and the software oper-
ates relatively fast. The testing was performed on a
200 MHz Pentium based computer, equipped with 64 MB
of RAM. Average time required to reconstruct a 3D surface
from MR/CT images varied from 20 s to 2 min depending
on the size of the source data. Thereafter, different projec-
tions and volume cuts required only a few seconds of pro-
cessing. The software was tested in a hospital environment

* http:/www.psc.edu/general/software/packages/vfieet/package_docs/de-
velopment/vfleet_t3d_timings.html

and the results were interesting. For example, multimodal
images enable accurate and clear representation of electric
fields inside the head or thorax. Further, surgeons can apply
3D visualization in displaying patient anatomy and even in
planning surgical operations. The usefulness of Medimag
can be increased towards clinical applications by applying
an appropriate segmentation software.
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