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Visualization of Multimodality Cardiac Imagery
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Abstract—A large number of clinically important and medically dif-
ficult decisions in diagnostic radiology involve interpreting the infor-
mation derived from muitiple imaging modalities. This is especiaily
true in the assessment of heart disease, wherein at least two types of
image information are generally required prior to deciding on the
course of action: structural information describing coronary vessel
anatomy and functional information related to heart musecle physiol-
ogy. This paper will present and discuss the methods and results as-
sociated with a research program aimed at quantifying and visualizing
the unified anatomic and physiologic information obtained from these
complementary imaging modalities. The discussions will emphasize the
reconstruction, processing, and visualization of three-dimensional car-
diovascular structure, including the procedures and results obtained
from phantom and patient studies.

1. INTRODUCTION

NE OF THE MOST important concerns of modemn

health care is the prevention, detection, and treat-
ment of heart disease. Clinical decisions regarding this
vital health care problem, such as decisions concerning a
patient’s diagnosis, therapy, and prognosis, largely de-
pend on the accurate and reliable assessment of the extent
and severity of coronary artery disease (CAD). To a great
extent, this assessment is based on interpreting the infor-
mation contained in various radiological images of the
cardiovascular system, and therefore, those images be-
come an integral part of the overall medical decision-
making process. However, there are a number of limita-
tions, medical considerations, and technical complexities
associated with the task of making interpretive decisions
based on this imagery. For instance, the information is
usually acquired in two dimensions, although interpreta-
tion can be facilitated through three-dimensional (3-D)
presentation. In addition, the information is typically re-
viewed through subjective, visual observation, rather than
accurately characterized quantitatively. Furthermore,
clinical interpretation relies on vast quantities of diverse
types of information (image-based as well as nonimage
data), thereby making decision-making tasks information
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intensive. Moreover, the informational content of the im-
agery may not be fully exploited, especially if the images
corresponding to different modalities are considered sep-
arately rather than in a unified manner. To help overcome
these and other limitations and complexities, the visual-
ization methodology described herein is aimed at facili-
tating and enhancing the clinical decision-making process
by incorporating approaches and techniques from com-
puter vision, image processing, and computational graph-
ics. The central concept underlying the methodology is
that visual information derived from multiple imaging
modalities can be unified and visualized in a three- or four-
dimensional, interactive computer model, and that this
visualization model can assist diagnosticians in interpret-
ing large amounts of multidimensional information in a
relatively easy, quick, and reliable manner.

It would be worthwhile to briefly examine a number of
technical issues in order to more fully appreciate how a
computer-based visualization methodology can aid in the
overall clinical decision-making process. Prognosis in pa-
tients with CAD is determined [1]-{6} primarily by two
factors: 1) the severity and extent of atheromatous ob-
struction (a blockage or stenotic lesion) in the coronary
arterial circulation, and 2) the degree of left ventricular
impairment (i.e., impairment of the heart muscle, or
myocardium). Arterial vasculature and myocardial struc-
tures of interest are schematically depicted in Fig. 1. The
two aforementioned factors can be viewed as lesions and
impairment occurring in the arteries and tissue depicted
in Fig. 1. To obtain information regarding these two fac-
tors, different clinical procedures are involved: for as-
sessment of the extent and severity of atheromatous ob-
struction, the ‘‘gold standard’’ remains coronary
arteriography [7], wherein contrast-enhancing injections
into the coronary arteries allow the measurement of lu-
minal diameter narrowing and the site of the stenosis; for
assessment of the extent and severity of myocardial is-
chemia (inadequate blood supply to tissue) and infarction
(dead or dying tissue), the ‘‘gold standard’’ remains my-
ocardial perfusion tomography [8]-[12], employing tech-
niques such as single-photon emission tomography
(SPECT) using thallium-201 (T1-201) or technicium-99
(Tc-99m-MIBI). In essence, coronary arteriography yields
anatomical or structural information, while myocardial
perfusion tomography provides physiological or func-
tional information. Hence, an accurate assessment of the
extent and severity of CAD ideally requires the integra-
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Fig. 1. Illustration of arterjal vasculature and myocardial structures of in-
terest.

tion of anatomical and physiological information obtained
independently from these two imaging modalities. In
practice, however, this information is seldom formally in-
tegrated or accurately quantified: rather, a mental ‘‘inte-
gration’’ is performed by the physician by visually study-
ing a series of (mostly two-dimensional) images, and
subsequently inferring or estimating spatial and temporal
relationships from these images. To illustrate the level of
difficulty associated with making such decisions, consider
Figs. 2 and 3.

Fig. 2 shows a patient’s coronary angiogram viewed
from two different angles while Fig. 3 shows a series of
tomographic slices depicting a patient’s left ventricular
perfusion distribution from the base to the apex of the
heart. Fig. 2 thus shows vascular structure while Fig. 3
shows the perfusion distribution for different “‘slices’’ of
the heart. Figs. 2 and 3 are typical of the type of imagery
that is used in clinical decision-making for assessing the
extent and severity of CAD. Clearly, mentally recon-
structing and interpreting the information contained in
Figs. 2 and 3 represents a formidable visualization task!
Therein lies the overall objective of the methodology dis-
cussed in this paper: to aid in more easily characterizing
and interpreting visual information, ideally *‘trans-
forming’’ Figs. 2 and 3 into a meaningful, patient-specific
version of Fig. 1, thereby improving the quantitative as
well as qualitative assessment of anatomic and physio-
logic factors associated with coronary artery disease.

In particular, the primary goals of the visualization
methodology are to improve the detection and evaluation
of disease by combining the information from the two
aforementioned modalities into a unified, computer-based
3-D model of structure and function. Through this unified
model, the physician cannot only visualize the possible
interrelationships between arterial circulation and my-
ocardial impairment, but can also obtain a quantitative as-
sessment of these relationships. For instance, a physician
may use the model to quantitate and visualize the impact
of a specific stenoic lesion on the blood supply associated
with a particular region of the myocardium, and thus be
able to more objectively determine how to proceed in the
treatment of the patient. These are distinct and highly use-
ful clinical advantages since even experienced physicians
may not be able to easily visualize the 3-D geometry of
the coronaries and how they relate to myocardial func-
tion.
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(a) ®

Fig. 2. Two angiographic views: (a) RAO and (b) LAO views of a pa-
tient’s left coronary artery.

Fig. 2. Tomographic slices of a patient’s perfusion distribution.

The task of objectively and accurately integrating and
visualizing the multimodality information through a uni-
fied 3-D model requires several complex steps. The 3-D
arterial structure must be reconstructed from a only few
two-dimensional (2-D) angiographic views such as the
ones shown in Fig. 2. Vascular dimensions, including
stenotic lesions, must subsequently be extracted, located,
quantified, modeled, and visualized to produce accurate
3-D representations of vascular structure. The perfusion
distribution is originally obtained three-dimensionally
(i.e., tomographically), but a model must also be gener-
ated to represent different perfusion levels three-dimen-
sionally, and subsequently this information must be inte-
grated with the vascular structures. In addition to these
considerations, visualization procedures should also al-
low for user interaction, such as manipulation of the im-
agery, in order to further enhance the interpretive and de-
cision-making processes.

To address these considerations, the visualization
methodology is based on a computer model that organizes
the multimodality information into a hierarchical data
structure to more easily represent the patient-specific ar-
terial tree in 3-D, and subsequently superimposes this tree
onto a 3-D myocardial model that is color coded to rep-
resent relative perfusion levels. Vascular structures are
modeled as collections of connected conical segments de-
fined by vessel midpoints and diameters, while myocar-
dial perfusion distributions are modeled as ellipsoidal
3-D surfaces. Once the model is created, it may be dis-
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played in any arbitrary orientation as well as in animated
sequences to enhance visualization. Quantitative infor-
mation regarding stenotic dimensions and perfusion dis-
tributions can be obtained numerically to support the ob-
jective analysis of the graphical 3-D display. The
remainder of this paper is devoted to a discussion of these
techniques, accompanied by numerous graphical illustra-
tions of results obtained from phantom and patient stud-
ies.

The paper is organized to reflect the salient character-
istics of the methodology: Section II is devoted to quan-
tification and visualization of anatomical information, in-
cluding measured errors, Section III deals with
quantification and visualization of physiological infor-
mation, Section IV discusses visualization of the inte-
grated modalities, while Section V provides a summary
of results and future research directions. It should be
pointed out that the discussions and results contained
herein represent preliminary efforts in a multiyear re-
search program, and that the present discussions amplify
and emphasize visualization aspects of the methodology;
previous publications [13]-[15] emphasize different as-
pects of this ongoing research.

II. QUANTIFICATION AND VISUALIZATION OF
ANATOMICAL INFORMATION

The problem of quantifying and visualizing 3-D vas-
cular structure from limited views remains one of the most
difficult and interesting problems in biomedical research.
To date, no scheme has been fully developed to take into
account the particular morphology of the stenosis visual-
ized. A riumber of studies [16]-[20] report on attempts to
use biplaner projections to calculate lnminal diameter nar-
rowing from 3-D representations of parts of the vascular
structure. These methods rely on operator-selected iden-
tification of stenotic sites. Other semiautomated ap-
proaches [21]-[23] use operator-selected landmarks (e.g.,
vessel bifurcations) to reconstruct 3-D or 4-D represen-
tations of the entire coronary arterial tree.

The limited view backprojection procedure under de-
velopment in our research is illustrated in Fig. 4. Basi-
cally, the procedure requires specific knowledge of the
system geometry (relative positions and orientations of
X-ray sources and image planes) and identification of cor-
responding points in the biplanar projections (sometimes
referred to as stereo projections). Ideally, the projection
lines from the two sources S, and S,, passing through a
specific point in 3-D space, would intersect at that point
and subsequently map onto the two views (view 1 and 2)
as two distinct points on these planes. Thus, by backpro-
jecting these projection points to their respective sources,
the desired 3-D coordinate information for this intersec-
tion point can be found. In practice, however, numerous
complications arise: there are errors in the known geom-
etry of the data-acquisition system; the scattering, atten-
uation, and divergence of the X-ray beams corrupt the in-
formation; the arterial structure itself is inherently
complex, and may not be easily defined by a finite set of
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Fig. 4. Back projected lines from biplanar images. A is the shortest line
segment separating back projection lines in 3-D space. The dot indicates
the location of the true backprojection solution, estimated to be at the
midpoint of the line segment A.

points; corresponding points in the two views are some-
times not easily detected and identified; and there is lim-
ited information when only a few views are available. The
visualization methodology, as discussed subsequently, is
aimed at taking into account these considerations.

Interactive Data Manipulation and Structure

Since a major portion of the visualization approach
deals with reconstructing the information contained in the
biplaner views, the data structure and programmatic op-
erations have been developed to allow for user interven-
tion during the reconstruction procedure. The data struc-
ture and programmatics are also designed to allow for the
visualization of either specific vessels or branches (in
2-D or 3-D), or of entire vasculature. To accomplish these
and other goals, the organization of the data structures,
algorithmic procedures, and logical flow are designed hi-
erarchically and modularly in nature. This is done for sev-
eral reasons: the anatomical structure of the coronary tree
is inherently hierarchical in nature, and this organization
can thus be preserved in the data structure. In addition,
reasoning strategies to visually detect and identify fea-
tures of medical interest can also be more naturally rep-
resented in a hierarchical fashion. And, through modular-
ity, different tasks can be separated and modified inde-
pendently.

The primary tasks related to data manipulation include
initialization, detection of vascular structures in multiple
views, backprojection to 3-D solutions, 3-D model crea-
tion, and generation of reports of backprojection errors.
The two- and three-dimensional geometries are retained
in the data structure, which is designed to facilitate using
additional views (i.e., more than two views, if available),
from different geometries, and at different times (i.e., var-
jous frames throughout the cardiac cycle). A data hier-
archy organizes the arterial geometry in each of the 2-D
projections as well as in the final backprojected solution.
In this hierarchy, an arterial structure is defined as a con-
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tinuous arrangement of branches connected by bifurcation
nodes, in much the same manner as the natural anatomy
of the arterial tree occurs. The data structure is designed
as a linked list to allow for branches of varying lengths,
although once a branch has been defined in the first view,
the number of points in that branch is fixed and cannot be
changed in the other view (otherwise, some points would
not have corresponding projections). A diagram of the da-
tabase structure is shown in Fig. 5. The hierarchical order
begins with a tree’s ‘‘root’’ and a pointer to the first
branch. (To maintain consistency throughout the struc-
ture, the starting location in the arterial structure, called
the root, is defined to be a bifurcation point.) At each
level below the root, branches and subbranches are de-
scribed. The branch structure contains pointers describing
bifurcations locations at either end of the current branch
of interest, as well as pointers to the next branch. The
branch structure also describes the number of, and ge-
ometry associated with, vessel cross sectional areas for
which information is obtained (i.e., vessel centerpoint,
vessel cross-sectional area, and orientation of this area).
These vessel cross sectional areas or ‘‘slices’’ have point-
ers to groups containing additional information gathered
during reconstruction, such as 2-D information regarding
the biplaner views and 3-D information describing back-
projection solutions.

Thus, through a network of bifurcations and branch
pointers, the arterial structure is spawned, and the related
2-D and 3-D information is retained. The hierarchical data
structure offers numerous practical advantages. For in-
stance, this organizational framework allows for efficient
traversing of the database, and provides a naturally re-
cursive path through an arbitrary arterial structure. The
structure also provides a framework for ensuring branch
connectivity, simplifies smoothing across branches, and
allows the reconstruction to be delayed until all 2-D pro-
jections have been acquired for the entire tree. In addi-
tion, anatomic information contained in the structure can
be used for analysis of individual branches, as well as
allowing for iterative improvement of the information
through user interaction and manipulation of the data.
Moreover, the tasks of graphical display and visualization
can be more efficiently handled through this type of or-
ganization.

Data Acquisition, Corrections, and Transformations

As previously stated, a 3-D representation of the coro-
nary arteries is obtained by reconstructing the information
contained in a limited number of angiographic images. To
generate the images clinically, a contrast agent is in-
jected, through catheterization, into each of the left and
right coronary arteries at different times, such that the two
structures can be studied separately. For optimal recon-
struction purposes, a pair of angiographic views must be
simultaneously acquired since the heart beats and thus the
arterial structure changes in time. Current protocols limit
the number of simultaneous views that are actually col-
lected at any point in the cardiac cycle to two, in order to
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Fig. 5. Overview of data structure.

minimize patient radiation. As a result, the reconstruction
probiem is significantly different from tomographic recon-
struction where information is obtained at many angles
over large angular segments and object location is calcu-
lated from weighted and filtered line integrals.

Our methodology is designed to take into account any
number of views as well as any arbitrary orientation geo-
metries for the views. The reconstruction procedure re-
quires accurate knowledge of the positions and orienta-
tions of the X-ray sources and image intensifiers. The
digital images are obtained from a Philips Digital Angio-
graphic System residing at the Emory University Hospital
and routinely used in clinical practice. For this system,
the two X-ray sources illuminate two image intensifiers
identified as the right anterior oblique (RAO) view and
the left anterior oblique (LAO) view. The face of each
image intensifier is assumed to be orthogonal to the cen-
terline of the beam from the corresponding X-ray source;
the distance from source to intensifier, as well as viewing
angles, may vary. An important feature of this type of
angiographic system is that the beam centerlines for the
RAO and LAO views always intersect at a common point,
called the isocenter, regardiess of the combination of in-
tensifier distances and orientations. The centerline of the
beam from the source also projects to the center of the
image intensifier. The isocenter can thus be considered to
be at the center of concentric spheres, and line segments
of arbitrary length and orientation may be drawn through
the isocenter.

In general, an attempt is made to position the patient’s
heart close to the isocenter such that the same arterial
structure can be visualized from the RAO and LAO views.

‘The RAO and LAO intensifiers and sources may be ro-

tated electromechanically through a limited range of an-
gles about the isocenter. In terms of patient data acquisi-
tion, Fig. 6 shows a diagram of these rotation angles with
respect to the patient. The biplane system is designed to
acquire images for a patient lying on his back, as illus-
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Positioned
at
Isocenter

Fig. 6. Coordinate system and angle convention for biplane system and
reconstruction. « is positive in caudal direction and negative in cranial
direction.

trated in Fig. 6, and as the names imply, RAO views are
primarily limited to the right anterior side of the patient
(whose heart is positioned at the isocenter), and LAO
views are limited to the left anterior side of the patient.
The orientations of the RAO and LAO views are defined
by pairs of angles in a spherical coordinate system. Un-
like distances, which require special calibration measure-
ments, the values for these angles are provided by the an-
giographic system. The angles are defined as rotation ()
and skew («) angles, as in Fig. 6, which also illustrates
a right-handed Cattesian coordinate system centered at the
isocenter. The skew angle («) thus defines a plane rotated
about the y axis, in which the rotation angle («) is mea-
sured; the value of k is measured from the z axis. The
reconstruction procedure, discussed in the next section,
requires knowledge of these angles, although it does not
require that the two biplane views be orthogonal.

In addition to defining the positions and angles of the
image intensifiers, the relationship between the actual ac-
quisition geometry and the displayed image must also be
specified. As described earlier, images are assumed to be
centered, on and orthogonal to, the centerline of the
X-ray beam. However, the displayed images are inverted
from the perspective of the X-ray source and, in addition,
the images are displayed with the head-to-feet axis of the
patient forming the vertical dimension of the image (to
accommodate clinical convention). Corrections for these
rotations and inversions are performed prior to recon-
struction. A final correction deals with nonlinear distor-
tions of the image. In the process of data acquisition, sev-
eral distortions are incurred as a result of nonlinearities
and inaccuracies inherent in X-ray transmission and ac-
quisition [24]. A primary distortion for which we cor-
rected is the so-called ‘‘pin cushion’ effect. The pin-
cushion distortion is caused by the slight curvature of the
image intensifier screen and has the visual effect of para-
bolically warping the image radially away from the cen-
ter. The approach taken for pincushion distortion correc-
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tion is similar to well-known procedures set forth by other
investigators [21].

Vascular Structure Detection

Prior to 3-D backprojection, the arterial structure in the
2-D projected views is defined. Transformations are de-
fined to map 2-D image coordinates in the biplaner view
pairs into 3-D coordinates of the projected point, based
on the rotation and skew angles and on the distance to the
image intensifier. More specifically, the location of the
center of the vessel and the width of the vessel are ob-
tained from each view of the biplane pair; these three
points (center and two edge points) are specified at se-
lected locations in the vascular structure with sufficient
resolution to quantify vessel dimensions and stenotic le-
sions. As proposed by other authors [19], the assumption
is made that the cross-sectional area of the vessel can be
approximated by a circle.

At present, the detection procedure requires that the op-
erator select or ‘‘sample’’ the center points of a branch in
a 2-D projection, and subsequently edge boundaries are
automatically sought from this selected point. The start-
ing point in the procedure is the root bifurcation (which,
in terms of anatomical landmarks, would correspond to
the left main of the left coronary arterial tree, for in-
stance). As vessel center points are obtained for the cor-
onary tree, the 2-D and 3-D points corresponding to in-
dividual branches are stored in the hierarchical data
structure, as previously discussed.

The procedure is illustrated in Fig. 7, showing opera-
tor-selected vessel center points and line segments along
which edges are detected. Edge detection is performed on
these line segments to locate the ‘‘left”” and “‘right’’ edges
for each chosen center point. Once these edges are ob-
tained, the manually selected center point is ‘‘corrected”’
by redefining it as the midpoint between the detected edge
points. The edge detection scheme searches for edges
along a segment perpendicular to the vessel at the center
point. Once the end points of the profile of search are
determined, the Bresenham graphics line generation al-
gorithm [25] is employed to generate a list of the image
pixels lying along this profile.

For detecting vessel edges in angiographic images, a
number of procedures have been proposed which are based
on analysis of image intensity and contrast density distri-
butions {21}, [26}, [27]. It is well known that common
operators, such as gradient, Laplacian, Roberts, Sobel,
Davies, and Prewitt operators [28], [29] do not give suf-
ficiently consistent results over a full range of images due
to variations in background levels, vessel overlap, and
overall structural complexities. Hence, the detection pro-
cess must be dynamic or adaptive, and ‘‘guided’’ by con-
straints and prior knowledge. After performing a number
of tests with various combinations of the aforementioned
techniques, it was decided to detect the ‘‘left”” and
“‘right”’ edges along the determined intensity profile by
means of the entropy operator {30] preceded by histogram
equalization and by Laplacian-of-a-Gaussian (LoG) op-
erators [31].
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Fig. 7. Diagram illustrating edge detection procedure, including midpoint
selection and profile generation.

It is noteworthy that the results of the edge detection
procedures just described provide not only the 2-D infor-
mation necessary to infer 3-D structure from biplanar
views, but that these vascular detection methods also re-
sult in the quantification of the anatomical structure. Thus,
the location and quantitative characterization of stenotic
segments are obtained simultaneously with their geomet-
rical configuration. Armed with this information, a more
accurate and objective visualization becomes possible.

3-D Reconstruction of Vascular Structure

The vascular structure detected in the corrected, 2-D,
biplane views represents the basic information on which
the 3-D reconstruction of the arterial tree is based. At this
point, the principal step is that of backprojection. The
backprojection is performed by a recursive traversal of the
data structure, which is now completely defined—i.e., no
new bifurcations or branches are further introduced. The
3-D reconstruction is accomplished branch by branch as
the data structure is traversed, and, at the end of last
branch, the reconstructed solution is also stored in the hi-
erarchical data structure and is available for analysis, it-
erative improvement through user interaction, graphical
rendering, or output.

The traversal of the data structure begins at the root
bifurcation, which corresponds to the starting location of
the anatomic structure and is also defined during the man-
ual selection process. Branches are reconstructed by back-
projecting the center points through the isocenter back to
the source. As the entire branch is defined, the center
points determine the length and path taken by the vessel,
while the edges estimate the widths of the vessel. As the
backprojection is performed, 3-D coordinate information
is calculated and the resulting 3-D reconstruction stored.
If there is a bifurcation at the end of the branch, the next

DI'DI(]_N) D, - D, Dy
D, + D, D, D,(1 =N) - - D,
DN.I)1 DN.D2 DN
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level of recursion is invoked to traverse and reconstruct
all of the branches under that bifurcation. When all of the
branches under a given bifurcation have been recon-
structed, the program returns to the next higher level of
recursion, and proceeds to reconstruct the next branch at
that bifurcation. This procedure is repeated until the en-
tire data structure is traversed and the backprojection rou-
tine ends. At present, the operator decides how many
branches are reconstructed and to what degree of vascu-
lature the reconstruction is to be performed (current em-
phasis is on first-order branches).

As previously pointed out, there are numerous short-
comings associated with reconstructions based on back-
projection from limited views. One result of these short-
comings is that the backprojection lines will almost
certainly not yield the true solution—in fact, backprojec-
tion lines corresponding to the same point in two different
views will most likely not intersect each other, as illus-
trated in Fig. 4. A practical solution to this problem can
be obtained by solving for the point in 3-D space which
minimizes the distance between the backprojected lines:
referring to Fig. 4 once again, the estimated solution point
can be defined as the midpoint of the line segment A. This
estimate can be calculated for all backprojection line pairs,
thereby generating a set of coordinate triplets for vessel
center points. The procedure for reconstructing a single
point P can be summarized and generalized for N views

thus: Give N views { V] - - - Vy}, assume the correspond-
ing X-ray source positions {S, - - - Sy} and correspond-
ing projection points { P - - - Py} on the image planes

of ¥, through V) are known. Then, define the set of par-
ametric lines {L, - - - Ly} which connect the source
points and projected points, as in (1) below:

LJ=S]+tJ(S]*I')j), forj=l,"',N (1)

where L; = projection line from §; to P;, S; = 3-D position
of X-ray source for jth image, P; = 3-D projected point
on jth image, and ¢; = scalar parameter for jth projection
line. The backprojected solution is computed by finding
the set of scalars {7, - - - , ty} which minimize the sum
of the squared distances between the N projection lines,

Minimize {ZZ,I ; (L - Lj)z}, (2)

The minimum is found by differentiating with respect to
t; and solving the N by N linear system given by the fol-
lowing expression:

1

(Sl - Si) - D,

i=1

=

(Sz - 8) D,

o
. =z
~
)
i
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where D; = (S - P forj = 1, - -+, N. The solution
set of the linear system {#;, - * * , ty} defines N points on
the N projection lines which minimize the squared dis-
tance sum in (2). The centroid of these N points is se-
lected as the backprojected 3-D solution point:

218+ 4(8 — P

) i
Centroid = N . (4)

Associated with this solution is the root mean squared dis-
tance between the solution point and the N points on the
N projection lines corresponding to the N parametric so-
lutions {#;, -+ -, ty}:

j=

5 2
Al = \/}%’ Zl {Centroid =[5 + 5(S; - PJ')]} - (9

The value of the term of (5) may be interpreted as a mea-
sure of the degree to which the two images used in back-
projection are ‘‘aligned’’ (or misaligned) with each other,
in the form of a backprojection discrepancy. It is note-
worthy that other authors set this backprojection discrep-
ancy to zero [20], effectively forcing the backprojection
lines to intersect to yield a single solution point.

To quantify and visualize the actual locations and di-
mensions of the vascular structure, the location of vessel
center points and the dimensions of corresponding radii
(radii that describe the circular lumen or ‘‘slice’” cross
section), must be determined. The radii and the orienta-
tion of the slices are determined, in turn, by the edge
widths and the orientation of the vessel centerline. As pre-
viously mentioned, these widths and orientation values are
obtained from detection of the structure in 2-D, and are
subsequently mapped onto 3-D coordinates of the recon-
struction system by using image orientation and descrip-
tor vectors calculated during geometrical transformations
that map 2-D image coordinates in to 3-D coordinates of
the projected point based on rotation and skew angles and
on the distance to the image intensifier; two 3-D direction
vectors define the slice orientation at every center point.

Visualization of Anatomic Information

The data that comprise the visualization information
consist of reconstructed 3-D solution points, as well as
the entire 2-D and 3-D information, all of which is stored
in the hierarchical data structure. These data are presented
in two forms, visually and textually: both as a graphical,
geometric model describing the 3-D reconstruction solu-
tion, and as a summary describing the quantitative arterial
information [dimensions, locations of various sites, and
backprojection discrepancies of the form of (5)]. Further
interaction is possible at this stage between the visual
model and the user.

For visualization, a computer model of the arterial
structure is generated and rendered. A geometric model-
ing software package, developed at Georgia Tech and
called MAX [32], is used to represent the reconstructed
3-D models. The data structure, however, has been de-

Fig. 8. 3-D wire-frame mode! of the phantom’s arterial structure. En-
larged sections illustrate details of the bifurcation and stenotic site. La-
bels (a)-(g) represent sites used in measuring segment lengths for error
analysis.

signed to be easily modified in order to support other for-
mats, for instance, the format of the Wavefront Technol-
ogies Imaging System [33]. The current model description
is based on a generalized truncated frustum. As shown in
Fig. 8, this is a singularly curved surface connecting two
elliptical ends, although the assumption of circular ends
is made [19]. The arterial structure is thus represented by
a continuous set of these generalized frusta connecting the
branch centers, as depicted in Fig. 8. (Other geometric
primitives besides cone frusta are available, such as flat
plates, hermite patches, ellipsoids, and toroids; hermite
patches are used to model the myocardium, as described
in the next section). Bifurcations are formed by connect-
ing the first slice in a branch to the last slice in the branch
from which the bifurcation is made, where a slice is de-
fined by the centerpoint of the vessel, a radius value for
the circular lumen of the vessel, and two direction vectors
defined in the plane in which the cross section lies. The
generalized frustum is defined by the surface connecting
two arbitrarily oriented elliptical ends. The reconstructed
arteries are modeled as connected frustal segments with
circular ends. In the general case, each elliptical end of a
frustum is defined by three vectors: a center point and two
axes. The center point is a position vector describing and
endpoint of the frustum, while the two axes are direction
vectors which describe the orientation of the frustum’s
end. The magnitudes of the axes represent the major and
minor axes of the elliptical end. Start and stop angles de-
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fine arcs on each elliptical end, and the generalized frus-
tum is the surface which connects the arcs on both ends.
On each elliptical end, the start and stop angles are mea-
sured from the first axis vector defining the ellipse, to the
second axis vector defining the ellipse. These angles, and
the arc that lies between them, are determined by the right-
hand convention using the two axis vectors. Frusta are
displayed as a collection of quadrilateral plates connect-
ing equally spaced (in angle) points along the two arcs on
the frustum’s ends.

The arterial reconstruction procedure creates a MAX
command file describing the geometry and structure of the
vessels. Once this file is read, the entire vasculature, or
any subsets of branches and bifurcations, can be dis-
played from arbitrary viewpoints. This ability to view ar-
terial structure from any orientation provides a significant
visualization advantage over being constrained to limited
sets of views, such as those of Fig. 2. In addition, the
models may be displayed as simple wireframes (as in Fig.
8) or as shaded surfaces using either assigned model colors
or arbitrarily reassigned colors. Shaded models enhance
the 3-D appearance of the structure, thereby facilitating
the clinical assessment of the arteries. In shaded render-
ings, the Gouraud [34] algorithm is used to interpolate
color shades across individual polygons based upon colors
computed at the vertices to provide continuous and
smoother color changes across curved surfaces. The colors
at the vertices are computed from vertex normal vectors
and the position of a specified light source.

The results obtained with a copper-wire phantom and
with a patient study are shown in Figs. 9 and 10, respec-
tively. In each case, the results are shown to illustrate
visualization of the original structure next to the recon-
structed structure. Qualitatively, 3-D visualization seems
to enable the viewer to distinguish different branches and
perhaps also discern the relative orientations and ‘‘direc-
tions’’ of the different branches. In addition, the ensemble
of 3-D information as a whole provides an intuitive sense
of a patient’s gross coronary structure, suggesting overall
size and perfusion characteristics. Perhaps most impor-
tantly, the vascular structure can be visualized from any
desired angle, which can be provided useful insights to
support the clinical decision-making process, especially
regarding possible courses of therapy to treat stenotic le-
sions.

Major advantages of the 3-D model are that it provides
quantitative information for objective evaluations, and
that the vascular structure can be rotated, illuminated, and
visualized at any desired orientation. Some disadvantages
are that not all levels of vasculature can be easily repre-
sented, and that a loss in the intrinsic resolution of angio-
graphic data has occurred due to digitization, processing,
etc. Ultimately, it may prove more clinically useful to use
both 2-D and 3-D visualizations as complementary sources
of information in the decision-making process.

In terms of quantitative characterization of the vascular
structure, preliminary error analyses have been conducted
to determine the representational accuracy of the visual-
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TABLE 1
RADIUS ERROR FOR COPPER WIRE PHANTOM
Measured Mean
Radius # Reconstructed Radius Error e
Branch (mm) Radii Used (mm) (mm)
Main Branch 2.4 9 2.18 0.259
Proximal Cir. 1.65 21 1.53 0.140
Diag2 1.0 21 0.844 0.164
OM1 1.0 49 0.971 0.101
Prox. LAD 1.65 15 1.45 0.202
Distal Cir. 1.65 26 1.60 0.078

ization methodology. The analyses are based on studies
performed with the same copper model of the left coro-
nary artery as shown in Fig. 9. Since the phantom has
known radii dimensions, comparisons were made be-
tween known actual, dimensions and the corresponding
radii dimensions predicted by the 3-D reconstruction
methodology. The radius error for the copper wire phan-
tom is defined as

where R; is the reconstructed (predicted) radius and R, is
the measured (actual) radius at a particular point in the
phantom. As indicated in Table I, the radius was mea-
sured once for each of the six branches. For each of these
six branches, several radii were calculated along the
branch during the reconstruction process, and a mean ra-
dius and corresponding error were obtained from the cal-
culated radii. As can be seen from Table I, the error as-
sociated with estimating radii for the phantom is on the
order of a small fraction of a millimeter. These encour-
aging preliminary findings serve to confirm the viability
of the visualization approach, capable of providing quan-
titative assessment of the 3-D information. This capabil-
ity, coupled to the ability to provide a visual rendering of
the structure in 3-D, offers the potential to significantly
aid in locating and characterizing the extent and severity
of CAD.

IIf. QUANTIFICATION AND VISUALIZATION OF
PHYSIOLOGICAL INFORMATION

Techniques in quantitative myocardial tomography are
described in detail elsewhere [14], [35], and the discus-
sions that follow are only intended to include aspects of
these techniques which help to clarify the visualization of
the integrated modalities.

Tomographic Acquisition and Extraction of Myocardial
Perfusion Distribution

Tomographic acquisition of myocardial thallium-201
perfusion studies in patients consist of obtaining 32 pro-
jections over a 180° arc [36]. The projections are filtered
prior to backprojection using a Hanning Filter with a cut-
off frequency of 0.822 cycles/cm. Filtered backprojec-
tion is then performed to reconstruct the transverse axial
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(a) (b)

Fig. 9. Visualization of reconstructed 3-D model of the phantom structure:
(a) original image and (b) 3-D model superimposed on original image
(a).

Fig. 11. Visualization of perfusion distribution for phantom from two dif-
ferent viewing perspectives.

tomograms, each 6.25 mm thick, encompassing the entire
heart. Oblique tomograms parallel to the vertical long and
short axes of the left ventricle are extracted from the re-
constructed transaxial tomograms by performing a coor-
dinate transformation with appropriate interpolation [37].
Fig. 3 is representative of tomographic slices. A color
code is used such that ‘‘brighter’” colors (e.g., yellow and
orange) correspond to relatively higher perfusion distri-
bution levels, while “‘darker’’ colors (e.g., blue and pur-
ple) correspond to relative hypoperfusion. The short-axis
slices to be quantified are selected by an operator follow-

(a) (b)

Fig. 10. Visualization of reconstructured 3-D model of a patient’s vascu-

lar structure: (a) original angiogram and (b) 3-D mode! superimposed on
image (a).

)

Fig. 12. Visualization of unified anatomical and physiological information
in two different viewing perspectives (a) and (b).

ing a strict protocol [35]; approximately 12 slices are ob-
tained from a normal-sized heart. For each short-axis
slice, the maximal count circumferential profiles (CPs) are
then generated automatically for each slice, from the most
apical to the most basal slice. Each circumferential profile
consists of a set of maximal counts per pixel along a ra-
dius extending from the center of the LV to the limit of
the radius of search [35].
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Visualization of Myocardial Perfusion

The radii of each extracted circumferential profile is fil-
tered in both depth and angle using a 3 X 3, low-pass
filter kernel. The filtered radii for each slice are subse-
quently fit to circles using singular-value decomposition.
The visualization model of the myocardial perfusion is
built using hermite patches which are surface primitives
in the geometric model-generating software MAX [14].
The hermite patch consists of four vertices with a normal
vector at each vertex. The hermite patch passes through
the four vertices and forms a cubic spline surface defined
by the vertices and the vertex normals. The points on the
patch surface are found by interpolating the vertex nor-
mals and fitting a cubic polynomial through the adjacent
points and the interpolated normal vectors. One hermite
patch is created for each of the maximal-count CP points
on each slice, with vertices and vertex normals based on
the fitted radii of the slice under consideration and the
slice above it. The apex is modeled as an ellipsoid with x
and y radii such that there is a smooth transition between
the apex and the first slice, and z radius such that the
thickness of the apex is not any greater than the predefined
slice thickness. Each patch is assigned a color based on
the counts in the associated profile point.

The information resulting from this procedure is em-
ployed to render a 3-D surface model of the myocardial
perfusion in the form of twenty projections, each 512 X
384 in size, over 360°. Fig. 11 shows the results of this
visualization methodology for a phantom (an activity-
filled cavity constructed with plastic and shaped in the
form of an ellipsoid conforming to the copper-wire arte-
rial structure of Fig. 9). As with the visualization model
of arterial structure, the visualization model of perfusion
distribution can be rotated, illuminated, and viewed as de-
sired by the operator. This 3-D presentation accomplishes
important goals. First, the visualization methodology
overcomes the important difficulty associated with visu-
alizing the information contained in multiple tomographic
slices, which are inherently three-dimensional but can
normally be viewed only as a series of 2-D slices (as many
as 52 images!) [14] or by forcing the information into the
form of polar plots [35]. More importantly, the interpre-
tive and decision-making process may be greatly en-
hanced through this visualization approach since the 3-D
information is represented in a fashion that more naturally
conveys the physiology of interest.

IV. VISUALIZATION OF UNIFIED ANATOMICAL AND
PHYSIOLOGICAL INFORMATION

The 3-D coronary arterial tree is registered onto the ren-
dered 3-D myocardial perfusion model in order to visu-
alize both anatomic and physiologic information. Having
already discussed the methodologies associated with
quantifying and visualizing the information obtained from
each modality, this section briefly describes the method-
ology designed to present the integrated information. In
keeping with the goal of emphasizing both subjective as
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well as objective aspects of the methodology, the discus-
sion will be limited to results obtained with the phantom
study since at present this represents the only nontrivial
structure (of known and measurable internal dimensions)
that has been quantified.

In general, computer graphic tools play a crucial role
in the visualization of the unified heart model. As previ-
ously discussed, both models are based upon very simple
geometric primitives: the coronaries are represented by
conical frusta, and the myocardium is represented by her-
mite patches. The models can be displayed together or
separately, as wireframe drawings or shaded renderings,
in full color or monochrome, and a particularly useful
presentation is made through the use of computer anima-
tion. Wireframe drawings are used for quick viewing of
the arterial geometry, but shaded renderings provide the
best displays for evaluating the patient data. Hidden sur-
faces are illuminated by maintaining a depth buffer, and
a Gouraud shading algorithm with one light source is used
to render the polygonal surface elements.

The size and orientation of the elements are determined
by the features extracted from the original X-ray and nu-
clear images. Assumptions about continuity of surfaces
and slopes were imposed to provide a more natural dis-
play. For example, the conical segments were forced to
match the adjacent segments at each end. Our first model
employed right cone frusta (with ends orthogonal to the
axis), and the discontinuities between the segments along
the arterial branches created the misleading visual effect
of coronary defects. This problem was overcome by using
a generalized cone frustum which allowed nonparallel,
nonorthogonal ends. With this new segment type, the
frustum ends of adjacent segments were forced to be the
same and thereby ensure surface continuity.

The systems used for this research include a SUN 3/260
workstation, PIXAR Image Computer, along with a
BARCO high resolution display device. The PIXAR-1
Image Computer has been used primarily to produce an-
imation. The model is rendered at different orientations
and a sequence of these stored images is redisplayed rap-
idly on the PIXAR. Qualitatively, it seems that a full 360°
rotation of the heart about the axis of the body provides
the best visualization.

Landmarks and Transformations Used for Multimodality
Registration

The registration consists of a two-step process: gross
and fine alignment. The procedure is best illustrated with
the example of human anatomy, although the results pre-
sented here are obtained with the phantom model previ-
ously described. After appropriate scaling of imaging mo-
dalities, registration in 3-D consists of a gross alignment
using the same approximate degrees of freedom available
to both imaging modalities. Specifically, this requires that
the orientation of the long axis of the LV remain the same
with respect to both detectors’ frames of reference (e.g.,
the patient facing in the same direction for both perfusion
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and angiographic studies). This is easily accomplished for
the case of the phantom model.

Gross alignment is followed by a fine alignment pro-
cedure, as follows. The proximal length of the left ante-
rior descending (LAD) artery, as well as the posterior de-
scending branch of the right coronary artery (RCA) follow
interventricular grooves which are easily identified from
myocardial perfusion studies. Thus, initial registration can
be guided by superimposing the major coronary vessels
on these grooves, which can be previously identified from
the myocardial short-axis slices. Since information is ob-
tained independently for the RCA and LAD vessels dur-
ing the angiographic procedure, this superimposition can
be done independently for each branch. Following the
pattern of these naturally occurring landmarks, a 1 cm-
thick rounded plastic chamber was used to simulate the
anterior myocardial wall of the right ventricle in order to
provide a fiducial landmark to align the copper-wire model
of the left coronary arterial tree. Currently, the 3-D ro-
tations and translations are performed on a case-by-case
basis: given the relative orientations and positions asso-
ciated with each study for both imaging modality, the in-
verse rotations and translations necessary for alignment
are calculated manually. In addition, using the hierarchi-
cal data structures, interactive manipulation of both 3-D
models (i.e., the models describing anatomic and physi-
ologic information) is possible.

Visualization of Unified Model

The unified visualization model is displayed in Fig. 12.
Fig. 12(a) and (b) present the unified anatomical and
physiological information from two different viewing per-
spectives. As before, visualization is possible from any
desired, user-definable illuminations, rotations, and mag-
nification specifications.

Animated displays are also possible by specifying dif-
ferent combinations of these parameters in conjunction
with various display rates. This presentation of the inte-
grated information allows for quickly visualizing whether
any correlations might exist between structure (in partic-
ular, stenotic lesions) and function (particularly hypoper-
fusion). In addition to presenting a significant amount of
multimodality information in a single visualizable presen-
tation, it should be stressed that, as previously discussed,
the methodology is also designed to quantify the dis-
played information, such as the dimensions of stenotic le-
sions. To further aid in decision-making, the methodol-
ogy can also provide information both visually and
textually. Hence, both objective and subjective assess-
ments are possible in complementary forms. The overall
advantage, however, is that the physician is no longer re-
quired to view large numbers of 2-D images separately,
or expected to make subjective estimates of vital struc-
tural and functional parameters. It is expected that this
type of comprehensive, unified approach should lead to
improvements in the medical decision-making process by
providing both quantitative and qualitative information in
an interactive, systematic, and meaningful manner.

V. SuMMARY AND FUTURE DIRECTIONS

A methodology for quantifying and visualizing multi-
modality cardiac imagery has been presented. The meth-
odology combines numerous unique clements: 1) a hier-
archical data structure that organizes information and
logical procedures in a natural fashion while at the same
time support user interaction with the data: 2) knowledge-
based techniques for detecting and locating vascular
structure from angiographic images in a partially auto-
mated fashion; 3) representation of actual geometry in-
herent in X-ray biplane angiography rather than (source-
at-infinity) parallel geometry; 4) calculation of absolute
errors (between phantom models of known dimensions and
dimensions computed from the reconstructed models); 5)
quantification and visualization of vascular structure, in-
cluding estimates of vessel widths; 6) quantification and
visualization of myocatdial function, including estimates
of perfusion distribution levels in the left ventricular myo-
cardium; and 7) quantification and visualization model of
the integrated anatomical and physiological information.
The visualization methodology was implemented with
phantom and patient studies, showing the viability of the
approach for both quantitative and qualitative interpreta-
tions of multimodality imagery in nomtrivial cases. The
visualization of the unified multimodality information is
shown in Fig. 12, which illustrates the presentation of
very large amounts of data in a meaningful, succinct, and
natural fashion. This figure should be compared with Figs.
2 and 3, which present the same information from both
imaging modalities but using current visualization meth-
ods.

The preliminary findings produced encouraging results,
while also providing considerations for further investiga-
tion. The entropy operator used in the detection of vessel
edges yielded good resuits, which were corroborated
through comparisons with the known dimensions of a
copper-wire phantom model. However, additional ana-
tomically-based knowledge is required for guiding the de-
tection procedure, especially in handling vessel thinning
or widening, and where vessel bifurcations and overlaps
occur. In terms of registration of the different imaging
modalities, the methodology and associated phantom re-
sults showed good agreement in terms of conveying the
unified anatomic and physiologic information. Tech-
niques are being developed to generalize the 3-D trans-
formations required for consistent registration of any
given set of multimodality imagery.

The thrust of current efforts is two-fold: a) increased
automation of the entire visualization methodology to re-
duce operator workload and b) continued testing of the
accuracy and reliability of the methodology. With respect
to automation of the procedure, the goal is to develop
knowledge-based methods to effect the limited-view re-
construction of arterial structure. Testing procedures will
rely on the development and implementation of phantoms
and patient studies to determine possible sources of er-
rors, particularly in the areas of backprojection and re-
construction.
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The visualization methodology that has been presented
is designed to convey a significant amount of multimo-
dality information in a single, meaningful display. The
methodology is also designed to quantify the visualized
information, and to provide the information both visually
and textually. Hence, both objective and subjective as-
sessments of medical information are possible in comple-
mentary forms and in interactive fashions. It is expected
that this type of comprehensive, unified approach to vis-
ualization should lead to improvements in the accuracy
and reliability of patients’ diagnosis, prognosis, and se-
lection of therapeutic courses of action, thereby facilitat-
ing the medical decision-making process in an important
problem in health-care.
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