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A system for quantitative analysis of myocardial perfusion tomograms is proposed. The
system starts with an automated delineation of the total left ventricle, including possible
perfusion defects, to determine the mass and shape of the myocardium. Next, polar maps or
bulls-eyes are computed from the delineation, which can then be compared to reference bulls
eyes to detect perfusion defects. The proposed system differs in three main aspects from

currentlyavailablebulls-eyealgorithms.First,radialslicesare usedratherthan short-axis
slices. In this way three-dimensional gradient information is retained, in particular near the
base and the apex of the left ventricle. Moreover, the reproducibility of this method is
expected to be superior, since the interactive selection of short axis slices through the left
ventricle is eliminated. Second, the left ventricle is automatically delineated using a flexible
computer model in order to obtain higher reproducibility. The resulting delineation contains
both mass and shape information. Third, in addition to the classic count rate bulls-eye, a
mass bulls-eye is computed, which contains the myocardial mass corresponding to each
bulls-eye pixel. Analysis of the count rate bulls-eye reveals perfusion defects, the
quantification of the defects is carried out with the mass bulls-eye.
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he aim of the quantification system for single pho
ton emission computer tomography (SPECT) perfusion
images of the left ventricle is to produce the following
information: (a) the total mass of the left ventricular
wall; (b) The mass of ischemic and infarcted regions.
To extract this information from the tomograms, two
algorithms were implemented:
1. To determine the total mass and shape of the left
ventricle, the myocardiab wall is automatically deline
ated.
2. To detect and quantify perfusion defects, two polar
images or bulls-eyes are computed: a count rate bulbs
eye and a mass bulls-eye. The former is compared with
a reference image to detect the defects, the second
contains the myocardial mass corresponding to every
bulls-eye pixel. The mass is the product of the volume
and the density of the myocardiab wall, which is as
sumed to be known.

The delineation of the total left ventricle can be
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carried out with limited a priori knowledge, because the
contrast between myocardium and background is usu
ally reasonably high. On the contrary, delineation of
regions with abnormal perfusion requires expert knowl
edge, since the normal count rate in the reconstructed
left ventricle image varies considerably with position.

Therefore delineation techniques that are driven by the
image data only are bound to fail. To delineate regions
with reduced perfusion a position dependent threshold
can be applied. The value of the threshold reflects the
a priori knowledge of the expert.
This floating threshold method is the basis of the
â€œbulls-eyeâ€•
algorithms ( 1â€”6).In these algorithms, a set
of parallel short-axis slices through the left ventricle is
used. In (2) also long axis slices are studied. The results
obtained after a data reduction step (circumferential
profile, edge detection) are presented in a polar map,
usually called the â€œbulls-eye.â€•
The power of these al
gorithms lies in three important features.
1. The myocardial perfusion is presented as one
image rather than as a set of parallel slices. This is a
useful tool for qualitative analysis.
2. The bulls-eye is a standard representation of the
left ventricular perfusion, independent on size and ori
entation of the heart. Therefore bulls-eyes of different
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patients or groups of patients may be compared pixel
by pixel.
3. From a set of normal patient's tomographic stud
ies, a reference bulls-eye can be derived. This reference
image may be considered as a matrix of thresholds:
comparison to the reference image may reveal regions
of reduced perfusion.

Yet the bulls-eye algorithms suffer from a few limi
tations.
1. The user has to select the slices through the left
ventricle. This task is difficult because ofthe wide point

spread function of the SPECT system. However, the
interactive slice selection has an important influence
on the final results and may therefore degrade the
reproducibility of the method.
2. Most implementations
ignore the thickness and

shape of the myocardium, and are therefore unable to
estimate the mass ofthe myocardium or that of regions
with reduced perfusion.
The algorithms that do delineate the myocardium
with edge detection in parallel slices have problems near
the apex and the base of the left ventricle. The reason
is that the gradient information available from a parallel
slice may differ greatly from the actual three-dimen

sional gradients.
We propose an algorithm that avoids the problems
of edge detection and slice selection, but retains the
advantages ofthe bulls-eye image. There are three major
differences with the conventional approach.
1. The data are organized in radial slices rather than
in parallel slices. The radial slices all contain the main
axis of the left ventricle, and are uniquely defined by
their angle with some reference system.
2. The delineation is driven by a model. Indeed,
image data alone may not be sufficient for the debinea

tion, since parts of the ventricle remain unmarked by
the tracer in the case of ischemia or infarct. An addi
tionab advantage of the model is its favorable effect on
sensitivity to noise and background activity.
3. Two bulbs-eye images are calculated for each pa
tient. The first bulbs-eye corresponds to the conven
tional one, though it is constructed in a different way.

Radial Slices

The delineation of an object in a reconstructed image is a
three-dimensional problem. Because of limitations in display
and computer power, this problem is traditionally broken up
into a series ofsubproblems, by studying a set ofslices instead
ofthe entire three-dimensional matrix. To be effective, the set
of two-dimensional slices must be chosen in such a way, that
each slice can be interpreted without using information con
tamed in other slices.

Each slice should therefore contain both object and back
ground pixels, so that the interpreter (human observer or
computer program) has a good idea of the total gray level
range in the image. If this is not the case, the background
pixels with the highest count rate may be considered as part
of the object. If gradient detection is used, then the two
dimensional gradients in the slice should be representative for
the real three-dimensional gradients. According to these re
quirements, parallel slices (including short axis slices) are
inappropriate. Indeed, some of the short axis slices close to
the apex and base ofthe heart may contain only a few or even
no object pixels. In these slices, a dramatic overestimation of
myocardial mass will occur (Fig. 1). Moreover, close to the

apexand the base,the three-dimensionalgradientsare almost
perpendicular to the short-axis slices. These slices will contain
only a small component ofthe real three-dimensional gradient
(Fig. 2).

To solvethese problems the data are reorganizedin a set
ofslices containing the long axis ofthe left ventricle. The long
axis is specified interactively by the user in two perpendicular
views, and can afterward be adjusted in the radial slices
themselves. After each adjustment, new radial slices are corn
puted from the original transaxial image. With this approach
we avoid errors resulting from wrong positioning of the axis
( 7). The slices are uniformly spread over 180Â°.As a reference
for the orientation, â€œanteriorâ€•
is defined as the intersection of
the myocardium and a plane through the long axis and
perpendicular to the coronal plane. Trilinear interpolation is
used to calculate the new pixel values. These slices will be

called â€œradial
slicesâ€•
(Fig. 3).

r

The second bulls-eye is new, and contains the myocar
dial mass corresponding

to each bulls-eye pixel. To

gether these bulls-eyes contain enough information to
detect (with the count rate bulbs-eye) and quantify (with
the mass bulbs-eye) the myocardial perfusion.

MATERIALSAND METHODS
The proposed procedure consists of four steps. First, the
radial slices are calculated. Next the myocardial wall is delin
eated in each of the radial slices. Then the position of the
valve plane is determined by an iterative fitting procedure.
Finally the count rate and mass bulls-eyes are computed.
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FIGURE 1
Count rate spill-over in parallel slices. The bottom slice
contains only background pixels, but the spill-over from

the neighboring slice creates the illusion of an object.
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FIGURE 2
Two-dimensionalgradient detection in parallel slices uses
the horizontal component only. The real three-dimensional
gradient may be much larger.

FIGURE 3
Radial slices through the left ventricle.
The advantages of the resbicingare as follows.
b. All slices contain both object and background pixels. For
this reason, Goris et ab. (8) present radial slices through the
left ventricle to the user for visual interpretation.

2. The real three-dimensional gradient is perpendicular to
the surface of the myocardiurn.

It will usually lie within a

radial slice, so almost no gradient information is lost.
3. All slices contain a similar U-shaped object (bottom of
the U is the apex, the open end is the base or valve plane). So
we need only one algorithm to process all the slices. In
addition, we know that the object shape cannot change dra
matically from one slice to the other, if the angular sampling

is sufficiently high.

Delineationof the Left Ventricle
Our ultimate goal is the estimation of the mass of the left
ventricle, and of possible ischemic and infarcted regions. As
stated before, detection of regions with reduced perfusion

requires the use ofa priori knowledge. This knowledge will be

(b) the algorithm produces an epi- and endocardiab contour,
assuming that each point of the center line must be located

between these contours.
The contours are the optimum solution of two constraints.
1. The contours should be as parallel to the center line as
possible.

2. The integral of the gradient along the contour should be
as high as possible. For the gradient, only the component

perpendicular to the center line is considered.
The optimum solution is found with the method of dy
namic programming. The relative importance of the two
constraints is determined by a weighting factor, which is
empirically chosen as a function of image quality. An impor

tant advantage ofthis approach is that the contour is generated
based on a global evaluation. As a consequence, the contour
detection is rather insensitive to very local image characteris

captured in a reference bulbs-eye, to which patient bulbs-eyes
can be compared. As a consequence, the patient bulbs-eye
should contain information ofthe entire left ventricle, includ
ing zones of reduced perfusion. It is therefore important that
the delineation of the left ventricle includes all ischemic and

tics, such as high frequency noise. The algorithm can be forced

infarcted regions. Since these regions may be invisible in the
SPECT image, the delineation must be guided by a model of

12). More details about the contour detection are presented

the left ventricle. For the sake ofreproducibility

and processing

speed, a flexible computer model is preferred to an interactive
model. This section gives an overview of the delineation
algorithm. The details are presented as an appendix.
In each slice the myocardiab wall must be delineated. The
contour detection algorithm uses two assumptions: (a) a center
line going through the myocardial wall must be available and
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to produce two contours parallel to the center line, even in
very noisy images, by increasing the weighting factor for the

paralbelism constraint (Fig. 4). For a detailed discussion on
dynamic programming,

the reader is referred to literature (9â€”

in Appendix 1.

In a well-perfused myocardium, the gradients are high and
they will determine the position of the contours. Near under

perfused regions, the gradients are low. At such locations, the
parallelism constraint will keep the contours from following
the meaningless gradients caused by noise (Fig. 4).
The gradient component in the direction of the center line
is used to find the two locations of the base in each radial
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Summation of all the radial slices produces a relatively uni
form and smooth average slice. Possible regions of abnormal
perfusion will be averaged out to a large extend. With local
maxima detection on this image, an acceptable initial center

line for the first slice is produced.
After delineating all the radial slices, the position of the
valve plane is determined.

For a normal myocardium,

all the

basal contour points are coplanar. In the case of basal infarcts
however, the position of the corresponding basal contour
points will be to close to the apex. To take this effect into

account, the valveplane is fitted to the basal contour points
using an asymmetric distance measure in an iterative proce
dure (see Appendix 2).
Finally the count rate and mass bulls-eye are constructed
in a two step procedure. In the first step, a data reduction is

executed. For each radial slice a delineated left ventricle is

FIGURE 4
Radial slice through a left ventricie software phantom, with
the two contours and the intersection of the radial slice
with the valve plane.

available, together with its elliptic center line. For every center
line element a straight line perpendicular to that center line is
constructed. Along this line, the maximum count rate value
between the epi- and endocardial contours is computed. Also,
the mass of the corresponding voxels is calculated. This way,
the amount of data is reduced to two numbers for each
element of the center line: one count rate and one mass. The

mass of any region of the left ventriclecan be estimated by
adding all the assigned masses of the center lines enclosed by
slice. At these two locations, the epi- and endocardial contours

are connected to obtain a closed contour. In the case of basal
reduced perfusion, the positioning of the basal contour point
will probably be wrong, since it is based on count rate infor
mation. This problem will be solved by the valve plane fitting,

described later in this section.

To guaranteea gooddelineation,we needa center linethat
can be interpolated or even extrapolated into regions where
the ventricle was not marked by the radioactive tracer. Because
of the parallelism constraint, the shape of the center line is
also imposed on the contours. These two considerations

the region.

The left ventricle is now reduced to a set of center lines.
Together these center lines can be considered as a three
dimensional surface, embedded in the left ventricle wall. To
each element ofthe surface a maximum count rate and a mass
were assigned. This surface can easily be transformed to a
bulls-eye image by turning down each center line around the

apex and into the bulbs-eyeplane. The actual pixels of the
count rate bulls-eye are calculated with bilinear interpolation
(Fig. 5). For the mass bulls-eye an additional correction is

push

forward the use of a model. Several authors ( 13,14) use an
ellipsoid as a model for the left ventricle. We use a more
flexible model to account for the asymmetry of the myocar
dium:
1. The center line consists oftwo elliptic parts, which meet
each other at the apex with equal tangent. The ellipse param

eters of each half of the center line may be different, to deal
with the asymmetry of the myocardium.

2. The parameters ofthe center line are iteratively adjusted
for each slice, so no rotational symmetry is assumed.
When a center line is not well positioned on the myocar
dium, the two contours will be pulled away from it by the
gradient constraint. The parameters ofcenter line can then be

adjusted to obtain a better correspondence to the contours.
All the above leads to a simple iterative scheme.
1. Start with some initial center line.

2. Find the endo- and epicardiab contours around the
current center line.
3. Adjust the center line parameters based on the position

of the contours.
4. Ifa significantadjustmentwasnecessary,go to 2.
5. End ofthe delineation for this radial slice.
A good initial center line for a radialslice is the center line
of its neighbor. After including this in the scheme, only the
initial center line for the first slice remains to be specified.
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FIGURE 5
Count rate bulls-eye. In white the basal contour points
after valve plane fitting are shown. The line from the center
to the septum points in the direction of maximum inclination
of the valve plane. The gray line shows the position of the
radial slice of Figure 10.
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required to compensate

for the deformation

of the myocar

dium. Indeed, by turning down the center lines into the bulls
eye, the base is stretched out considerably (Appendix 3).
There is a pixel-to-pixel correspondence between mass and
count rate bulbs-eye.Suppose that an infarct was enclosed by

grams. These ungated studies were not corrected for attenua
tion, scatter, collimator acceptance angle or motion. The only
aim of this test was a visual appreciation

of the computer

In every stage ofthe delineation, interactive corrections are
possible. The user has the option to specify the initial center
line interactively, to correct (part of) the contours and to
adjust the position ofthe valve plane. Interactive specification
of the apex position is necessary in the case of apical infarcts.

delineation on real patient data.
With the images described above, three different tests were
applied to the delineation results.
1. The estimation of the total mass was studied by means
of real phantoms and software phantoms.
2. The estimation ofinfarct size was evaluated by means of
both real and software phantoms. An average count rate bulls
eye was generated from a few measurements of â€œnormalâ€•
phantoms. The count rate bulbs-eyes of the phantoms with
â€œinfarctsâ€•
were then compared to this reference bulls-eye. The
reference bulls-eye was multiplied with a fixed constant be

The program is implemented on a 3 mips workstation.The

tween0 and 1.This scaledreferencebulls-eyeis then used as

procedure, including calculation

a floating threshold. Every bulls-eye pixel with a count rate

a regionof interest in the count rate bulls-eye.To obtain the
mass ofthe myocardial wall corresponding to that region, one
only has to copy the region into the mass bulls-eye, and
calculate the summation

of all the pixel values in the region.

of radial slices, delineation,

valveplane fitting and calculation of the bulls-eyes,requires below the corresponding threshold was considered as an in
between 2 and 4 mm of processing time for 16 radial slices,

farct pixel. The size of the infarct is then calculated from the

depending on the number of iterations.

massbulbs-eye.In all tests only transmural infarciswereused.

Evaluation

Important here is the behavior of the delineation program
near infarcts,and the positioningofthe valveplane in caseof

3. The quality ofthe delineation wasjudged by a physician.

The ongoingevaluation of the softwareis done by means
of three different types of data: artificial images, phantom
measurements, and patient data. For the first two types of
data, the program

results can be compared

basal infarcts.

with the true

values. For the patient data, the resulting delineation has only
been evaluated by visual inspection. A thorough evaluation
on a large seriesof patient studiesfor both 201'fland MIBI
will be started soon. For that purpose, a database of normal
studies with both agents is being compiled at this moment.

The artificial image or softwarephantom is calculatedby
projecting a three-dimensional activity distribution to 32 pro

RESULTS
The first test concerns the estimation of the total left
ventricular mass from the delineation.
Twenty-eight

measurements

with the Jaszczak phan

tom were performed under various conditions. Thirteen

jection images, equally spread over 180Â°.The projection takes

of them were with different types of infarct inserts, 15

account of the attenuation. The projections can then be de

without inserts. From the measurements without in

graded by convolution

with some constant point spread func

tion. Finally, Poisson noise can be added to the projections.

serts, seven were done with empty cylinder, eight while

the cylinder was filled with cold water. The series of 13

Reconstructionis performedwith filteredbackprojection.The

measurements

most important approximation is that of the constant point

five measurements in air, four in cold water, and four

with infarcts was divided in three groups:

spread function. However,when the activity is concentrated in water with background tracer concentration of 1/8
in a rather small volume, as in the case ofcardiac studies, the and a blood-pool concentration of 1/6. In Table 1 the
variationin the point spread function over the object willbe results of total mass estimation are presented. The real
relatively small. The simulation is not exact, yet we feel that
volume of the heart phantom is 115 ml.
the software phantoms are a useful tool for analysis of pro
Many software phantoms have been generated and
grams for SPECT.
The three-dimensional image contained a homogeneous
cylinder with a left ventricle at an excentric position. The left

ventricle consists of a cylindrical part connected to half a
sphere, comparable to the so-calledJaszczak phantom. The
cylinder is fibbedwith a tracer concentration of 1/8 of the
myocardial concentration. The cavity contains a relative con
centration of 1/6. The pixel size was set to 5 mm. The constant
point spread function had a full width at half maximum of

over 3 pixels.The Poissonnoisecorrespondedto a maximum
projection pixel of 100 counts.

The phantom measurementswereexecutedwith a Jaszczak
heart phantom (Data Spectrum Corporation, Chapel Hill, NC)
in a perspex cylinder. Cylinder, myocardium, and ventricular
cavity can be filled with water. Different inserts can be used

to simulate infarcts. The commercially available set of inserts
was extended with two apical â€œinfarcts.â€•
For these measure
ments 99mTcwas used.
Finally the program was used to analyze 20 201Tltomo
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processed

during

development

of the method.

Two

interesting series are presented in Figure 6 and Figure
7. In the first series the height, width, and shape remain

constant, while the thickness is varied from 4.4 mm to
19 mm. It is clear that the overestimation of the mass
is higher for a thinner wall, because of the partial

TABLE 1
Results of Total Volume Estimation on Hardware
Phantoms
Typeof

measurementNumberMean
%No

deviation
(ml)Standard

air71444No
infarct,
water81451.5lnfarct,air51464Infarct,
infarct,cold
water41477Infarct,
cold
hot water41476
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FIGURE 6

FIGURE 8

Six software phantoms with wall thickness from 4.4 to 19
mm. The FWHM of 17 mm causes a large overestimation
for thin phantoms.

Estimation of infarct size of software phantoms for different
threshold factors. The results are compared to the exact

relative infarct size, since one should not compensate for
the overestimation of wall thickness by underestimating
the extend of the infarct.

volume effect. In the second series the thickness is fixed

at 10 mm, while height and width of the phantom is
gradually increased. The total volume varies from 66

ml to 252 ml. The relative error increases slightly with
increasing volume.
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As a second test, the estimation of infarct size by
means of a reference bulls-eye was evaluated on both
real and software phantoms. For the software phan
toms, five infarcts were generated. The infarcts have
the same shape and location, but differ in size. The
volumes range from 1 to 32 ml in a phantom of 134
ml. Apex and base ofthe software phantoms was intact.
The results for the software phantoms are presented in
Figure 8. With a scale factor of 0.6 for the reference
bulbs-eye, one obtains a nice estimation of the relative
infarct size.
Four different inserts were used in the Jaszczak phan

1. An infarct with an extend of 90Â°,and parallel to

the short axis planes. Its volume is 5.75 ml.
2. An infarct with an extend of 180Â°,and parallel to

the short axis planes. Its volume is 11.8 ml.
3. An apical infarct, cutting away halfofthe

apex. Its

volume is 15 ml.
4. A full apical infarct, cutting away the entire apex.
Its volume is 32 ml.

Figure 9 shows the results. To obtain a reasonable
estimation of the infarct size, a scale factor of 0.4 for
the reference bulls-eye should be used.
Finally the quality ofthe delineation and positioning
of the valve plane was judged by visual inspection. On
software phantoms, a good valve plane (error 1 pixel)
is produced

for basal infarcts up to 180Â°(half of the

tom:
Hardwarephantoms

E
0

E
0

U Estimation
(0.4)
U Estimation
(0.6)

.

Estimation(0.7)

0 Exactrelative
size
realvolume(ml)

6
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32

lnfarctslze (ml)

FIGURE 7
Eight software phantoms with different size, but constant
thickness (1 cm) and constant shape. In the fixed thickness
delineation, the delineation algorithm was forced to pro
duce contours with the correct thickness. Deviations from
the real value are caused by underestimation of the left
ventricle width (radius).

6

FIGURE 9
Estimation of infarct size of hardware phantoms for differ
ent threshold factors. The two infarct inserts of 6 ml are
identical in shape, but were located at different positions.
The first insert was at the position of maximum attenua
tion, the second one at the opposite side.
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base). For large apical infarcts, the estimated thickness
of the invisible part of the myocardium is too sensitive
to noise and to the exact shape of the perfused part of
the myocardium. This problem is still under investiga
tion. For most patient studies, the delineation and valve

plane fitting is considered acceptable by the authors.
This is a subjective matter, no table or curve can prove
this statement.

As mentioned

above, an evaluation

on

a large series of patient studies for both 201Tband MIBI
is currently being prepared. As an illustration, Figure
10 shows a delineation of a radial slice with septal

defect.
DISCUSSION

Errors in estimation of total mass are caused by two
effects: (a) overestimation of the thickness, which is a
partial volume effect, and (b) small underestimation

of

the width of the myocardium. This is a consequence of
the blurring of the image. Because of the convexity of
the myocardium, the blurring will produce a larger
increase of background activity inside the myocardium

than at the outside. Figure 11 gives a schematic illustra
tion of this effect. As a result, the center line calculated
by the program tends to shift inward.

For a myocardium of

1 cm, the overestimation of

the thickness is far more important than the underesti
mation of the width. Hence, the myocardiab mass is
systematically overestimated. However, when the mass
is increased with constant thickness, the underestima
tion of the width decreases, with an even larger overes
timation of the total mass as a consequence.

The estimation of infarct size is much better for
software phantoms than for real phantoms. The reason

FIGURE 11
The influence of the myocardial width (radius) on the
position of the contours and center line. The gray ring
represents a short axis slice. The line segments represent
the blurring, the line density is a measure for the increase
in background count rate due to blurring. When the myo
cardial radius decreases, the background activity in
creases at the inside of the myocardium and decreases at
the outside. As a result, the activity of the wall shifts
towards the center. Contours and center line will follow
this shift.

is probably the fact that the software phantom

infarcts

all had the same shape and location, only a different
size. On the contrary, the physical phantom infarcts
were very different in shape and location, since both
apical and regular inserts were used. The difference in
scale factor between software and physical phantoms is

due to the larger PSF of the software phantoms.
The phantom masses were overestimated with â€˜@@25%.
A phantom myocardium does not beat or move, and

humans are bigger than a 20 cm diameter cylinder, so
results in clinical practice can be expected to be worse.

One can even argue that a thickness estimation for a
201Tl SPECT study is virtually impossible. On the other

hand, new tracers become available, such as MIBI,
which have a better PSF and a count rate which is high

enough for gated acquisition (15). The program can
also be applied to PET studies, which have a resolution

which is below the myocardial thickness, a better count
rate and the possibility of gated acquisition (16). In
addition, the calculated center lines contain accurate
shape information, which might be useful in wall mo
tion analysis.

The program only extracts information from the
image, and does not correct for various artifacts due to
scatter (1 7,18) and attenuation (1 7,19,20,21,). Also
motion of the heart caused by patient movements
(22,23)

FIGURE 10
Radial slice through myocardium with septal defect. Figure

5 presentsthecorresponding
countratebulls-eye.
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and unvoluntary

motion

(24) may produce

considerable artifacts. Finally the beating of the heart
causes blurring in ungated SPECT images and causes
errors in the estimation of wall thickness, comparable
to the errors found in scintigrams ( 14). Gating can
solve this, and may open possibilities for simultaneous
analysis of wall motion (25). To be really quantitative,
a clinical procedure should include corrections for all
these errors. Fortunately, the use of a database of nor
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mal bulbs-eyes implicitly corrects for some errors com

mon to the patient's image and the reference images.
Indeed, ifboth the reference bulls-eyes and the patient's

The contours are detected with the method of dynamic
programming. To every possible contour a cost is assigned.

The cost of a particular contour is found by summation of

ison.

the local costs assigned to its contour points. If well chosen,
the cost of a contour decreases as the contour exhibits more
of the features we prefer. Dynamic programming generates
the minimum cost contour in a processing time that is linearly
proportional to the contour length.
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APPENDIX 1

allowed

distance

between

successive

pixels.

ContourDetection with Dynamic Programming
The input of the algorithm is a radical slice, together with
a center line through the myocardial wall. The output is a
closed contour,

@rayvalue@1,@â€”
grayvalue@,@I

= distancebetweenpixeb,1,@
and pixeb@.@

consisting

of an endo- and an epicardial

contour, which are connected at the base with a linear seg
ment. In addition a better, model based center line is supplied.
With this new center line the procedure can be repeated until

the difference between the new and the previous center line is
negligible.
A new image is created by resampling the input slice. The
gray values in the columns of the new image correspond to
the gray values along an interval located perpendicular on the
center line (Fig. 12). The gray values are calculated with
bilinear interpolation. In this new image the center line is a
straight horizontal line, with epi- and endocardium above and
below the center line respectively. The delineation problem is
now reduced to the detection of two contours going from left
to right through the resampled image, together with the two
tops of the object. The program provides an option for over
sampling in both horizontal and vertical direction, to reduce

the discretization errors in the delineation.

In other words, this means that the cost in a pixel is high (a)
ifthe gradient in that pixel is low. This is the implementation
of the gradient constraint, (b) if the gray value of that pixel
differs a lot from that of its left neighbor, and (c) or if the
distance between the pixel and its left neighbor is high. This
is the parallelism constraint.
The normalizations keep the cost components below 1. The
minimum cost routine is executed twice, once for each con
tour: the first time the gradients are related to the maximum
positive gradient, the second time they are related to the
minimum negative gradient. Gradients are calculated by con
vobution with an edge detector. In the current implementation
the values for the costs are W0 = 2, wv 0, wD = 4. The
parallelism constraint is relatively important because of the
low quality of the images in nuclear medicine.
The minimum cost algorithm produces two contours start
ing at the leftmost pixel and ending at the rightmost pixel of
the resampled image. Additional processing is needed to close
the contours at the tops (valve ring) of the object. To find the
tops a gray level profile is made, by calculating the average
gray value between the two contours for each column of the
resampled image (Fig. l3A). Next two intervals are defined,
each of which is supposed to contain one of the tops. Defini
tion of the intervals is done by two thresholds, derived from
the mean gray value of the profile (currently 10 and 90%).

The profile is scanned from left to right. The interval starts

FIGURE 12
The upmost figure shows the resampled image of Figure
10, together with the epi- and endocardial borders. Under
neath the gradient image is shown, with the same con

tours.
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when the bowerthreshold is exceeded, and ends as soon as the
higher threshold is reached. The procedure is repeated for the
other interval, scanning from right to left (Fig. b3B). Finally
in each interval the top is located at the element with the
highest absolute value of the first derivative (Fig. b3C). The
derivative is the result ofa convolution with a one dimensional
convolution mask. The size is currently chosen at 7 pixels, to
eliminate artifacts due to noise. At the tops the two contours
are connected with a straight line. The ventricle is now delin
eated by a closed contour in the resampled image. After
inverse resampling, we obtain the delineation of the ventricle
in the radial slice.

By taking the center of each pair of contour points, a new
center line is calculated. To this center line the model is fitted

1999

A

FIGURE 13
A: Resampled slice with epi- and en
docardial contours. B: Gray level pro
file of the resampled slice. The hon
zontal lines are the thresholds which
define the search intervals. C: The
first derivative of the gray level pro
file. The contours are closed at the
maximum gradient in each search
interval.

with the Levenberg-Marquardt least squares algorithm (26).
The model actually consists of two equivalent elliptic parts,
which are connected at the apex. The parameters ofeach part
are:
(a) the two radii, (b) the coordinates of the center, and (c)
the orientation of the long axis.
In our limited experience, the model is stringent enough to
force the detection ofan acceptable contour even in very noisy
images.

APPENDIX 3

The mass bulbs-eyeis generated by copying the mass values,

Fitting the Valve Plane
The detection of the valve plane in each of the radial slices
may be hampered by basal underperfusion. To solve this
problem, the position of the valve plane is determined by an
iterative fitting procedure, after delineation of all the radial
slices.
From the basal contour points (two for each radial slice) a
predefined fraction (e.g., 20%) with the lowest vertical distance
to the apex is discarded. If some of the contour points did
belong to an underperfused region, a lot of them will already
be eliminated. If there was no basal underperfusion, the re

@

old distance from the previous plane. After each iteration the
threshold distance is decreased, until some stopping criterium
is met. As stopping criteria, we use a minimum value for the
threshold distance, and a minimum amount ofcontour points
that should participate in the fit.

Construction of the Mass Bulls-eye

APPENDIX 2

maining set ofcontour
fitting.

@r

points is still large enough for accurate

The position ofthe plane is then determined by minimizing
the sum of a distance measure for each pixel. The distance
measure is asymmetric: (a) if the pixel is above the plane, the

assigned to the elements of the center line, into a polar map.
Bilinear interpolation is used to produce the output image.
Since we are interested in the absolute values ofthe myocardial
mass assigned to each bulls-eye pixel, some corrections for

deformation are necessary.
After bilinear interpolation the pixel values are weighted
with the following factor:
d0@ N
dOld2irr

is the pixel size of the bulls-eye image;
distance between elements of the center line;

@botdis the

N

r

is the number of center lines;

is the distance from the pixel to the center ofthe bulbs
eye.

The factor

correctsfor the differencein sampling

distance measure equals the distance to the plane, and (b) if

distance between the center line and the bulbs-eye.This differ

the pixel is below the plane, the distance measure equals the
squareroot ofthe distance to the plane. This distance measure
exhibits some tolerance for basal contour points located below
the real valve plane because of underperfusion.
The fit is then repeated, but the set of contour points is
now restricted to those which are located within some thresh

ence is caused by the normalization

2000
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of the bulls-eye size.

The second factor takes account of the deformation caused
by turning down the myocardial wall into a flat bulls-eye. Let

us consider all myocardial pixels that are located at a distance
r from the apex, where the distance is measured along the
myocardial wall. The mass information of these pixels is

The Journal of Nuclear Medicine

assigned to N center line elements, one for each of the N
center lines. In the bulbs-eyethe same information is found in
2irr pixels. So the factor N 2irr corrects for this change in mass
elements.
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