
Thallium-20l scintigraphy is being used increas
ingly for evaluation of regional myocardial perfu
sion (1). Currently, most myocardial perfusion im
ages are interpreted subjectively by visual
identification of areas of abnormally reduced activ
ity. Unfortunately, subjective interpretations of
myocardial images are strongly influenced by the
experience of the observers, the quality of the im
ages, the ratio of myocardial to background activ
ity, the characteristics of the display system, and
many other factors inherent in subjective interpre
tations and evaluations. We have therefore devised
a computer-assisted technique for analyzing thal
hum images; it is objective, reproducible, and in
dependent of observer bias. This report describes
our method and presents early results in normal
subjects and patients with coronary artery disease.

METHODS

Patients. Three groups of patients were studied.
Group 1 consisted of 13 normal volunteers (ages
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23-46) who had no history of cardiac symptoms
and normal cardiac examination, chest radiograph,
resting electrocardiogram, and exercise electrocar
diogram. Group 2 consisted of 74 patients with cor
onary artery disease. Forty patients (Group 2A)
were imaged at rest within 12 hr of onset of an
acute myocardial infarction. The diagnosis of in
farction was based on a typical history of chest
pain, characteristic electrocardiographic changes,
and/or a typical rise in serum creatine kinase.
Eleven patients had acute anterior transmural in
farctions, 21 had inferior or posterior transmural
infarctions, and six had subendocardial infarctions.
Thirty-four other patients with angina pectoris
(Group 2B) had angiographically proven coronary
artery disease, with 30% or less of the luminal di
ameter remaining in at least one major coronary
artery. These patients were imaged both at rest and
after exercise. Sixteen had a history of prior my
ocardial infarction.

Thallium scintigrams were acquired using stand
ard techniques. For rest studies, I .5-2.0 mCi TI
201 were injected i.v., and 10 mm later imaging was
performed in anterior, 40Â° left anterior oblique
(LAO), and 60Â°LAO views, using a scintillation
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FIG. 1. Circumferentialprofiletech
nique. In (A) an ellipse is placed
around left ventricle (LV) of normal
subject imaged in 60Â°LAO view. In (B),
computer has generated an isocount
LVedgeand radii from centerof LV to
each circumference point. Everytenth
radius is shown in black, with starting
radius in white. Below the image is
curve of normalized thallium activity
vs radial location, starting with white
radius and proceeding counterclock
wise. Activity is lowest in basal region.
In (C), curve Is superimposed on pre
determined normal limits (see text).
Apex is marked for orientation, and
computer text gives the view, number
of circumferencepoints,meanradius
in pixels, and range of normalized
thallium activity.
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camera and a general-all-purpose parallel-hole col
limator. Images contained 400,000 counts full field
and were stored on magnetic disk in a 128 x 128
matrix. For exercise studies, patients performed
graded exercise on a bicycle ergometer or treadmill
using standard protocols. Exercise was terminated
when chest pain or ischemic ST segment changes
occurred, or when the patient became exhausted,
or the heart rate reached 90% of the maximum
predicted value. Thallium was injected intrave
nously I mm before the end of exercise, and the
patient was imaged 5 mm later as described above.

Circumferential profiles. Each image was
smoothed using a nine-point averaging algorithm,
and displayed on a video screen. No background
was subtracted from the image. An observer Sc
lected the center point and the lengths of the major
and minor semi-axes of an ellipse that contained
the area of the left ventricle and isolated it from the
remainder of the image (Fig. IA). Based on a
threshold percentage of maximum supplied by the
user, an isocount contour was determined by
searching from the edge of the ellipse toward the
center. A threshold value of 50% was generally
selected first, followed by adjustments up or down
until the isocount contour best approximated the
outer edge of the left ventricle as assessed visually
by the user. In cases where high adjacent back
ground or very low thallium uptake, or both, re
sulted in obscure edge definition, the ellipse was
positioned so that a portion of its edge approxi
mated the outer border of the left ventricle and
formed part of the isocount contour. The centroid
was then determined and radii constructed to each
point on the isocount contour (normally 70.- 100

points). The distribution of Tl-20l activity was de
termined by calculating the average activity per
pixel along each radius and normalizing the data to
the radius with the highest average activity. These
data were then displayed as a â€˜â€˜circumferentialpro
file' â€c̃urve by plotting normalized thallium activity
against angular position, beginning with the â€œhigh
lighted' â€r̃adius and proceeding counterclockwise
around the circumference (Fig. lB). Individual cir
cumfcrcntial profiles were generated using this
technique for each of the three views in each study.
The time required for computer processing aver
aged 2-3 mm per view.

Definition of normal limits. Circumferential pro
files for the 13 normal volunteers were categorized
by view and whether they represented rest or cx
ercise studies. The profiles for each of the six cat
egories were aligned on the point corresponding to
the scintigraphic apex and were normalized for size.
A mean normal profile and curves representing two
standard deviations from the mean were calculated
by averaging the profiles point by point. The curve
representing two standard deviations below the
mean was taken as the lower limits of normal.

Scoring of defects. Computer-generated circum
fcrcntial profiles of images from patients with cor
onary disease were scored by comparing each curve
with empirically determined normal limits. We dis
played the original unprocessed myocardial perfu
sion scintigram and the computer-smoothed image,
with the left-ventricular isocount edge and every
tenth radius superimposed. The number of the ra
dius corresponding to the apex, the patient position,
and whether the study was rest-injected or exercise
injected were entered into the program. The appro
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FIG. 2. Mean thallium profile curves
(darker lines) of 13 normal volunteers,
with Â±2 standard deviations (lighter
lines) for the three views. Vertical
scale is radial thallium activity per
pixel as percentage of highest value.
Note greater variability in basal re
gions.
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TABLE 1. NORMAL VALUES

Stress
(n = 13)

13 Â±1
12 Â±1
12 Â±1

83Â±6 87Â±8
78Â±6 78Â±9
81Â±6 81Â±7

22 Â±4
24 Â±5
20 Â±5

22 Â±3
25 Â±4
21 Â±4

13 Â±1
12 Â±1
12 Â±1

priate curves for normal limits were then aligned
about the chosen apex point of the profile, normal
ized to the length of the profile, and displayed as a
composite image (Fig. lC). For each image the fol
lowing characteristics were determined:

1. Number of points on the circumference (C).
2. Mean radius (R).
3. Range of activity: the lowest activity in the

normalized profile (the highest was always 100%).
4. The percent circumference defect (%C): the

percentage of circumference points falling below
the â€”2s.d. normal-limits curve.

5. A score (5) for the image: the area of abnor
mality, found by multiplying %C by the average
reduction in thallium activity below the â€”2s.d.
normal curve.

A total score for each patient was obtained by
summing the scores of the three individual views.

Subjective scoring. The images of the 40 patients
with acute myocardial infarction (Group 2A) were
subjectively scored by at least two independent ob
servers for comparison with the computcr-gcncr
ated defect scores. The left ventricle in each view
was divided into five equal segments, each of which
was scored for intensity of defect (0 = normal, 1 =
slightly but definitely abnormal, 2 = moderately
abnormal, and 3 = severely abnormal). The image
score was obtained by summing the individual seg
ment scores, and a total score was obtained for
each patient by adding the scores for three views.

RESULTS

Normal curves. (Fig. 2). The circumferential pro

ABNORMAL
FIG. 3. Examples of abnormal cir
cumferential profiles. Normal limits
are shown by lighter lines, with loca
tion of apex marked by short vertical
line. The 60Â°LAO image is from patient
with large anteroseptal defect. Ante
nor and 40Â°LAO images are from
other patients with apical and lateral
wall abnormalities, respectively. Cor
responding profile curves are shown
for each image by darker lines, and
defects correspond to where image
curve falls below normal limits. ANTERIOR 40Â°LAO
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FIG. 4. Mean defect scoresfor 12 nor
mal subjects and 34 patients with cor
onary disease shown for three stand
ard views for rest and stress studies.
* = that difference between normal

and CAD is statistically significant (p
< 0.05). ** = significant difference (p
< 0.05) between rest and stress for
CADpatients.
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view (s.d. = 2%), and c) in the distal posterolatcral
wall in the LAO 60Â°view (s.d. = 2%).

Coronary artery disease. Most patients with cor
onary artery disease (CAD) showed a portion of
their circumferential profile at rest or exercise fall
ing below the â€”2s.d. normal-limits curve. Exam
ples are given in Fig. 3. Patients with chronic CAD
had significantly greater mean percentage circum
ference defects and defect scores than normal sub
jects in all three views at rest and exercise (Fig. 4).
CAD patients also had significantly higher defect
scores in exercise images than in rest images for all
three views (Fig. 4). Mean values for circumference
(82-86) and radius (12-14) in CAD patients did not
differ significantly from normal.

Figure 5 shows the cumulative distributions of
total defect score for the rest studies from the three
groups of subjects. All of the normal individuals
had scores of less than unity. The distributions for
patients with CAD and acute myocardial infarction
were shifted to the right, indicating larger scores in
these groups, although there was some overlap with
the normal group. The cumulative distribution of
scores for the exercise studies in chronic CAD pa
tients is not shown; it was displaced to the right as
in the acute myocardial infarction group; 50% of
the patients had scores of 3.0 or more, and 82%
had scores > 1.0.

Interobserver variability of computer analysis.
Thallium-201 perfusion scintigrams from nine pa
tients having a variety of defects were analyzed by
six independent observers using the circumferential
profile method. Table 2 shows the total defect sco
res obtained for the exercise studies in these nine
patients. Inspection of the table shows low inter
observer variability in most patients. Analysis of
variance revealed no significant difference between

files from normal volunteers had a characteristic
shape: activity was lower at the two ends corre
sponding to the base, and higher in the middle (Fig.
lB. lower). There was usually a small reduction of
activity at the apex. The mean normal values for
circumference, range, and radius are shown in
Table 1. There were no significant differences in
these values between the three patient views or
between rest and stress for each view. The mini
mum value for thallium activity in the normal pro
files averaged 80â€”84%of the maximum. The area
between the curves for the normal limits (2 standard
deviations above and below the normal mean curve)
showed regional variations in width. The greatest
variability in normal subjects occurred in the basal
regions, where the s.d. was 7% in all three views.
The minimum variability occurred a) just inferior to
the apex in the anterior view (s.d. = 2%), b) in the
lateral walljust superior to the apex in the LAO 40Â°

FIG. 5. Cumulativedistributionoftotaldefectscoresinrest
ing studies of normal subjects, patients with chronic CAD
(Group 2B), and patients with acute myocardial infarction
(Group 2A)..
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ObserversMeans.d.Patients123
4561

2
3
4
5
6
7
8
9

Mean
s.d.24.92

0.01
9.17
0.00

34.83
22.38

3.96
0.05
0.00

10.59
13.351

7.86
0.00
9.68
0.00

31.18
23.98
3.95
0.04
0.01
9.63

11.9426.07

â€¢17.54
0.02 0.01
9.93 10.17
0.00 0.00

34.01 34.91
20.19 21.15
6.62 3.96
0.11 0.95
0.00 0.00

10.77 9.65
12.95 12.2226.01

0.08
9.44
0.00

33.31
21.24
3.69
0.22
0.00

10.44
13.0325.29

0.00
9.85
0.01

33.47
19.79
4.29
0.00
0.05

10.31
12.8022.95

0.02
9.71
0.00

33.62
21.46
4.41
0.23
0.014.09

0.03
0.36
0.00
1.37
1.53
1.10
0.36

0.02SourceSumof

squaresANALYSIS
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FIG.6. Comparisonofsubjectiveandcomputer-generateddefectscoresforIndividualviewsandfortotalscoreinpatients
with acute myocardial infarction. Note that computer tends to be â€œconservativeâ€•for small visual defects.

observers after correction for interpatient differ
ences. Similar results were found for total defect
scores in rest images, and for defect scores in in
dividual views in both rest and stress studies. Low
interobserver variability was also found for circum
ference, range, and percentage circumference de
fcct measurements.

Comparisonof visual and computeranalysis. Fig
ure 6 compares the computer-generated defect
scores with a semiquantitativc visual scoring sys
tcm for the 40 patients imaged within 12 hr of onset
of an acute myocardial infarction (Group 2A). In all
three individual views, the computer tended to be
â€œconservativeâ€•when defects were small. Com
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TABLE 3. COMPARISON OFREGIONAL DEFECTS IDENTIFIED BY VISUAL ANDCOMPUTERMETHODSAnterior

view @40Â°LAO view60Â° LAOviewAnterior

Apical InferiorSeptal Apical LateralAnt-Septal ApicalPost-LatVisualdefect

Computer defect where visual
defectpresent

Computer defect where no visual
defect present11

26 16

8 21 16

0 0 015

16 17

9 14 15

0 2 016

16 20

15 15 17

1 1 0

Upper limit of
normalforSensitivitySpecificityCADCADAcutedefect

scorereststressM.I.Normals

1.044%72%70%100%0.556%88%92%92%
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Several other investigators have described com
puter-assisted methods for analyzing thallium scm
tigrams, but in most cases the computer was used
for image enhancement rather than defect identifi
cation and scoring (2-4). Some investigators have
used hand-drawn light-pen outlines of defect area
to estimate the size of acute myocardial infarctions
(5,6), but this approach is merely an extension of
subjective interpretation. One group has used a
â€ẫ€˜heterogeneity indexâ€• to express the nonuniform

ity of thallium uptake in the left ventricle (7); corn
pared with normals, patients with coronary disease
were found to have more matrix points with activity
below a given percentage of the maximum.

Two other groups have described methods simi
lar to ours using computer-measured radial thallium
activities (8,9). The method of Meade et al. (8) uses
analysis of images enhanced by fast Fourier trans
form methods. Profiles of rest and exercise images
are visually compared, but there are no experimen
tally determined criteria for abnormality. The
method of LeFree, Vogel et al. (9) compares radial
thallium activity with normal limits determined
from profiles of normal volunteers. As with our
method, normal limits are determined from the
mean Â±2 standard deviations of the normal curve,
averaged point by point around the LV circumfer
ence. What is â€˜â€˜normalâ€•therefore varies with the
particular anatomic region in a particular view. A
feature of our program is that the apices of each
profile and the mean normal curve arc superim
posed, allowing us to correct at least partially for
variations in heart position.

In addition, we have quantified thallium defects
using a score that takes into account both the extent
and intensity of the defect. In patients with acute
myocardial infarction, the defect score may be cx
pectcd to reflect the extent of infarcted and/or is
chemic myocardium, and should therefore be useful
for assessing prognosis and the effect of interven
tion therapy. The defect score may also prove use
ful for differentiating patients with and without cor
onary artery disease. A score can be arbitrarily

TABLE 4. PREDICTION OF CORONARY ARTERY
DISEASE FROM THALLIUM-201 DEFECT SCORES

Sensitivity is defined as the frequency of abnormal
scores in each of the three patient groups. Specificity
is the frequency of normal scores in the normal vol
unteer group. CAD refers to the chronic coronary ar
tory disease group (2B) and acute MI. to group 2A.

puter scores were generally zero when â€˜â€˜defectsâ€•
were mild and visually involved only a single scg
ment in a single view. On the other hand, when
defects were large, the computer was able to meas
urc a wide range of scores that appeared similar by
visual analysis.

Table 3 compares the frequency of detection of
perfusion defects in these 40 patients by visual and
computer methods for specific regions of the heart.
Using the current normal limits, the computer anal
ysis generally appeared to be less sensitive than
visual interpretation, particularly for the anterola
teral wall and apex in the anterior view, and the
septum in the 40Â°LAO view.

DISCUSSION

Despite the rapid expansion of thallium perfusion
scintigraphy and increasing availability of com
puters for data acquisition and storage, interpreta
tion of thallium studies has generally remained at
a subjective and qualitative level. The method of
â€ẫ€˜circumferential profiles' â€˜ that we have described

utilizes a computer to measure and display normal
ized thallium activity along radii constructed from
the center of the left ventricle to each point on the
circumference. A quantitative score is then gcncr
ated, based on the deviation of the profile curve
below previously established normal limits.
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established to represent the upper limits of â€œnor
mal' â€˜â€”forexample, I .0. All of our normal volun
teers had scores < 1.0, whereas the majority of
patients with ischemic heart disease had higher sco
res (Fig. 5). With the upper normal value reduced
to 0.5, one of the 13 normal subjects became â€œab
normal,â€• but more patients with CAD were cor
rectly identified. Table 4 indicates values for the
specificity and sensitivity of this technique in our
population, using the arbitrary upper normal scores
of 1.0 and 0.5. We wish to emphasize, however,
that our patients and normal volunteers were se
lected groups, and it is therefore uncertain to what
extent the indicated values are applicable to a gen
eral population. In addition, we must caution that
our normal limits, against which the circumferential
profiles were compared, was based on only 13 sub
jects. As more normals are addedâ€”especially sub
jects closer in age to CAD patientsâ€”the normal
limits may change, along with what constitutes a
â€ẫ€˜normal' â€˜ defect score, as well as values for sen

sitivity and specificity.
We performed our analyses without background

subtraction and without image enhancement except
for a single smoothing. We did not wish to distort
the image by applying enhancement techniques,
and felt that no adequate method currently exists
for background correction. We found that in images
without background subtraction the minimum thal
hum activity in normal subjects was 75-80% of the
maximum. This is similar to the 71% minimum
value obtained by Vogel and colleagues for stand
ard thallium images in normals (10). These authors
found lower minimum values in normals (46%)
using a tomographic method with background sub
traction. We anticipate that when a suitable back
ground correction method is developed and applied
to standard images, the normal limits may need to
be altered and the sensitivity and specificity of corn
puter analysis redefined.
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