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As three-dimensional displays become more common in
nuclear medicine and radiology, it is important to know
when they should be employed. Selection of the appropri-
ate three-dimensional rendering method requires an un-
derstanding of the techniques and both their advantages
and limitations. This review article is intended to provide
an introduction to three-dimensional rendering techniques.
Methods in surface mapping, surface rendering, and vol-
ume rendering are presented, with discussion of specific
clinical applications in nuclear medicine, computed tomog-
raphy, and magnetic resonance imaging.
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Tomographic imaging is widely employed in medi-
cal imaging including nuclear medicine, computed to-
mography (CT), and magnetic resonance imaging
(MRI). While tomographic studies are usually inter-
preted from images presented as series of slices, there is
increasing interest in presentation of the data in a more
realistic three-dimensional form. These new displays
provide an overview of the many slices in a single image,
and they enhance the perception of spatial relationships.
By providing easily understood, life-like presentations
of the image data, three-dimensional displays aid com-
munication between the imaging specialist, who is
trained in the interpretation of slice data, and the
referring physician who may be uncomfortable in deal-
ing with large numbers of slices.

The obvious and important question of diagnostic
accuracy arises when considering three-dimensional dis-
plays. At this time there are no convincing studies of
this issue in nuclear medicine (with the exception of
bull’s-eye displays in thallium scintigraphy), and careful
evaluation has been performed in only a few CT studies.
Studies using CT have demonstrated that three-dimen-
sional displays can either clarify or obscure diagnostic
information, depending on the clinical application and
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the type of display. Therefore, examinations employing
three-dimensional displays should be interpreted with
caution and in conjunction with the slice data.

Most “three-dimensional displays” are actually two-
dimensional pictures that can be displayed on computer
screens. These pictures contain depth cues that allow
us to interpret the image contents as three-dimensional
objects. The term “rendering” is employed for the proc-
ess of converting the three-dimensional image data into
a viewable form; typically, the rendered images repre-
sent condensed versions of the original data. Several
forms of three-dimensional rendering are available, and
an appropriate technique must be chosen to preserve
the diagnostic information in the final image.

With the increasing availability of powerful com-
puters and the proliferation of single-photon emission
computed-tomography (SPECT) and positron emission
tomography (PET), this is a favorable time for further
development of three-dimensional techniques in nu-
clear medicine. In this paper, current display methods
will be reviewed with emphasis on work in nuclear
medicine.

METHODS

Display Techniques

Many types of three-dimensional displays have been
developed; the most common forms are listed in Table
1 and discussed below.

Slice Display. The simplest and most common three-
dimensional technique is display of multiple transverse
slices, perhaps with the presentation of sagittal and
coronal slices as well. This form of display has the
advantage that all of the data are present in unmodified
form, but great demands are placed on the viewer for
integration of the image information.

Two-dimensional Mapping. When the data approxi-
mate a curved surface, a direct mapping can be con-
structed from the curved surface to a flat image, as is
done in cartography. This technique has been applied
extensively in myocardial imaging where the thin myo-
cardium can be considered to be a surface.

Surface Rendering. Surface rendering is a “binary”
operation in which the first step is to examine each
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TABLE 1
Types of Three-Dimensional Displays

Display type Subcategories Major applications
Slice display Orthogonal slices Any tomographic imaging
Oblique slices Cardiac SPECT, Cardiac MR
Mapping Bull's-eye Cardiac SPECT
Cylindrical display Cardiac SPECT
Three-dimensional rendering Surface rendering Polygon tiling Computer-aided design {in-

Volume rendering

dustrial), radiation therapy
planning, cardiac SPECT,
medical surface modeling
Cardiac SPECT, bone CT,
brain and heart MR
Simulation of planar images
from slice data
Bone, gallium, and biood-

Binary voxel ren-
dering (cuberille}
Summed projection

Maximum activity

projection pool scintigraphy, MR an-
giography
Volumetric com- Bone and soft-tissue CT,
positing brain MR, and radiation
therapy planning

voxel (i.e., three-dimensional pixel) in the image and
decide whether it is inside or outside of the objects being
imaged. All other information in the image is typically
discarded. Depth cues may then be added as described
below; frequently illumination serves as the primary
depth cue. Two subcategories of surface rendering exist:
the surface can be approximated using many smail
triangles or rectangles, leading to a wire mesh appear-
ance and referred to as polygon tiling; surface rendering
methods that use a uniform matrix of cubic voxels
rather than polygon tiling have been called cuberille or
binary voxel techniques (7). In either case, the resulting
image contains only object surfaces. Optionally, func-
tional information may then be mapped onto the sur-
face for display purposes. Care must be taken to distin-
guish these binary algorithms from volume rendering
of surfaces (discussed in the section on volumetric
compositing).

The process of dividing an image into its component
parts is referred to as image segmentation. Threshold-
ing, gradient-based edge detection, and manual drawing
of regions have been employed in segmentation of both
two- and three-dimensional images. Image segmenta-
tion can be both advantageous and detrimental in three-
dimensional display. Image segmentation permits dis-
play of object surfaces and facilitates calculation of the
volumes of objects in the image, such as cardiac cham-
ber volumes for ejection fraction calculation. However,
inaccuracies in the segmentation process, sometimes
caused by use of inappropriate thresholds, can cause
major errors in the rendered images. Objects near the
threshold (such as ribs and other thin objects affected
by the partial volume effect) may become discontin-
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uous, leading to creation of artifactual surfaces. The
image may contain voxels whose classification is uncer-
tain, either because of blur or partial volume effect, or
because the tissues are indistinguishable using a partic-
ular imaging modality. Binary segmentation forces vox-
els into categories, with arbitrary classification of am-
biguous voxels; the rendered image no longer conveys
the uncertainty present in the image data.

The major advantages of surface rendering are com-
putational efficiency and ease of implementation. In
addition, surface rendering is ideal for applications
based entirely upon geometry, such as animation or
industrial applications employing solid modeling. The
greatest disadvantage of this technique in medical im-
aging is that all information about the interior of objects
is discarded. In nuclear medicine, diagnostic informa-
tion is only infrequently contained along organ surfaces.
In addition, inaccuracies in the segmentation process
can introduce misleading information into the rendered
images.

Volume Rendering. Volume rendering techniques do
not employ segmentation as the primary step; instead,
image information from the whole volume of data is
combined along rays to form a rendered projection
image (Fig. 1). Various ways of combining information
have been proposed, and each results in a different type
of image.

Summing the image data along rays through the
three-dimensional data set onto the viewing plane
(summed projection) produces images very similar to
planar images. This technique has been used in x-ray
CT, SPECT (2, 3), and tomographic light microscopy
(4). These images can aid in observer orientation when
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FIGURE 1

Following tomographic reconstruction, transverse slices are
stacked to form a cube. Intensity information from voxels
along rays passing though the cube are combined and piaced
in the corresponding pixel in the rendered two-dimensional

image.

interpreting the tomographic data, but much of the
enhanced contrast gained by use of tomography is lost
when summed projection is employed (5) (Fig. 2).
Choosing the maximum voxel value along rays (max-
imum activity projection) rather than the sum of voxel
values is appropriate when the most intense objects in
the image are the objects of greatest interest in the
diagnostic study. As illumination is not employed, other
depth cues need to be utilized to convey a three-dimen-
sional effect. Depth weighting can be added using sim-
ulated exponential attenuation before finding the max-
imum voxel, thus leading to the following equation:

lx.y = N[I e Dx,y.z (l)
where | is the rendered image, D is the n X n X n cube
of data, u, is the attenuation coefficient, and M is the
maximum operator used to choose the greatest value
along the ray undergoing reprojection. Since attenua-
tion is used to enhance the three-dimensional effect,
realistic gamma-ray attenuation values need not be
used. Typically, attenuation coefficients of 0.024 to
0.049 cm™! are used in nuclear medicine studies.

Rendering the study from 32 to 64 angles about the
patient and displaying the rendered images in continu-
ous cine format provides the illusion of rotation, thus

FIGURE 2

Bone scintigraphy in a patient with spondylolisthesis at L5
following trauma: (left) raw projection image from SPECT
acquisition; {center) image following reconstruction and
summed projection; (right) same image, utilizing maxirnum
activity projection. The lesion is more clearly seen following
maximum activity projection that in the other two images.
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allowing the viewer to easily distinguish anterior fro;

posterior structures. Depth-weighted maximum activi;

projection has been proposed by us for use in “ho:

spot” imaging in nuclear medicine (5-7), and it ha

been used in MRI angiography (8, 9). In many scint:

graphic imaging applications, maximum activity prc
jection incorporates the best features of both the slic.
display and planar images. Object contrast in image.
produced using maximum activity projection is supe-
rior to that observed in summed projection (Fig. 2) and
is similar to the high contrast present in tomographic
slices (5). This display is superior to both planar and
slice images in facilitating orientation in three dimen-
sions and aiding in appreciation of structural relation-
ships.

Transparent objects and images of surfaces can be
produced by volume rendering using a technique some-
times referred to as “volumetric compositing”; several
variations of this algorithm have been developed (10,
11). In these techniques, each voxel in the image is
assigned a color (C;) and an opacity («). The opacity
parameter determines how much of the color from
voxels in back is transmitted through to the viewer (Fig.
3).

If the voxels are thought of as luminous objects with
a color C,, and colors are accumulated from back to
front, the color emitted (C,.,) from the ith voxel would
be:

Couw = G + (I — &)Cin. (2)

For example, in a CT image, voxels could be classified
based on Hounsfield number, assigning opaque/white
to voxels having a bone density, translucent/red to soft
tissue, etc. Note that voxels having an intermediate
density are assigned intermediate opacities/colors; this
assignment method represents a major difference from
the binary algorithms described above, leading to re-
duction of errors due to mis-classification compared to
the binary method. Surfaces can be depicted by modi-
fying both opacity and color based on gradients in the
image such that only edges will have the highest value
permitted to a given tissue, and by using a simulated
light source to modulate the intensity of C; (10). For
luminous objects (Equation 2), the opacity does not
affect the color (C)) originating in a given voxel. When

FIGURE 3

Light emitted by voxels at the rear of the image passes into
voxel (C) and is diminished due to the voxel opacity (a;); this
light then is combined with the light emitted by the voxel (C)
to form the emitted light (C...). The same process is repeated
for each voxel, moving from the back to the front of the image
cube.
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Jumination is used, the opacity should affect C;, as
ransparent objects do not reflect light well. Thus, a
nodified form of the above equation is used when
iighting is employed:

Cout = aiCi + (l - ai)Cim (3)

The main advantages of volumetric compositing are
that very life-like renderings can be produced that por-
tray multiple tissue types simultaneously and that image
inaccuracies due to minor segmentation errors and
aliasing are reduced. Unfortunately, the technique is
much more computationally intensive than either the
binary algorithms or the simpler projection techniques
described above. There are many parameters that must
be adjusted in order to optimize the quality of the
rendered image. Perhaps most importantly, one must
ensure that the features of the original image needed
for diagnosis are well portrayed in the rendered image;
display of illuminated surfaces is of little use when the
diagnostically useful information is manifested as slight
variations within organs that are not shown on the
rendered images.

Depth Cues. When producing three-dimensional ren-
derings, several forms of depth cues can be added during
image generation to give the illusion of a third dimen-
sion {Table 2). These depth cues can be applied in
various combinations to the rendering techniques de-
scribed above (e.g., a polygon tiled surface could be
produced using hidden surface removal, depth weight-
ing, and illumination as depth cues).

Stereoscopic displays present each eye with a slightly
different image; the visual system combines these im-
ages and adds the perception of depth. Although in
limited use currently, stereoscopic images have been
available in conventional chest radiography since 1907
(12, 13) and the technique has been available in neu-
roradiology for three decades (14-16). Applications in
nuclear medicine have also been explored (3, 17). Re-
cent advances in liquid crystal technology and polarized
displays facilitate viewing of stereoscopic images from
digital workstations.

Hidden surface removal refers to the erasure of por-
tions of surfaces from the image when they are behind
other objects. This technique attempts to model one
aspect of everyday viewing of real objects. While hidden
surface removal appears simple, two crucial questions
must be addressed: (1) What are the objects and their
associated surfaces in the image, and how can they be

TABLE 2
Types of Depth Cues

Stereoscopic display
Hidden line/surface removal
Depth weighting
llumination

Rotation
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defined? (2) Are objects completely opaque, or are they
translucent (e.g., multicolored jello)?

When depth coding or distance weighting is applied,
distant objects become fainter or less intense than closer
objects. This phenomenon is similar to the attenuation
present in planar scintigraphy: for example, posterior
rib lesions are easily distinguished from anterior ones
in bone scintigraphy because of attenuation. Early ap-
plications of three-dimensional surface display in ra-
diology utilized depth weighting and hidden object re-
moval as the only depth cues. As is evident in Figure 4
(left). most fine surface detail is lost with this technique
because slight variations in depth from irregularities on
object surfaces are small in comparison to the total
anterior-posterior extent of the image.

Subsequent work in three-dimensional display uti-
lized illumination to accentuate surface detail (I8).
When illuminated from the side, vanations in a surface
produce a pattern of shadows and highlights in the
image (Fig. 4 right), which we interpret to be changes
in surface contour based on our experience with real
objects. The process of simulated illumination is shown
in Fig. 5.

Simulated rotation through use of cine loops provides
an even greater three-dimensional effect. Additionally,
rotation allows interpretation from multiple angles, fre-
quently revealing details that were hidden on a single
projection. If rotation is utilized and objects are not
opaque, depth weighting must also be employed to
avoid visual confusion regarding the direction of rota-
tion (19). The viewing plane can be rotated either by
tracing rays obliquely through the cube of data or by
rotating the entire cube and then tracing along columns.

Data Representation

Wire Frame/Polygon. Much of the early work in
segmentation rendering of medical images involved
conversion of the edge information to a wire frame
surface composed of multiple polygons. These polygons
then can be shaded using standard illumination algo-
rithms (/8). This type of three-dimensional represen-
tation is still used extensively for other applications in
computer graphics, and image workstations are fre-

FIGURE 4

Surface rendering of the skull of a normal child, derived from
CT data. The effect of different depth cues: (left) depth weight-
ing only; (right} illumination and depth weighting. (lliustration
courtesy of M. Vannier, MD.)
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Simulated illumination: After selection of a viewing direction
and a light source position, portions of the object can be
designated as being hidden from view (H) or in compiete
shadow (S). For the remaining portions of the object, normals
(N) perpendicular to the object are computed (B). These
normal vectors can be generated from gradients in the original
data set or from the contours of the detected edges. Incident
light (arrows) preferentially bounces off the object at an angle
with respect to the surface normal. Lesser amounts of light
refiect at other angles (shorter dotted lines) depending on the
characteristics assigned to the surface. If desired, a compo-
nent of diffuse lighting can be added to partially illuminate
those portions of the object in complete shadow. Unless
stereoscopic images are being generated, a viewing plane
{parallel rays) is usually used rather than a viewing point
{perspective viewing).

quently rated by the number of polygons/second that
can be shaded and displayed.

Z-buffer. Rather than converting from voxel edges to
polygons, the data can be left in voxel form, recording
only the depth into the cube of edge voxels belonging
to the object at each point. Gradients can then be
computed from the depth or “Z-buffer” information
alone, by examining a 3 X 3 neighborhood around each
point to determine surface direction (20). This method
is quite fast, but results in coarser illumination than
other methods because the number of possible surface
directions is limited by the size of the voxels. Inaccu-
racies may also result at edges of overlapping structures.

Octree. An alternate compact method of storing edge
information is in an octree (2/). The cube containing
the segmented objects can be divided into octants
(three-dimensional quadrants). If the contents of an
octant is nonuniform, it is subdivided further; if it is
uniform (either object or background), it is given the
corresponding value and not further divided._ This
method permits rapid traversal through the data when
performing rendering. Similar to the methods above,
only edge information is retained in this representation.

Cube of Voxels. Slices are the most basic form of
data representation for tomographic data. These slices
can be stacked together in the computer to form a cube.
The volume rendering algorithms require that the image
data remain in this format so that all grey scale infor-
mation is available during the image rendering process.

When tomographic slices are acquired, the inter-slice
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spacing is not always the same as the pixel size withir.
slices; this results in voxels that are rectangular solids
rather than cubes. For purposes of ray tracing, illumi.
pation, and rotation, it is more convenient to first
interpolate the data so that voxels have the same size
in all dimensions. Most commonly, linear or trilinear
interpolation is utilized. Other alternatives include
nearest neighbor interpolation (which yields a coarser
image) and frequency domain interpolation (which is
more computationally expensive). When interpolation
is performed on images that have already been seg-
mented into objects and edges, it is possible to perform
shape-based interpolation (22) to connect edges in the
image.

When axial sampling is relatively coarse, an addi-
tional consideration arises—the partial volume effect
arising from under-sampling. For example, in positron
tomography the heart may be encompassed by as few
as four or five widely spaced slices. Thus, there is a
danger of axial undersampling leading to potentially
significant artifacts caused by aliasing. Recent analyses
indicate that slice spacing should not be greater than
one-half the resolution expressed as the axial full-width
at half-maximum (23). For typical PET tomographs,
this leads to the requirement for at least 14 slices over
80-100 mm. If cardiac image data are collected without
electrocardiographic gating, as is usually the case, the
motion blurring will worsen the effective axial resolu-
tion, thus relaxing the sampling requirement. Visually
satisfactory results with ungated images of the heart
have been obtained with a 7-slice tomograph (24).

Computer and Display Requirements

Three-dimensional display places heavy demands on
storage, processing, and display equipment. A typical
SPECT study is acquired as a series of 64 transaxial
slices each with a 64 X 64 pixel matrix of two-byte
words. Thus, one-half megabyte of disk storage is re-
quired. If 128 X 128 images are required, the complete
image cube will be eight times larger, thus using four
megabytes of disk space. A gated cardiac blood-pool
study will usually consist of 16 time frames generating
a total of 4-8 megabytes of data, depending on whether
byte mode or word mode is employed. Although these
numbers are large, they are within the capabilities of
modern magnetic disks, and long-term storage can be
accomplished using optical disks or helical 8-mm tape
cartridges.

Computer memory is, perhaps, a more critical issue.
Most three-dimensional display algorithms deal with
the entire cube of image data at one time. Thus, one-
half or, preferably, one megabyte of data should be
stored in computer memory. The older 16-bit com-
puters that are still widely employed in nuclear medi-
cine cannot effectively access more than one-sixteenth
of a megabyte of data, thus hindering implementation
of the newer display algorithms. For this reason, more
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than because of differences in speed, the newer 32-bit
machines are important to the application of modern
three-dimensional display methods. With careful pro-
gramming, three-dimensional reconstruction has also
been implemented on IBM PC/AT class machines (25).

Rotation of three-dimensional image cubes and ray
tracing are the primary computational algorithms in
most three-dimensional display techniques; reconstruc-
tion by filtered backprojection and digital filtering are
important as precursors to the three-dimensional ren-
dering. Measurements in our laboratory reveal that
oblique rotation with interpolation of a 64 X 64 x 64
voxel image cube requires approximately 160 sec on a
microVAX II (Digital Equipment Corp., Maynard,
MA), a 32-bit computer running at 0.9 MIPS (million
instructions per second). Use of an array processor
reduces the time to 2-4 sec. Ray tracing requires 4.4
sec on the microVAX II and 0.2 sec on the array
processor. Thus, the array processor is an important
component of an efficient system for three-dimensional
rendering as it is for backprojection reconstruction of
SPECT data. In the near future, reduced instruction set
(RISC) desktop workstations and RISC math coproces-
sors should be available that run at speeds of 10-25
MIPS or more. These powerful but low-cost machines
with 10-30 times the speed of a microVAX II should
reduce the computation times dramatically without the
cost and programming inconvenience of the array pro-
Cessor.

The final hardware component of a three-dimen-
sional display system, the video display, is readily avail-
able. All modern displays have the capacity to display
at least a 512 X 512 pixel image with 256 colors or gray
levels. The most demanding aspect of nuclear medicine
display is the rapid presentation of images in cine form,
with zooming of the (relatively small) images up to full
screen size. Paradoxically, older frame buffer systems
with hardware support for image zoom and cine display
may have some advantages over the newer workstations
which have general-purpose display systems and lack
these hardware features.

CLINICAL APPLICATIONS IN NUCLEAR
MEDICINE
“Hot Spot” Imaging

Bone and gallium scintigraphy, liver blood-pool im-
aging (for hemangioma detection), and monoclonal
antibody studies principally involve detection of “hot
spots.” These studies have several characteristics in
common:

1. There can be wide variation of activity in both
normal and abnormal areas.

2. Variations of activity within organs contain diag-
nostic information and are important to preserve
in a rendered image.
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3. Surface detail of organs is relatively unimportant,
and subtle surface variation is lost due to resolu-
tion and noise limitations.

4. The most intense areas of uptake contain the most
diagnostic information.

The first two characteristics make it difficult to use
thresholding as an effective tool in image segmentation,
thus limiting the use of any of the binary surface
rendering techniques. The second and third character-
istics make surface images inappropriate, whether pro-
duced by surface rendering or volume techniques. The
last characteristic suggests that when low-activity and
high-activity structures overlap in an image, the higher
activity structure should be depicted. Thus, volume
rendering utilizing maximume-activity projection is
likely to be most appropriate for use in these studies
(6). Summed projection has also been proposed for use
in nuclear medicine (2, 3), but that technique results in
loss of image contrast compared t0 maximum activity
projection (5).

Typical bone and biood-pool images produced with
depth-weighted maximum activity projection are
shown in Figure 6. A cine sequence of volume rendered
images can be produced in less than 4 min from the
reconstructed slices using either an array processor,
workstation, or high-end personal computer. Volume
rendering, employed routinely in our clinic for almost
two years, has been found to be valuable in the inter-
pretation of clinical SPECT and PET studies.

Cardiac Imaging

Perhaps the most widespread and successful appli-
cations of three-dimensional displays have been in car-
diac imaging. Three areas will be considered here: myo-
cardial imaging, display of physiologic information
(functional imaging), and gated blood-pool studies.

FIGURE 6

Volume rendering in “hot spot” imaging. (Top) hepatic blood-
pool study demonstrating a small hemangioma at the dome
of the liver. (Bottom) normal bone scintigraphy. Images were
produced from several angles using depth-weighted maximum
activity projection.
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Fundamental to all cardiac display methods is the
fact that the heart sits obliquely in the chest. Thus, the
conventional slice images generated in transaxial, cor-
onal and sagittal planes are not well suited to the
orientation of the heart. Thus, the first step in all three-
dimensional displays of the heart is rotation of the
image data so the long axis of the left ventricle is along
one of the primary axes. The resulting short- and long-
axis slices will be oriented in a standardized way with
no walls imaged tangentially.

Perfusion Imaging. The polar, or bull’s-eye, display-
has achieved great popularity in thallium-201 myocar-
dial imaging (26, 27), and its diagnostic utility has been
validated in a multicenter trial (28). In this display
method, 10 or more short-axis slices are arranged as
expanding concentric rings with the apex at the center
and the base of the heart at the periphery. The activity
in each segment of each ring is determined by a radial
search of each short axis slice. In this display, the
positions of the myocardial segments will be standard-
ized between patients. Thus, quantification is possible
with comparison of normal values between different
patients. At least two methods of performing the radial
search are in use. The simplest technique involves de-
termination of the most intense pixel along each of 64
radials from the ventricular center for each short-axis
slice. In a more complicated but potentially more ac-
curate method, the thickness of the myocardium is
taken into account by averaging the activity within a
small radial ring for each radial sector (29).

The conventional bull’s-eye display suffers from
uncertainty about the activity at the apex. Since radial
searches are performed along each short-axis slice, the
exact position and activity of the apex is uncertain
because that region is crossed tangentially. Some work-
ers have not attempted to assign an activity value at the
apex, while others have interpolated values obtained
from a long-axis slice through the apex. More recently
a modification of the bull’s-eye has been proposed that
addresses the apical problem by searching radially in
three dimensions rather than in two dimensions along
each short-axis slice (24). In this method, the entire
three-dimensional cube of image data is held in the
computer memory. The radial searching is then per-
formed in all directions radially from the ventricular
center. Thus, the apex is evaluated with an approxi-
mately normally-directed searching vector in the same
way as all the other walls (Fig. 7, upper left). An
alternative to the full three-dimensional method is to
model the left ventricle as a cylinder with a hemispher-
ical cap (30). Searching is then performed radially in
two dimensions on the short axis slices in the basal and
mid-portions of the ventricle and in a three-dimensional
way at the apical cap. As an alternate to polar displays,
the cardiac perfusion data can be displayed in a cylin-
drical projection (Fig. 7, lower left) (24). This is analo-
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gous to the Mercator projection used in cartography;, i:
which the Earth is viewed from the side.

Bull’s-eye and cylindrical projections distort the hear
just as the polar and Mercator projections distort th
Earth. One approach to the problem in the bull’s-ey
display 1s to change the area of each concentric short-
axis ring as the bull’s-eye image is created so the true
myocardial areas are retained (30, 31). More elaborate
techniques employed in map making to reduce the
effect of distortion have not been evaluated in nuclear
medicine.

The simplest way to address the distortion of the
heart is through a surface display. This method can be
thought of as viewing the heart as if it were held up in
front of the observer. Since only one side of the heart
can be seen at a time, the heart can be rotated about its
long axis to produce a cine display of the undistorted
myocardium at all angles. Two methods of surface
display of myocardial data have been reported. In one
technique, the myocardium is viewed as a shining sur-
face with an external, computer-simulated light source
illuminating the heart to enhance the three-dimensional
effect (32). While the visual appearance is pleasing, the
information about the regional distribution of radioac-
tivity in the myocardium is lost. Typically, a threshold
will be set: above a certain value the myocardium will
be present, below the value there will be a void. Thus,
the resulting image 1s very dependent on the threshold
chosen (33).

An alternative method that preserves the radioactiv-
ity information and eliminates uncertainties associated
with a threshold is to render the surface in a color or
gray scale indicating the activity in each region. Activity
can be displayed on either the detected myocardial
surface (Fig. 7, right images} (24) or it can be mapped
onto a standard ellipsoid (30, 34). In the former case,
the maximum activity in the wall is used to define a
myocardial surface, thus treating the myocardium as
an infinitely thin shell. This assumption appears to be
justified since variations in radioactivity within the
thickness of the wall cannot be detected because of the
limited spatial resolution of the gamma camera. Al-
though a reflecting light source cannot be employed,
the three-dimensional effect is preserved through inten-
sity weighting with depth and through the three-dimen-
sional quality added by rotation.

Functional Imaging. Myocardial imaging is not lim-
ited to display of the regional distribution of radioactiv-
ity. Functional images of important biochemical and
dynamic parameters can also be displayed. Recently, a
monoexponential fitting procedure was applied to vox-
els in serial myocardial images obtained with carbon-
11-labeled acetate to determine the rate of myocardial
oxygen consumption in units of umol/g/min (35).
These functional images were then processed using the
same three-dimensional display techniques previously
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FIGURE 7

Rubidium-82 PET myocardial perfusion study in a patient with
an antero-apical infarction. The bull’'s-eye display, with the
apex at the center, is shown in the upper left image. A surface
display with viewing of the heart from the side (apex oriented
inferiorly) is shown in the upper right image. A Mercator display
is shown on the lower left. A surface display after 50%
thresholding, to allow view of the opposing wall through the
defect, is shown on the lower right.

developed for myocardial images of radioactivity. An-
other investigator (36) developed a functional display
derived from SPECT gated blood-pool studies in which
the coloring of the blood-pool surface represents the
degree of regional wall motion (Fig. 8).

Gated Blood-Pool Studies. The simplest approach to
three-dimensional display of gated blood-pool studies,
first described a decade ago, is a cine display of gated
transaxial slices (37). The only significant technical
requirements are the ability to acquire an 8- or 36-
frame gated study at each angle as the SPECT camera
rotates and the software to resort the data before recon-
struction of the transaxial slices for each time frame.

FIGURE 8

Image of the blood-pool surface from a gated SPECT blood-
pool study. The color coding of the surface repregents the
degree of motion of the biood poot during the cardiac cycle.
(lustration courtesy of Tracy L. Faber, PhD.)
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Display then consists simply of cine loops for each
desired slice level (Fig. 9. upper images). This method,
now being applied to gated CT and MR (38), has not
become popular in nuclear medicine. The principal
reason may be that the slice displays do not represent
readily comprehensible three-dimensional information.
The conventional two-dimensional method with acqui-
sition and display at three or more angles is technically
less demanding and the image information is much
easier to assimilate.

The next logical step in the display of tomographic
blood-pool studies was presentation of the gated slices
in long- and short-axis orientations (39-43). While this
approach has the advantages described above related to
display in the coordinate system of the heart, interpre-
tation of large numbers of beating slices is still cumber-
some. This improvement also has not become popular,
especially in view of the relative ease of acquisition and
interpretation of planar studies.

The third important step in development of three-
dimensional displays of gated blood-pool images was
development of surface rendering techniques (24, 36,
44). Here, the margin of the cardiac blood pool is
considered to be a surface. Following detection of this
boundary by simple thresholding or more elaborate
methods, standard surface rendering techniques are
applied to produce rotating, three-dimensional images.
This display method has achieved a degree of popular-
ity, largely because of the availability of commercial
software. While the technique is relatively easy to im-
plement, there are two major problems. First, the
boundary of the blood pool must be accurately deter-
mined. When thresholding is employed, the ventricles
can be made to look either too small or very dilated by
selection of a threshold that is, respectively, either too

N X

END-DIASTOLE END-5

FIGURE 9

The upper images show end-diastolic and end-systolic trans-
axial slices at the mid-ventricuiar level from a tomographic
gated blood-pool study of patient with anterior myocardial
infarction. The lower images show the same study in the left
anterior oblique orientation rendered with maximum activity
projection.
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high or too low (6). The second difficulty involves the
partial volume effect. A very small ventricle at end-
systole may actually seem to disappear because the
blood-pool counts will drop due to volume averaging,
causing the activity to fall below the fixed boundary
threshold. More elaborate edge detection algorithms
substantially reduce both these problems.

Recently, the maximum activity projection method
of rendering has been applied to gated blood-pool stud-
ies employing labeled red blood cells in both SPECT
and PET imaging (7). In this rendering technique, the
problems associated with detection of the blood-pool
boundary do not arise because boundary detection is
not performed prior to display. Although the true sur-
face is not displayed, the rotating cine presentation
shows the blood pool boundary in a manner similar to
that of planar gated imaging, with the advantages that
many viewing angles are available and that contrast is
enhanced (Fig. 9, lower images). While artifacts due to
the partial volume effect can still arise, they are less of
a problem with depth-weighted maximum activity be-
cause no thresholding is employed.

With all the techniques described above, digital “car-
diac surgery” can be performed. It is relatively easy to
digitally remove activity within any desired chamber
and display the resuiting data. For example, the right
atrium can be digitally removed, leaving the right ven-
tricle to be viewed or quantified without the overlapping
atrium. In the right lateral position, the true anterior
wall of the left ventricle can be seen after digital removal
of the overlapping right ventricle.

imaging of Other Organs

When imaging is performed to detect areas of de-
creased uptake, the volume rendering technique of
maximum activity projection should not be utilized.
For exampie, in renal cortical imaging, scintigraphy is
performed to identify areas of decreased uptake caused
by renal scarring. Such defects would be obscured by
maximum activity projection. Because these scars are
frequently located on the surface of the kidney, it is
more appropriate to use one of the surface display
techniques. Examples of normal and abnormal kidneys
using a thresholded surface display are shown in Figure
10. If surface displays are employed, it is useful to be
able to interactively manipulate cut planes through the
rendered image to visualize interior organ strutture
(45).

The brain provides a greater challenge for three-
dimensional display, because areas of both increased
and decreased uptake are of interest to the viewer. Some
investigators have applied bull’s-eye displays to the
brain, utilizing either counts from a thin rim along the
outer margin of the brain which is between two fitted
ellipses (46) or maximal counts radially (47). Thresh-
olded surface displays (48), maximum activity projec-
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FIGURE 10

Surface display of the kidneys based on SPECT image:
obtained following administration of **™Tc-glucoheptonate
Rendering has been performed from both anterior and pos-
terior views using the ANALYZE image processing package
developed at the Mayo Clinic. The left kidney shows cortical
defects from previous infections. (llustration courtesy of John
Keyes, Jr., MD.)

tion, and volumetric compositing have also been ap-
plied to the brain, and investigators have mapped sur-
face activity onto MR images, as described below. While
all of these techniques are useful orientation aides dur-
ing study interpretation, analysis directly from sagittal,
coronal, and transverse slices may still be best for
detection of abnormalities.

Clinical Applications Outside of Nuclear Medicine

CT of Craniofacial Deformities. An important clini-
cal application of three-dimensional display has been
developed by Vannier and colleagues at Washington
University (49). They generate surface images of the
face and skull from high-resolution CT scans. Plastic
surgeons use these realistic images as an aid in planning
and performing reconstructive surgery in patients with
complex craniofacial deformities. This group has per-
formed a careful investigation of the clinical utility of
three-dimensional displays (50, 57). The investigators
compared several display techniques in the evaluation
of craniosynostosis, using a combination of radiologic
and surgical findings as the gold standard. A compari-
son was performed of plain radiographs, CT slices,
three-dimensional surface images with depth cues only,
three-dimensional surface images with shading from
simulated illumination, and three-dimensional volume-
rendered images using a form of volumetric composit-
ing (two of these techniques are illustrated in Fig. 4).
Using ROC (receiver operating characteristic) analysis,
the illuminated surface technique was found to give the
best results, closely followed by volume rendering. Sur-
face rendering with depth cues only performed the
worst, and the standard techniques (radiographs and
CT slices) were intermediate.

Other CT Applications. Reported applications of
three-dimensional display in CT have included evalua-
tion of shoulder pathology (52), hip fractures (53),
imaging of the lung bronchial tree (54), and even im-
aging of an Egyptian mummy (55). Use of rendered
images for quantitative measurements has been evalu-
ated both for CT (56, 57) and MR images (57); results
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uggest that measurement inaccuracies are present but
clatively small. Several evaluations of three-dimen-
ional displays have suggested that they are of use only
n selected circumstances. Three-dimensional rendering
was assessed in the evaluation of ankle fractures; while
the rendered images were useful in surgical planning,
investigators found that slices provided superior ana-
tomic detail and information regarding the fractures
(58). A retrospective review of the use of three-dimen-
sional displays suggested that surface images are useful
in evaluating the bony structure of the spine and other
bone structures, but not in the investigation of sof-
tissue alterations (59). A small controlled prospective
study in the assessment of lung tumors showed that
surface displays resulted in a slight gain in the assess-
ment of arterial involvement compared to analysis of
slices but with a dramatic loss of sensitivity in assess-
ment of bronchial involvement (60). Thus, although
most modern CT scanners have the ability to produce
three-dimensional images, it is not always appropriate
to rely on such displays for diagnostic purposes; one
needs to be aware of how the images are generated and
their resulting limitations.

MRI of the Hear:. Three-dimensional surface dis-
plays have been used in the evaluation of congenital
heart disease. Using gated MRI, Vannier et al. produced
images clearly depicting the size and location of intra-
cardiac defects (Fig. 11). These images were felt to be
useful in the planning of reparative surgery (61, 62).

MRI Cerebral Angiography. Cerebral angiograms can
be produced using MR by applying a gradient-echo
technique (8, 9). Subsequent rendering using maximum
activity projection produces images similar to that ob-
tained from intra-arterial digital subtraction angiogra-
phy. While this technique may not replace more inva-
sive angiographic techniques, the authors found it use-
ful in evaluating relationship of vessels to tumors and

FIGURE 11

Surface rendering was performed on MR images of the heart
from a patient with levo-transposition of the great vessgis and
a ventriculoseptal defect (VSD). From this caudocranial per-
spective, the four main cardiac chambers (RA, RV, LA, and
LV) are visible. The VSD is visable, as are the Iefk puimonary
vein (LPV) and descending aorta (DAQ). (lllustration courtesy
of M. Vannier, MD.)
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in the identification of intracranial aneurisms and large-
vessel occlusive cerebrovascular disease.

MRI Seizure Evaluation. In the surgical treatment of
epilepsy, correlation between electrode location and
brain gyri is useful in planning the surgical resection.
Investigators at the Mayo clinic report use of surface
rendering to map electrode location onto surface images
of the brain produced from MR images (63). Volume
rendering has also been used to create images of the
brain from MRI data (64).

Radiation Therapy Planning. Optimal beam plan-
ning in radiation therapy involves maximizing the de-
livered dose to tumor while minimizing exposure of
surrounding tissue. Three-dimensional displays are
being investigated as an aid to therapy planning, since
they allow viewing of both projected beam outlines and
isodose surfaces (Fig. 12) (65).

Combined Modalities

Brain Image Registration. Investigators at the Uni-
versity of Chicago have developed techniques for align-
ing PET and MR images, with subsequent merging of
the two data sets into a three-dimensional display (66).
Following alignment, images of the brain were pro-
duced from the MRI data utilizing volume rendering.
An outer rim of the brain was defined on the PET data,
and this information was then used to color the volume-
rendered images (Fig. 13). While preliminary results
were encouraging, the authors noted that the process
was time-consuming and operator-dependent.

Cardiac Image Registration. To correlate anatomic
and functional information, investigators have com-
bined angiography and scintigraphic perfusion data into
a single image. Early attempts displayed standard cor-
onary anatomy using a normal set of coronary arteries
superimposed upon a thresholded surface display (67).
More recent work has employed patient-specific arter-

FIGURE 12

Volume rendering of an MR scan of a patient with a brain
tumor. A polygonally defined target volume (purple) and treat-
ment beams (red) are shown. A portion of the volume has
been cut away and the raw MR values have been mapped
onto the cutting planes. (illustration copyright 1990 UNC/CH,
M. Levoy and V. Interante, reprinted from Ref. 65 with per-
mission.)
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FIGURE 13

Preoperative images of a 48-yr-old man with a right parietal
glioma. Multimodality display (left) shows the hypometabolic
lesion superimposed on an MR brain surface image. The two
panels at the right show an MR image and a PET image at
the level marked by the line-cursor in the left panel. (lllustration
courtesy of David N. Levin, MD, PhD. Reprinted from Ref. 66
with permission.)

iographic data (34, 68). Following reconstruction of the
coronary artery tree in three dimensions from bi-plane
cine angiography, the arterial tree is mapped onto an
ellipsoid that contains color-coded perfusion informa-
tion from the scintigraphic study.

CONCLUSION

Tomographic imaging in radiology has allowed more
accurate visualization of organ structures and enhanced
our ability to detect smalil lesions. At the same time,
image interpretation has become more complex; the
viewer must deal with increasing numbers of images
and be able to build up a mental picture of whole
organs from a display of many slices. Three-dimen-
sional displays have the potential to aid in image inter-
pretation by providing an overview of the study; conti-
guity of structures across slices is enhanced and details
may be apparent that could not be appreciated on slice
displays. While increased diagnostic accuracy has been
demonstrated in nuclear medicine only for the bull’s-
eye thallium display, physicians at several clinical sites
who use three-dimensional volume rendering have re-
ported increased speed and confidence in interpretation
of clinical SPECT studies. Slice data should always be
viewed along with the rendered images, however, until
further investigations regarding the diagnostic value of
these displays have been performed. Finally, three-di-
mensional displays may aid in conveying information
to the referring physician, and ongoing research suggests
that it may facilitate treatment planning and allow more
accurate correlation of results obtained from different
imaging modalities.
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