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A comprehensive method is described for quantitation of the spatial distribution
of TI-201 in the myocardium and its changes with time. The method, applied here
to 51 patients, uses bilinear interpolative background subtraction to compensate
for tissue crosstalk, and circumferential profiles to quantitate the relative radionu-
clide activity in the myocardium as an angular function with origin at the center of
the left-ventricular cavity. In addition, washout circumferential profiles are calcu-
lated as percent washout from the stress circumferential profiles. Abnormal thalli-
um distribution or washout is identified by automatic computer comparison of each
patient’s profiles with the corresponding limits of normal profiles, determined from
the pooled profiles of 31 normal patients. In these 31, the computer output was nor-
mal in all cases. In 20 patients with angiographically documented coronary artery
disease, 19 were determined to be abnormal by this method. This new computer-
ized treatment provides accurate objective assessment of the presence of coro-

nary artery disease.
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Sequential thallium-201 scintigraphy following in-
Jection at peak exercise has achieved widespread use for
the detection of coronary artery disease (/). Despite
increasing availability of nuclear medicine computer
systems, current evaluation of regional myocardial
perfusion is usually made by visual interpretation of
analog TI-201 images. This approach is limited by ob-
server variability, dependence on the quality of the
hard-copy output, and the inability to compensate for
tissue crosstalk. Recently, several approaches have
provided significant contributions to the development
of a quantitative method of T1-201 interpretation (2-5),
but each approach has limitations. Therefore, we have
developed a comprehensive computerized method to
express objectively, as a function of space and time, the
relative distribution of T1-201 in the myocardium. The
purpose of this report is to describe the method and to
evaluate the results in normal patients and in patients
with coronary artery disease (CAD).

Reccived June 9, 1980:; revision accepted Nov. 17, 1980.

For reprints contact: Danicl S. Berman, MD, Director, Nuclear
Cardiology, Cedars-Sinai Medical Center, 8700 Beverly Bivd., Los
Angcles, CA 90048.

Volume 22, Number 4

METHODS

Patient selection. Two groups of patients were studied.
Group A consisted of 31 patients referred to this insti-
tution for assessment of possible CAD. This group in-
cluded 21 males and ten females ranging in age from 26
to 73 yr (mean age 49 yr). These patients were classified
as normal by having less than 1% likelihood of coronary
artery disease as judged by sequential Bayesian analysis
(6) of age, sex, symptom classification, and the results
of multiple noninvasive stress tests other than TI-201
scintigraphy. In our laboratory these tests were the ex-
ercise electrocardiogram, cardiokymogram (7), and
fluoroscopic assessment of coronary calcification. Group
B consisted of 20 consecutive patients who underwent
both TI-201 scintigraphy and coronary arteriography,
and whose arteriographic studies revealed greater than
50% luminal stenosis of at least one of the three major
coronary arteries. This group included 18 males and two
females ranging in age from 36 to 76 yr with a mean age
of 58 yr. Ten patients had triple-vessel disease, six dou-
ble, and four single-vessel disease. Of the Group B pa-
tients, 11 had prior myocardial infarction.

Exercise and imaging procedure. Patients in Groups
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A and B underwent stress and redistribution thallium-
201 myocardial scintigraphy as part of a routine diag-
nostic evaluation. They were stressed using a multistage
treadmill test, according to the Bruce protocol. Exercise
was maximal, terminated only after the patient devel-
oped chest pain, exhaustion, serious arrhythmia, or hy-
potension. A dose of 2 mCi of thallium-201 was injected
at maximum exercise, and the patients continued to
exercise for 45-90 sec after injection. Following exercise,
multiple-view myocardial scintigrams were obtained
serially, at approximately 6 and 40 min, 3-6 hr, and
frequently 18-24 hr, after the injection of thallium.
During each phase of imaging, 10-min images were ob-
tained in the anterior, 45° and 70° left anterior oblique
(LAO) projections. Imaging was performed using a
standard-field Anger camera equipped with 37 photo-
multiplier tubes, a 0.25 in. thick Nal(TI) crystal, and a
high-resolution, parallel-hole collimator. A 25% energy
window centered on the 80-keV x-ray peak was used,
with an independent 15% window centered on the
167-keV photopeak. All images were stored on magnetic
disk in a 128 X 128, 8-bit matrix.

Computer processing and analysis. Each image is
compensated for tissue crosstalk by performing bilinear
interpolative background subtraction as described by
Goris et al. (8). For this purpose, a rectangular boundary
enclosing the heart was positioned by the computer op-
erator approximately 4 pixels away from the myocar-
dium (Fig. 1). The background subtraction method was
modified by use of a proximity weighting function de-
scribed by Watson et al. (9). The effect of this modifi-
cation is to produce a more rapid fall-off of the computed
tissue crosstalk, this being particularly important where
the rectangle surrounding the myocardium, assigned as
the origin of background, crosses areas of higher uptake,
such as the liver (9).

After background subtraction, the images are
smoothed using a standard algorithm for nine-point
weighted averaging. From these images, circumferential
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FIG. 1. Placement of rectangular boundary relative to the heart used
for performing bilinear interpolative background subtraction in the
anterior (ANT), and 45° and 70° LAO projections.
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FIG. 2. Diagrammatic representation of method for obtaining cir-
cumferential profiles of the myocardium. Polar coordinate reference
axis is shown in (A). image pixels for circumferential profile analysis
are found by performing a radial search for maximum value at 6°
intervals (B) throughout 360°. Maximal values shown as black dots
in(B)and(C)arehenreplomdh(D)foread{mgleasapeteemage
of the maximum value for the circumferential profile. Top curve in
(D) represents circumferential profile from stress thallium-201
image; below, that from the 4-hr delayed image.

maximal-count profiles of the myocardial distribution
of TI-201 are obtained (Fig. 2) in a manner similar to
that proposed by Vogel et al. (3) and Meade et al. (2).
Each point in these profiles represents the maximum
counts per pixel along a radius traversing the myocar-
dium. The profile is constructed by the computer from
the values of 60 radii spaced at 6° intervals plotted
clockwise. These profiles quantitate the segmental ac-
tivity as an angular function referenced from the visually
located center of the left ventricular cavity. The operator
also assigns the maximum radius to which the computer
will search. This is done to prevent the algorithm from
searching outside the left-ventricular myocardium into
other structures such as the right ventricle. These cir-
cumferential profiles (CP) are then aligned (4). The
computer operator identifies the location of the scin-
tigraphic apex on the circumferential profile by visual
inspection of the stress images as well as inspection of the
shape of the stress profile relative to that of the redis-
tribution profile. The computer then automatically shifts
that point in the circumferential profile to coincide with
90°. These profiles are subsequently plotted for each
view at each time interval. The curves were normalized
to the maximum pixel value found in any of the pro-
files.

In addition to the distribution profiles, washout cir-
cumferential profiles (WCP) are calculated as percent
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washout from stress for the 40-min, and 4- and 24-hr
intervals.

CP (0,s) — CP (0,t)
CP (0,s)

where the WCP (0,t) is the washout from a myocardial
segment, 0, at time t and s represents the time of imme-
diate post-stress imaging. The time required for com-
puter processing averaged 15 min per patient.
Definition of normal limits. The mean value and
standard deviation were established from the pooled data
of the 31 normal patients for each of the 60 angular lo-
cations of the anterior, 45° LAO, and 70° LAO images
for each time interval. The actual time at which the stress
views and redistribution views were obtained was used
to interpolate the redistribution circumferential profiles
and washout circumferential profiles to exactly 4 hr. This
was done for each normal patient by assuming a mono-
exponential normal washout (/0) between stress and
redistribution during the actual imaging delay, and
correcting to 4 hr using the following decay formula:

CP (0,4) = CP (6,At) e%(m—“) ()

where At = t — s, delay (in hours) between beginning of
stress imaging and redistripution and ty;; = patient’s
mean effective half-time. t;;, was calculated as fol-
lows:

WCP (1) =

X100 (1)

60
2 ti2(0)
=1

ti2= 60 3)
where
- 0.693 At
ti2(0) = W (4)
I —_ 7
" [CP 0.0

For the distribution profiles, normal limits were de-
fined as the curves representing two standard deviations
below the mean, and were used as the threshold for de-
fect detection. These curves were obtained by averaging
the profiles of ecach view, point by point, around the cir-
cumference of the left ventricle and calculating the
standard deviation for each point. Similarly for the
washout profiles both 1- and 4-hr normal washout limits
were defined from curves representing 2 s.d. below the
mean for those intervals. In addition, the mean effective
half-time was calculated in each view for each of the 60
angular locations. These criteria using 2 s.d. with a
one-tailed analysis statistically encompass 97.5% of the
population.

Quantitative interpretation. Initial distribution and
washout circumferential profiles for the 31 normals and
the 20 patients with CAD were interpreted by a com-
puter program that compared each curve, aligned at the
apex, with the empirically determined normal limits
described above. This diagnostic program printed out the
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angular locations of each profile that were outside nor-
mal limits.

Various quantitative criteria for abnormality were
applied to patients in Group A and Group B, and the
criteria that best separated the normals from the patients
with CAD were defined. These criteria were applied to
any part of the patient’s profile in which two or more
consecutive 6° arcs fell outside normal limits (2 s.d.
beyond the mean curve). The following criteria for ab-
normality of the circumferential profiles were evalu-
ated:

1. Stress profile below the normal limits, indicating
an initial defect;

2. Early redistribution profile more than 2 s.d. above
the mean of normals and/or early washout profile (40
min after injection) below the normal early washout
limit. These criteria correspond to “late peaking’ myo-
cardial uptake of T1-201; and

3. 4-hr redistribution profile above the normal limits
and/or 4-hr washout profile more than 2 s.d. below the
mean normal washout profile. These criteria correspond
to “slow washout” of TI-201 in 4 hr.

The normal limits of the distribution and washout
corresponding to the 4-hr delayed images were corrected
to the actual imaging time (2.5-6.5 hr) by solving for
CP(0,t) from Eq. 2.

RESULTS

The normal distribution and washout characteristics,
and the associated standard deviations above and below
the normal mean curve, are illustrated in Figs. 3A and
B, respectively. The circumferential profiles for each
view and for each time show similar characteristic
shapes. There is noticeably reduced radioactivity at the
apex and at the base of the left-ventricular myocardium.
The minimum lower limit of normal value for the thal-
lium distribution at stress along the segments considered
for interpretation (330-210°) was 56% of the maximum
and corresponded to the apex in the 45° LAO view. The
standard deviations calculated for each mean profile
showed regional variations. In general there was a larger
error along the basal region and smaller error along the
apical regions. This is partly because the apex was used
for alignment, and thus one would expect more repro-
ducible results closer to that location.

When comparing the circumferential profile at stress
with the profile obtained at a later time, we find an ap-
parent damping effect due to the nature of the normal-
ization process. Actually, if the profile from a later time
is normalized so that its maximum point is equal to the
maximum point of the stress profiles, both profiles
coincide exactly. This indicates that the relative T1-201
distribution observed in the stress profiles is maintained
in normal patients at the later imaging times, and thus
that every portion of the myocardium washes out at the
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FIG. 3. (A) Distribution circumferential profiles representing mean + 2 s.d. from each view, at each time interval, in a group of 31 normal
patients. Mean curves, lying between other two are plotted with *‘+." Forty-minute images in 70° LAO are not performed. (B) Washout
circumferential profiles representing mean + 2 s.d. from each view, at each time interval, in same group of normal patients used in part
A.
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same rate. This finding is the reason for the horizontal
line appearance of the washout circumferential profiles
shown in Fig. 3B. The mean effective half-time (which
because of the long t;/; of TI-201 is largely due to
washout) was calculated for each of the 60 angular lo-
cations using Eq. 4. The mean effective half-time, with
2 s.d. above and below the mean, is shown in Fig. 4. The
mean effective half-time was found to be very similar for
each view and for each location in the myocardium,
namely 3.97 £ 1.3 hr.

The following criteria best separated normals from
the patients with CAD:

1. An “initial defect” was defined by any 18° segment
(three contiguous radii) of the stress profile falling below
the normal limit;

2. “slow washout” was defined by any 18° segment
(three contiguous radii) of the 4-hr washout profile
falling below the normal limit; and

3. to be considered abnormal, the patient needed at
least two abnormal 18° arcs in the combined initial
distribution and washout profiles in the three views.
Neither of the criteria corresponding to “late peaking”
of regional uptake alone further discriminated CAD
patients from normals.

Using the above criteria, quantitative analysis of
TI-201 images was normal in all 31 normal patients and
was abnormal in 19 of 20 CAD patients. A character-
istic, normal example is shown in Figs. 5 and 6. Two of
the 19 CAD patients were detected by the 4-hr washout
criterion alone. Importantly, 19 of 61 abnormal myo-
cardial segments were detected by this washout criterion
without initial defects. Figures 7 and 8 illustrate a patient
with triple-vessel CAD in whom the extent of abnor-
mality is detected only by the quantitative washout cri-
terion; there was no quantitative initial defect or visible
abnormality in the unprocessed images. The 45° LAO
processed images (Figs. 7B and 8B) demonstrated a
possible reversible defect in the posterolateral wall,
suggesting the presence of disease, but underestimating
disease extent.

Sequential thallium-201 scintigrams from eleven
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patients, five with and six without CAD, were analyzed
by two independent computer operators. Each of the
three views was divided into three segments for a total
of nine segments per patient. Each segment was analyzed
by the computer as to whether it was normal or abnormal
using the initial-defect and/or slow-washout criteria
described above. Concordant results were obtained by
the two operators in 93 of the 99 segments. In the six
patients without CAD, agreement was found in all 54
normal segments. In the five patients with CAD, the
results were as follows: there was agreement in 19 seg-
ments as being normal, 20 segments as being abnormal,
and six disagreements. Table 1 illustrates the results by
segment of this reproducibility study. The main cause
of discrepancy was slight variation in aligning the apex
at 90° in the patients with large apical defects.

DISCUSSION

It is well recognized that one of the more pressing
needs in the area of thallium myocardial imaging is the
standardization of the interpretation of scintigrams.
Objective criteria for the detection and assessment of
extent of CAD can come only from a quantitative tech-
nique. The present investigation utilizes a combination
of the attributes of several methods previously described
in the literature (2-5), and incorporates the use of serial
Bayesian analysis to identify normal patients as well as
the use of washout circumferential profiles to analyze
myocardial washout characteristics.

This method of space/time quantitation of myocardial
T1-201 uses a computer to (a) process the scintigrams;
(b) measure and display maximal circumferential pro-
files corresponding to the TI-201 distribution in the
myocardium at different times; (c) measure and display
the washout circumferential profiles; and (d) compare
each patient’s profiles with previously established normal
limits and print out the extent (in degrees) and intensity
(in percentage) of those segments below these normal
limits.

The image processing performed consisted primarily

70° LAO

90° 180° 270° 360°
ANGLE

FIG. 4. Profiles representing mean effective half-times (shown with *“+'’) and 2 s.d. above and below the mean for each 6° segment
in each view. Note similarities between mean for each segment and mean for each view. Combined mean half-time was 3.97 + 1.3

hr.
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FIG. 5. Stress TI-201 myocardial distribution in normal patient. Unprocessed stress images are shown in (A); corresponding computer-
processed images in (B). Distribution circumferential profiles are plotted in (C) as upper curves, with lower limits of normal below. Note
that no segment of distribution profile falls below lower limits of normal.

of modified interpolative background subtraction. As
previously pointed out (9,/1), quantitation of sequential
images requires a method of systematically compen-
sating for tissue crosstalk. Interpolative background
subtraction provides the most satisfactory approach,
since it accounts for nonuniformity in a background
distribution that changes spatially and as a function of
time in the delayed images. Therefore, methods that do
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not correct for tissue crosstalk (3,4), or those that use the
subtraction of a constant (/2), are not considered ade-
quate.

To generate circumferential profiles, maximum counts
per pixel along each radius were used, referenced from
the visually located center of the left-ventricular cavity
and aligned such that 90° in each view corresponded to
the scintigraphic apex. The choice of maximal counts
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FIG. 6. Four-hour TI-201 myocardial washout in normal patient of Fig. 5. Unprocessed delay images are shown in (A), and computer-
processed in (B). Washout profiles (upper curves) plotted in (C) exhibit marked washout by 4 hr when compared with lower limits of normal

(lower curves).
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over average counts along a radius was based on the work
of Vogel et al. (/3), who determined that maximal cir-
cumferential profiles provided the most accurate mea-
sure of abnormality. Furthermore, the use of average
counts in circumferential profile analysis has been found
less sensitive than visual interpretation (4). The use of
apex alignment was found to be of value by Burow et al.
(4) for partial correction for variation in heart position.
This alignment is particularly important, since the lower
limits of the normal profiles vary for different angular
locations in each view. For example, if in a normal study,
the apex were misaligned, this region, which charac-
teristically has the fewest counts, might fall below the
lower limit of normal, causing a false abnormality.
Methods that use lower limits of normal without proper
alignment (13) are therefore limited.

Washout circumferential profiles were used to assess
quantitatively the redistribution phenomenon. The
technique is similar to that of Watson et al. (9) in that
it quantitates relative washout that occurs between the
stress and the delayed images. The mean effective
half-time of TI-201 in the myocardium observed by our
technique (3.97 £ 1.3 hr) is in excellent agreement with
the values reported by Watson et al. (/4), who found a
mean washout half-time of 3.98 + 1.3 hr for the inferior
wall, 3.85 + 1.3 hr for the anterolateral wall, 4.17 £ 1.3
hr for anteroseptal wall, and 4.07 + 1.6 hr for the pos-
terolateral wall. The main differences between Watson’s
method and ours are that we image at 4 hr instead of 2
after injection, thus allowing a greater degree of washout
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to occur, and that our algorithm automatically calculates
washout for each 6° location in each view, instead of
relying on manually assigned profiles in preselected lo-
cations.

As predicted by Watson (9), the incorporation of
washout abnormalities resulted in detection of additional
patients with CAD as well as of additional abnormal
segments not detected by the defect criteria alone. Of
importance, none of these washout abnormalities could
be detected by visual inspection of the scintigrams. This
aspect of our quantitative analysis may prove to be the
most important feature in increasing our ability to assess
patients with balanced reduction of flow, such as may
occur in three-vessel disease.

With respect to our extrapolation of normal limits
established from images obtained 3-6 hr after injection
to study washout at other times, we did encounter diffi-
culty at less than 2.5 hr or more than 6 hr. Patients with
imaging delay of less than 2.5 hr tended to demonstrate
normal washout, since the extrapolated normal limits of
washout were close to zero. Patients with imaging delay
of greater than 6 hr tended to show abnormal washout,
since after 6 hr the normal monoexponential washout
assumption did not hold, and the normal washout rate
became slower. We are currently applying an approach
using multiexponential normal washout to our technique.
Preliminary results suggest that between 3 and 7 hr the
mean t;zis 12.2 hr (15).

Some groups have described methods that use com-
parison of patient profiles with normal limits determined

45° LAO 70° LAO

90° 180* 270" 380* o*

90* 180°* 270" 380°
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FIG. 7. Stress TI-201 myocardial distribution of patient with triple-vessel CAD, who was diagnosed as normal by visual assessment of
unprocessed images Figs. 7A and 8A. Differences in myocardial distribution between unprocessed (A) and processed (B) images are
present. In the 45° LAO, processed images suggest a reversible defect in posterolateral wall. In anterior view the distribution profile,
(C), (**+") falls below normal limits between 42 and 48° and between 126 and 132°. Neither segment is large enough to be interpreted

by computer as an initial “defect.”
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FIG. 8. Four-hour TI-201 myocardial washout in the patient with triple-vessel disease from Fig. 7. Unprocessed (A) and processed (B)
images, interpreted as normal, are shown. Part C exhibits washout abnormalities in distribution of all three major coronary arteries in
anterior and 45° LAO views, indicated by segments of washout profiles (*+'’) falling below lower limits of normal.

from normal volunteers, or from patients having normal
coronary arteriograms (3,4,/4). An important difference
in our approach is the selection of the normals from pa-
tients having less than 1% likelihood of coronary artery
disease based on sequential Bayesian analysis. This ap-
proach avoids the pitfalls of using patients with normal
coronary arteriograms who may have nonatherosclerotic
ischemic disease (5,/6). Furthermore, it allows the use
of age-matched controls, which if attempted with
“normal volunteers™ might result in inclusion of an un-
acceptable proportion of patients with occult coronary
disease.

Another reported approach has been the use of a de-
fect-detecting threshold of 25% relative to the area of
most intense uptake on the stress images. This threshold
is used to determine significantly reduced segmental
uptake (5). Our results in normal patients show that the
lower limit of normal changes according to the view and

the angular location in the myocardium. We found this
lower limit to be as low as 45% below the maximum at
the apex in the 45° LAO view, and as high as 20% below
the maximum at the inferior wall in the anterior view.

The method presented showed excellent interobserver
agreement, thus indicating a high degree of reproduc-
ibility. This important attribute is expected of an ob-
jective computerized method, particularly since the
distribution and washout abnormalities are automati-
cally detected by the computer. The method also proved
to be accurate in separating normal patients from those
with CAD. We should emphasize that the criteria de-
scribed best separated normals from patients with CAD
in our initial study group. A larger prospective evaluation
is currently under way, in which we apply these criteria
to assess sensitivity and specificity for detection of CAD
and for the detection of individual coronary lesions
(17).

TABLE 1.
View Anterior 45° LAO 70° LAO
Postero- Infero-
Segment Anterior  Apex Inferior lateral apical Septum Inferior Apex Anterior Total
Angle (degree) 330-54° 60-120° 126-210° 330-56° 60-120° 126-210° 330-54° 60-120° 126-210°
Concordantly 7 8 8 8 8 8 9 9 8 73
normal

Concordantly 2 3 3 2 3 2 1 1 3 20
abnormal

Disagreement 2 0 0 1 (] 1 1 1 0 6
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Topics associated with this investigation that are in
need of further study include: (a) the role that blood
clearance of thallium plays in determining the rate of
myocardial washout; (b) the effect of wall movement on
counts per pixel in the myocardium, and whether gated
thallium scintigraphy results in improved disease de-
tection; (c) whether range rather than standard deviation
should be used in defining the lower limits of normal
(15); and (d) automated methods of assigning the center
of the ventricle and the alignment of the curves. Fur-
thermore, the technique can easily be modified to ana-
lyze the characteristics of T1-201 lung distribution and
washout, which may provide information regarding the
severity of coronary disease (/8).

This new, comprehensive computerized method offers
promise to provide accurate, objective, reproducible
assessment of the quantitative distribution and washout
characteristics of thallium-201 in the myocardium.
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