
IR..otationalmyocardialtomographyafterinjectionof
thallium-201 at peak exercise has been suggested as a
significant improvement over planar scintigraphy for the
detectionand localizationof myocardialischemia(1â€”4).
Rotational thallium-201 tomography at rest has also
been reported to be better than planar imaging for the
detection and localization of myocardial infarction
(5â€”7),as well as for estimations of the extent of the in
farct (6,7). Despite increasing availability of methods
for quantifying planar Tl-201 myocardial scintigraphy
(8â€”12),current evaluation of regional myocardial per
fusion from stress/redistribution rotational tomography
is usually made by visual interpretation of the recon
structed T1-201tomograms.This approachis limited by
observervariability,inabilityto account for differences
in regional photon attenuation, inability to assess myo
cardial washout, inability to quantify the percentage of
the myocardium that is involved with either a perfusion
defect or a washout abnormality, and the time-con
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suming procedure of visually assessing approximately
20 to 40 tomograms.

Previously we developed and validated a compre
hensivecomputerizedmethodthat usessequentialplanar
stress/redistribution scintigraphy to express objectively,
as a function of space and time, the relative distribution
of Tl-201 in the myocardium (8). Using the attributes
of this planar approach, we have developed a compre
hensive method that quantifies the three-dimensional
distribution of myocardial Tl-201 at stress and redis
tribution from rotational tomograms. This approach
expresses the percentage of the myocardium involved
with a perfusion defect and/or washout abnormality.
The purposeof this reportis to describe the method and
to evaluate its preliminaryresultsin normalpatientsand
in patients with coronary artery disease (CAD).

METHODS

Patient selection
Two groups of patients were studied. Group A con

sisted of 25 patients referred to this institution for as
sessment of suspected CAD, but who were classified as
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normal by probability analysis. This group included I9
males and six females ranging in age from 28 to 70 yr
(mean 46 yr). These patients were considered as normals
by having less than 5% likelihood of CAD as judged by
sequential Bayesian analysis of age, sex, symptom
classification, and the results of the exercise electro
cardiogram and fluoroscopic assessment of coronary
calcification (13). Group B consisted of 28 consecutive
patients with no electrocardiographic evidence of prior
myocardial infarction, whounderwentboth Tl-201 ro
tational tomography and coronary angiography, and
whosearteriographicstudiesrevealedgreater than 50%
luminal stenosis of at least one of the three major coro
nary arteries. This group included 24 males and four
females ranging in age from 35 to 78 yr (mean 61 yr).
Twenty patients had disease of the anterior coronary
circulation corresponding to the territory supplied by the
left anteriordescending coronaryartery (LAD), and 22
had disease of the posterior coronary circulation corre
sponding to the territory supplied by the left circumflex
(LCX) and the rightcoronaryarteries(RCA). Fourteen
of these patients had disease involvingboth anteriorand
posterior circulations.

Exercise and scintigraphic procedure
Patients in Groups A and B underwent stress and re

distribution Tl-201 rotational tomography. They were
stressed using multistage treadmill exercise according
to the Bruceprotocol.Exercisewas maximal, terminated
only after the patient developed chest pain, exhaustion,
serious arrhythmia, or hypotension. A dose of 2 mCi of
Tl-20l was injected at maximum exercise, and the pa
tients continued to exercise for 45â€”90sec after injection.
At approximately 6 mm, and again at 3â€”6hr after in
jection of Tl-201 , the patients were imaged using a ro
tating camera tomographic unit. Thirty-two projections
were obtained for 30 sec each in an 180Â°arc extending
from the 45Â°right anterior oblique to the left posterior
oblique projection. The large-field-of-view scintillation
camera was equipped with 75 photomultiplier tubes, a
O.25-in.-thick NaI(Tl) crystal and a low-energy, all
purpose, parallel-hole collimator. A 20% energy window
was centered on the 80-keV x-ray peak. All projections
were stored on magnetic disk using a 64 X 64, 16-bit
matrix.

Computerprocessing and analysis
Each of the 32 projectionswas corrected for nonuni

formity with a cobalt-Si source, collecting 30 million
counts. The mechanical center of rotation was deter
mined from the projection data to align the detector data
with respect to the reconstruction matrix. The center
of-rotation measurement was also used periodically to
monitor gantry stability (14). Filtered backprojection
was then performedusinga low-resolutionHanningfilter
with a cutoff frequency of 0.375 cycles/pixel to recons

truct the transverse axial tomograms (of 5.6 mm each)
encompassing the entire heart. These tomograms were
then smoothed in depth using a three-point weighted
average with weighting factors of 1, 2, and 1, respec
tively. Sagittal and oblique tomograms parallel to the
long and short axes of the left ventricle were extracted
from the filtered transaxial tomograms by performing
a coordinate transformation with appropriate interpo
lation (15). Algorithms for both the filtered backpro
jection and the coordinate transformation used were
available in the commercial computer system used for
this analysis. All tomograms were corrected to reflect
the change in countsbetweenstressand delayed imaging
by using multiplicative scale factors provided by the
commercialprograms.The need for this correctionarises
because transaxial tomograms are normalized so that
the maximum reconstructed pixel value does not over
flow. Thus the extracted values need correctionin order
to provide the count change between the stress and de
layed studies. No attenuation or scatter correction was
used.

Three-dimensionalquantification
Using the long-axisslice with the largestcavity length,

the operator selected the short-axis cuts for quantifica
tion to extend from three cuts (16.8 mm) from the base
of the left ventricle (LV) to the endocardialaspect of the
apex (Fig. 1). On the short-axis cut falling halfway be
tweenapexandbase,theoperatorthendefinedthecenter
of the ventricular cavity, radius of search, and the infe
nor junction between right ventricle (RV) and LV as an
anatomic landmark,which was arbitrarilyalignedto the
102Â°arc. The maximal-count circumferential profiles
(CPs) for each short-axis cut were then generated au
tomatically from the most apical to the most basal cut.
Each point in these profiles represents the maximum

OBLIQUES SAGITTALS

FIGURE 1
Dia@'amof method of slice selection used to circumvent
partial-volumeeffect for bothshort-axisor oblique cuts (left)
and long-axis or sagittal cuts (right). Left ventricle is usually
dMded Into9-12 short-axIscutsand4-6 long-axlecuts.Each
cutis5.6 mmthick
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LV is reflected by the number of CPs that are mapped.
Thus in larger LVs, the band representing each slice is

SAGITTAL thinner relative to smaller LVs. A similar 2D polar map
representation is then generated using washout CPs in
stead of stress CPs.

BASE

OBLIQUE

Definition of normal limits
In order to account for variation in LV size, the yen

tricle was divided into anatomic regions. Five regions,
of equal thickness, representedthe volume displayed by
the short-axis cuts, and five regions, of equal thickness,
represented the volume displayed by the long-axis cuts
(Fig. 3). The mean value and standard deviation were
established from the pooled data of 20 normal patients
(Group A) for each of the 60 angular locations of each
of the five anatomic regions corresponding to the
short-axis and long-axis cuts. The times at which the
stress image and redistribution image were obtained was
used to interpolatethe CPs from the delayed tomograms
and washout CPs to exactly 4 hr in the same manner as
in our planar approach (8).

For the distribution profiles, normal limits were de
fined as the curves representing 2.5 standard deviations
(s.d.) below the mean, and were used as the threshold for
defect detection. These curves were obtained by aver
aging the profiles corresponding to each anatomic region,
point by point, around the circumference of the myo
cardium and calculating the standarddeviation for each
point. Similarly for the washout profiles the normal
limits for the 4-hr percent washout were defined from
curves representing 2.5 s.d. below the mean for those
intervals. Thus ten circumferential profiles corre
sponding to lower limits of normal of the short- and
long-axis anatomic regions were generated for the stress
distribution, and ten for the percent-washout circum
ferential profiles. The criterion of defining the normal
limits at 2.5 s.d. below the mean was used for two rca
sons: the set of circumferential profiles from the normal
patients did not form a Gaussian distribution, and this
value resulted in an optimal tradeoff between sensitivity
and specificity for detecting coronary artery disease
using our previously developed quantitative Tl-201
planar approach (16).

Quantitative interpretation
Initial distribution and washout circumferential

profilesfor the 25 normalsand the 28 patientswith CAD
were interpretedby a computerprogramthat alignedthe
curves, determined the anatomic region where each
profile belonged, and compared each curve with the
empirically determined normal limits (described above)
corresponding to the profile's anatomic region. The
normal limits for the 4-hr percent washout were cor
rected to the actual imaging time (3â€”6hr) as described
previously (8).

In order to quantify the three-dimensional involve

FIGURE2
Diagram to ShOWhow three-dimensionalinformation,as
determinedfrom obliqueandsagittalcircumferentialprofiles,
is mappedontoa two-dimensionalplane

counts per pixel along a radius extending from the center
of the LV to the limit of the radiusof search.The profile
was constructed by the computer from the values of 60
radii spaced at 6Â°intervals plotted clockwise. Each
profile was normalized to the maximum pixel value
found for that profile. The same procedure, similarly
automated, was then repeated for the long-axis cuts.
Using the short-axis slice with the largest cavity diam
eter, the operator selected the long-axis cuts to be
quantified as those ranging from the endocardial aspects
of the septal wall to the endocardial aspect of the lateral
wall (Fig. 1). The operator then defined, on the long-axis
cut lying halfway between septum and lateral wall, the
center of the ventricular cavity, radius of search, and the
most apical point to align to the 90Â°arc. From that point
on, CPs for each long-axis cut were generated auto
matically from the most septal to the most lateral cuts.
This procedure was performed for each stress and each
delayed tomographic study. Percent washout CPs were
then calculated as the stress profile minus the delayed
profile, multiplied by 100 over the stress profile, using
the profiles of the corresponding anatomic cut at stress
and delayed tomography, respectively.

After all of the long- and short-axis circumferential
profiles had been extracted, they were mapped into a
two-dimensional (2D) polar representation. In this
mapping (Fig. 2), the apex correspondsto the center of
the polar representation and the outermost circle cor
responds to the most basal cut that was processed. The
arcs between 60Â°to 120Â°of each long-axis cut are
mapped into the central region of the display to depict
the apical Tl-201 distribution. Immediately surrounding
the apical region, the entire (0Â°to 360Â°)most apical
short-axis stress profile is mapped with all of the fol
lowing short-axis CPs being mapped in increasingly
larger circles until the most basal CP is reached. In this
representation the sector from 3150 to 60Â°is assigned
to the area perfused by the left circumflex coronary ar
tery, 60Â°â€”120Â°to the right coronary, and 1200_3150 to
the left anterior descending. In the 2D polar map, the size
of the display always remains the same, so the size of the
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FIGURE3
Methodfordividingleftventricleinto5 anatomicshort-axis(oblique)regions(left)and5 long-axIs(sagittal)regions(right).
This division Is performedfor both developmentof profiles for normal limits andfor assignmentof which normal-limit profile
willbeusedinassessingcircumferentialprofileextractedfromspecificcut.Thisexampleillustratesassignmentofanatomic
regions in patient with 15 short-axis and 5 long-axis cuts

bution, the point score for slow washout.
Two differentsets ofcriteria weredetermined,the first

for overall presence or absence of CAD, and the second
for presence of abnormality in the territories of either the
anterior or posterior coronary circulation. The anterior
circulation territory was represented by the sector in the
polarmap extendingfrom 120Â°to 315Â°,while that of the
posterior circulation occupied the remaining portion of
the myocardium. The apical region, although used for
overall detection of disease, was not assigned to either
the anterior or posterior circulation.

RESULTS

Results in normals
The normal stress-distribution and washout charac

teristics of three of the five anatomic short-axis regions
of the LV, and their associated standard deviations above
and below the normal mean curve, are shown in Fig. 4.
The mean stress distributionprofilesat different depths
of the LV show that radiation originating from the in
ferior and septal regions is attenuated more than that
from the anterior and lateral walls. Differential atten
uation is even more pronouncedin the basal tomograms,
as suggested by increased interregional count difference
and widening of the standard deviation. The mean
myocardial washout profiles at 4 hr demonstrate little
change between the different LV depths, and a uniform
percent washout rate of 48%. This indicates that the
percentwashoutrate is not affected by attenuation,since

ment of an abnormality, two types of polar maps were
generated: one for the extent of an abnormality and the
other for its severity. These two kinds of maps were
generated for both the initial distribution and the 4-hr
washout of Tl-201. In the extent polar map, the CPs are
compared with the lowerlimit of normal generated for
that region. Those points falling below normal are set to
zero and the remaining points are set to one. Thus the
extent map is a binary map where the fraction of ab
normal myocardium is computed as the percentage of
LV pixels that are set to zero. In the severity map, the
pixels representing the polar map are shown as a gray
level between black and white depending on the degree
of the abnormality. The value of each pixel is computed
such that if the pixel is above normal limits it gets a value
of 1. If below, it gets a fractional value linearly dependent
on how far it falls below the normal limit. We termed this
value a point score.

Various quantitative criteria for abnormality were
applied to the subjects in Groups A and B, and the cri
teria that best separated the normals from the patients
with CAD were defined. The following criteria for ab
normality of the polar maps were evaluated.

1. In the extent map of the stress distribution, the
percentage of pixels indicating low uptake.

2. In the extent map of the percent washout distri
bution, the percentage of pixels indicating slow
washout.

3. In the severitymap of the stress distribution, the
point score for low uptake.

4. In the severity map of the percent washout distri
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suited in the correct detection of the presence or absence
of disease in 23 of 25 normals and 25 of the 28 CAD
patients. Similarly, criteria for abnormality in the cir
culation territory of either coronary were determined
from the percentage of abnormality in that region that
was required for true abnormality. Table 2 illustrates the
effect of varying criteria for the extent of myocardium
abnormality on the true-positive and true-negative rates
for disease in each circulation. Perfusiondefects greater
than or equal to 5%of the anteriormyocardialregionand
16% of the posterior region were selected as providing
the best tradeoffbetweentrue-positiveand true-negative
rates. These criteria resulted in the correct localization
of the presenceor absence ofdisease in 18of 20 diseased
and seven ofeight normalanteriorcirculationterritories
and in 16 of 22 diseased and five of six normal posterior
circulation territories. Criteria for washout abnormalities
(Tables 1 and 2), or for the severity of disease (point

it represents temporal changes in regional Tl-20l con
centration. Furthermore, all portions of the normal
myocardium lose Tl-20l at essentially the same rate.

Criteria for detection and localization of CAD
In the patients studied the distribution of perfusion

defect sizes ranged from no abnormality to 64%of the
myocardium abnormal. The mean defect size was 26%,
with a standard deviation of 19%. For extent of abnor
mality, the criteria that best separated normals from the
patients with CAD were determined in terms of the
percentage of the LV myocardium that must be abnor
mal to qualify for a true abnormality. Table 1 illustrates
the effect ofvarying criteria for the extent of abnormality
on the true positiveand negativerates.A cutoff criterion
of perfusion defects greater than or equal to 3%of the
myocardium was selected as providing the best tradeoff
between true-positive and true-negative rates. This re
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FIGURE4
Circumferential profiles for stressdistributionand4-hr washoutrepresentingmeanÂ±2.5 s.d. from three of anatomic oblique
short-axis cuts in groupof 20 normal patients.Note reducedlower limits of normalstress-distributionprofiles approximately
between 45Â°â€”225Â°,correspondingto Inferiorand septal regionsof myocardium.This reduction is partially due to increased
scatter andattenuationexperiencedby photonsfrom these regions.Notealso increasedreduction Inadjacent regionsgoing
fromapextobase



TABLEIEffect
of Varying Criteria for Extent ofMyocardiumAbnormal

on True-Positive and True-NegativeRatesforDetection
of CoronaryDiseaseCriteriaPerfusion

%Washout%
Myocardium defectabnormalityabnormaI(@

10 5 3' 10 53%Trueposftive

71 82 89 57 6475(n
=26)%Truenegative

100 100 92 96 9692(n
25).

SeleCted as optimal criterion.

TABLE2Effect
of VaryingCriteriafor ExtentofMyocardiumAbnormal

on True-Positiveand True-NegativeRatesforLocalization
of CoronaryDiseaseAnterior

Circulation(LAD)CriteriaPerfusion

%Washout%
Myocardlum defectabnormalityabnormal(@

20 10 5@ 20 105%

Truepositives 75 80 90 65 6565(n
19)%Truenegatlves

88 88 88 88 8888(n
= 7)Posterior

circulation(RCA,LCX)CriteriaPerfusion

%Washout%
Myocardium defectabnormalityabnormal(@

30 16 10 20 105%Trueposltives

50 73 82 41 5573(n
21)%Truenegatlves

100 83 50 83 8383(n
5).

SeleCted as optimal criterion.

previously described method of quantifying planar im
ages and describes a specific protocol for selecting ap
propriate tomograms for quantification. It also describes
a method for incorporating circumferential profiles of
the short- and long-axis cross sections into a compre
hensive display that expresses the three-dimensional
stress distribution and percent washout in two-dimen
sional polar coordinates.

This method of space/time quantification of the
three-dimensional 11-201 distribution is comprehensive,
utilizing a computer to (a) acquire and correct for
nonuniformity of the projections, (b) reconstruct the
transaxial, sagittal, and oblique tomograms, (c) extract
the maximal-count circumferential profile for each
short- and long-axis cut selected, (d) calculate for each
cut the circumferential profile for percent washout, (e)
compare each patient's profiles with previously estab
lished normal limits, (1) synthesize all of the profiles into
a comprehensive polar display of the Tl-20l distributions
for stress and 4-hr percent washout, and (g) express the
extent and severity of perfusion abnormalities.

The acquisition of the 32 projections was performed
using the 180Â°rather than the 360Â°collection method
in order to obtain higher image contrast and resolution
(6,23,24). This investigation did not inquire whether the
redistribution that occurred during the 20 mm of post
stress acquisition influenced our results. Nevertheless,
Maclntyre (25) and Kirsch (26) have reported from
preliminary observations that this redistribution did not

score) did not further discriminate CAD patients from
normals, or better ascribe disease to the anterior or
posterior circulation. Characteristic examples of the
results obtained in a patient with CAD are illustrated in
Figs. 5 through 7.

Interobserver agreement
Stress-redistribution Tl-20l rotational tomography

from ten patients, seven with and three without CAD,
were analyzed by two independentcomputeroperators.
Each extent map was divided into an anterior and a
posteriorregion.Usingthe criteria describedabove,the
stress perfusion and washout three-dimensional distri
butions were analyzed to determine whether abnormality
was present and, if so, whether it involved the anterior
and/or posterior coronary circulation. Concordance was
obtained in all ten patients and in all 20 segments.

DISCUSSION

It has been our experience (17,18) and that of others
(9â€”12) that quantitative analysis of planar images
(9â€”12) and seven-pinhole tomograms (1 1 ,19) signifi
cantly enhances the diagnostic accuracy of Tl-20l
myocardial scintigraphy over that of visual interpreta
tion. Furthermore, we recently compared visual inter
pretation of rotational tomograms with qualitative
analysis of planar scintigraphy, and although we found
no difference in the sensitivityof detecting CAD, we did
find that tomography better identified the location of
disease(2). We anticipatethat quantificationof Tl-201
rotational tomography will not only enhance its diag
nostic accuracy but also may allow for the determination
of the percentage of the myocardium involved with ab
normal perfusion, a measurement recognized to be
clinically important (7,20â€”22),particularly when Tl-20l
studies are used for prognosis. Quantification should also
allow for the objective comparison between the different
Tl-201 modalities.

The present investigationutilizes the attributesof our
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appear to have a significant effect on their results. The
tomograms were reconstructed without correction for
scattering or attenuation, due to the difficulties involved
in correcting for the variable attenuation of 80-keV x
rays through the thorax. Without such corrections, which
demand 360Â°sampling, absolute quantification of the
Tl-201 regional concentration is not possible, i.e., a voxel
value will not be directly proportional to the concentra
tion of Tl-201 occupying that unit volume. Furthermore,
without this correction the appearance of the myocar
dium and abnormalities can be somewhat distorted
(23,27). Nevertheless our approach, comparing the re

gional Tl-20l distribution with the corresponding lower
limits of normal, partly compensated for this problem.
This compensation is evidenced by the fact thatâ€”despite
the appearance in normals of reduced counts in the more
basal portions of the septal and inferior wallsâ€”nonewere
considered abnormal after comparison of the profiles
with the lower limits of normal. This compensation
should allow a clinically useful degree of accuracy for
the calculation of the percentage of abnormal area of the
myocardium from the extent maps, and particularly
from the severity maps. Nevertheless, without a 360Â°
geometry and without correction for attenuation and
scatter, the data reported in this paper are limited for
purposes of absolute quantification.

Our method used the comparison of patient profiles

Volume26 â€¢Number1 â€¢January1985
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FIGURE 5
StressTl-201myocardialshort-andlong-axiscutsinpatientwitha 90% stenosisof leftanteriordescendingcoronaryartery,
locatedimmediatelyafter firstdiagonalbranch.Noteperfusiondefectsevidentinshort-axiscutsapproximatelyfrom8 to
11 o'clock
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with normal limits determined from patients having less
than 5% likelihood of disease, based on sequential Bay
esian analysis (8,13,17). This approach avoids the pit
falls of using patients with normal coronary arteriograms
who may have nonatherosclerotic ischemic disease (28).
Furthermore, it allows the use of age-matched controls,
which if attempted with â€œnormalvolunteers,â€•might
result in inclusion of an unacceptable proportion of pa
tients with occult coronary disease.

In our method, we extracted the entire three-dimen
sional myocardial Tl-20l distribution by analyzing the
apex from the long-axis cuts and the rest of the myo
cardium from the short-axis cuts. We selected only slices
that contained the ventricular cavity and thus clearly
included the myocardium along the entire thickness of
cut. An advantage of this approach is that it avoids the
problem of the partial-volume effect of sampling only
a portion of a wall. Another advantage is that it allows
comparison of corresponding myocardial regions from
stress to redistribution, since the depth of the tomogra
phic planes is referenced to the subendocardial aspect
of the apex on both stress and redistribution tomo
grams.

The analysis of myocardial T1-20l washout did not
result in any added detection or localization of disease.
This is partly to be expected, since the mechanism for
improved detection and localization of disease in planar
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prove to be an important tool for separating ischemic
from infarcted myocardium.

The accuracy for the percentage of abnormal myo
cardium is somewhat affected by cardiac and thoracic
motion. This motion has been reported to account for
overestimation ofdefect activity when infarct size (29)
or myocardial blood flow are quantified (30). This has
also been reported by Kirsch (26) to be responsible for
false-negative results in patients with small hearts having
high ejection fractions or hypertrophy. Kirsch also re
ported cardiac motion to result in false-positive findings
in large hypertrophic hearts and in patients with car
diomyopathy. The distortion caused by motion is nev
ertheless thought to be small relative to that caused by
attenuation and scatter. The accuracy for the percentage
of abnormal myocardium is also affected by the system's
spatial resolution (31 ). Hoffman (31 ) has shown that
there is a significant reduction in the reconstructed voxel
value for objects smaller than twice the FWHM of the
spatial resolution, with this reduction increasing with
decreasing object size. These results have been verified
by Keyes (29) for infarct sizing and by Cakiwell (30) for
measurements of blood flow. It is likely that this de
pendence on the system's spatial resolution would tend
to mask small nontransmural perfusion defects while it
overestimates the size of transmural defects.

With respect to sizing of perfusion defects, Tamaki
et al. (7) measured infarct volume by applying manual
computer planimetry of the normal and infarcted regions
to tomographic cross sections. This approach was com
pared with similar measurements using planar Tl-20l
scintigraphy for its ability to correlate with the accu
mulated creatine kinase-MB (CK-MB) isoenzyme re
lease. In spite of the limitations of Tl-201 tomography
described above, they found a better correlation with
CK-MB release using manual computer planimetry of
the reconstructed tomograms than with planar mea
surements.

An advantage of our approach over that of Tamaki is
its greater degree of objectivity of the measurements.
The method presented showed excellent interobserver
agreement for the detection and localization of the per
fusion abnormalities, thus indicating a high degree of
reproducibility. This important attribute is to be cx
pected of an objective computerized method, particularly
since there is a specific protocol for selecting the tomo
grams to be reconstructed and since the stress distribu
tion and washout abnormalities are automatically de
tected and sized by the computer. The method also cir
cumvented the problems associated with the partial
volume effect by processing the selected tomograms that
clearly included the myocardium along the entire
thickness of the cut.

Some limitations of the approach described here
should be noted. One disadvantage is that it gives equal
weights to the contribution of small and large slices. In
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FIGURE7
Two-dimensionalpolar representationsof Tl-201 myocardial
4-ly percent washout of CAD patient illustrated in Figs. 5 and
6. Top left map represents three-dimensionalpercent
washout distribution, ranging from black (faster washout)to
light gray (slower washout).Note that white region in extent
map, representativeof abnormallyslow washout,corre
sponds to region supplied by LAD

imaging by washout analyses depends on the lower
contrast resolution of perfusion defects due to the overlap
of diseased and normal myocardium. Nevertheless,
further investigation may show that analysis of myo
cardial washout from myocardial tomograms could
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FIGURE6
Two-dimensionalpolar representationsof Tl-201 myocardial
stress distribution for CAD patient illustrated in Fig. 5. Top
left map (PIXELCT)representstWee-dimensionalmyocardial
countdistribution,rangingfromblack(highcounts)to light
gray(lowcounts).Whiteregionin extentmapcorresponds
to locationswhere circumferentialprofilesfallbelownormal
limits. Severity map shows how far below normal each of
those locationsfell. Displayat lower right illustrateshow
regionshave beenassignedto specificcoronaryarteries.
Note that perfusiondefect shownin extentmap falls in region
suppliedby LAD
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thickness of the cut.
Some limitations of the approach described here

should be noted. One disadvantage is that it gives equal
weights to the contribution of small and large slices. In
appear to have a significant effect on their results. The
tomograms were reconstructed without correction for
scattering or attenuation, due to the difficulties involved
in correcting for the variable attenuation of 80-keV x
rays through the thorax. Without such corrections, which
demand 360Â°sampling, absolute quantification of the
T1-201 regional concentration is not possible, i.e., a voxel
value will not be directly proportional to th@concentra
tion of 11-201 occupying that unit volume. Furthermore,
without this correction the appearance of the myocar
dium and abnormalities can be somewhat distorted
(23,27). Nevertheless our approach, comparing the re
gional Tl-201 distribution with the corresponding lower
limits of normal, partly compensated for this problem.
This compensation is evidenced by the fact thatâ€”despite
the appearance in normals of reduced counts in the more
basalportionsofthe septaland inferiorwallsâ€”nonewere
considered abnormal after comparison of the profiles
with the lower limits of normal. This compensation
should allow a clinically useful degree of accuracy for
the calculation of the percentage of abnormal area of the
myocardium from the extent maps, and particularly
from the severity maps. Nevertheless, without a 360Â°

geometry and without correction for attenuation and
scatter, the data reported in this paper are limited for
purposes of absolute quantification.

Our method used the comparison of patient profiles
with normal limits determined from patients having less
than 5% likelihood of disease, based on sequential Bay
esian analysis (8,13,17). This approach avoids the pit
falls of using patients with normal coronary arteriograms
who may have nonatherosclerotic ischemic disease (28).
Furthermore, it allows the use of age-matched controls,
which if attempted with â€œnormalvolunteers,â€•might
result in inclusion of an unacceptable proportion of pa
tients with occult coronary disease.

In our method, we extracted the entire three-dimen
sional myocardial Tl-201 distribution by analyzing the
apex from the long-axis cuts and the rest of the myo
cardium from the short-axis cuts. We selected only slices
that contained the ventricular cavity and thus clearly
included the myocardium along the entire thickness of
cut. An advantage of this approach is that it avoids the
problem of the partial-volume effect of sampling only
a portion of a wall. Another advantage is that it allows
comparison of corresponding myocardial regions from
stress to redistribution, since the depth of the tomogra
phic planes is referenced to the subendocardial aspect
of the apex on both stress and redistribution tomo
grams.
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SHORT AXIS CUTS
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LONG AXIS CUTS

SEPTUM
FIGURE5
StressTl-201 myocardialshort-and long-axiscuts in patientwith a 90% stenoslsof left anteriordescendingcoronaryartery,
located immediately after first diagonal branch. Note perfusion defects evident In short-axis cuts approximately from 8 to
11o'clock
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contrastresolutionof perfusiondefectsdue to the overlap
of diseased and normal myocardium. Nevertheless,
further investigation may show that analysis of myo
cardial washout from myocardial tomograms could
prove to be an important tool for separating ischemic
from infarcted myocardium.

The accuracy for the percentage of abnormal myo
cardium is somewhat affected by cardiac and thoracic
motion. This motion has been reported to account for
overestimation of defect activity when infarct size (29)
or myocardial blood flow are quantified (30). This has
also been reported by Kirsch (26) to be responsible for
false-negativeresultsin patientswith small heartshaving
high ejection fractions or hypertrophy. Kirsch also re
ported cardiac motion to result in false-positivefindings
in large hypertrophic hearts and in patients with car
diomyopathy. The distortion caused by motion is nev
ertheless thought to be small relative to that caused by
attenuation and scatter. The accuracy for the percentage
of abnormalmyocardiumis also affected by the system's
spatial resolution (31). Hoffman (31) has shown that
there is a significantreductionin the reconstructedvoxel
value for objects smaller than twice the FWHM of the
spatial resolution, with this reduction increasing with
decreasing object size. These results have been verified
by Keyes (29) for infarctsizing and by Caldwell (30) for
measurements of blood flow. It is likely that this de
pendence on the system's spatial resolution would tend
to mask small nontransmuralperfusion defects while it
overestimates the size of transmural defects.

With respect to sizing of perfusion defects, Tamaki
et al. (7) measured infarct volume by applying manual
computerplanimetryof the normaland infarctedregions
to tomographic cross sections. This approach was corn
pared with similar measurements using planar Tl-20l
scintigraphy for its ability to correlate with the accu
mulated creatine kinase-MB (CK-MB) isoenzyme re
lease. In spite of the limitations of Tl-201 tomography
described above, they found a better correlation with
CK-MB release using manual computer planimetry of
the reconstructed tomograms than with planar mea
surements.

An advantage of our approachover that of Tamaki is
its greater degree of objectivity of the measurements.
The method presented showed excellent interobserver
agreement for the detection and localization of the per
fusion abnormalities, thus indicating a high degree of
reproducibility. This important attribute is to be cx
pectedofan objectivecomputerizedmethod,particularly
since there is a specific protocol for selecting the tomo
grams to be reconstructed and since the stress distribu
tion and washout abnormalities are automatically de
tected and sized by the computer. The method also cir
cumvented the problems associated with the partial
volume effect by processingthe selected tomogramsthat
clearly included the myocardium along the entire
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STRESS

FIGURES
Two-dimensionalpolar representationsof TI-201myocardlal
stress distribution for CAD patient illustrated In Fig. 5. Top
left map (PIXELCT)representsttwee-dimenslonalmyocardlal
count distribution, ranging from black (high counts) to light
gray (low counts). White region in extent map corresponds
to locationswherecircumferentialprofilesfallbelownormal
limits. Severity map shows how far below normal each of
those locations fell. Display at lower right illustrates how
regions have been assigned to specific coronary arteries.
Note that perfusiondefect shownInextentmap falls Inregion
supplied by LAD
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FIGURE 7
Two-dimensionalpolar representationsof Tl-201 myocardial
4-hr percent washoutof CADpatient illustratedin Figs.5 and
6. Top left map representsthree-dimensionalpercent
washout distribution, ranging from black (faster washout)to
light @ay(slower washout).Note that white region in extent
map, representative of abnormally slow washout, corre
sponds to region supplied by LAD

The analysis of myocardial Tl-201 washout did not
result in any added detection or localization of disease.
This is partly to be expected, since the mechanism for
improveddetection and localization of disease in planar
imaging by washout analyses depends on the lower



ACKNOWLEDGMENTSorder to measure the size of perfusion defects accurately
by our approach, we need to account for the differences
in myocardial mass contributed by slices of different
sizes and different endocardial-to-epicardial thicknesses.
Furthermore, in order to relate the defect size accurately
to the total LV mass, we need to incorporate the mass
from the three basal slices, which we are not currently
analyzing. Our method of calculating the severity of
abnormality through the use of the point score should
become increasingly significant with the incorporation
of an accounting for the true LV mass. It should be
emphasized that without corrections for scattering, at
tenuation, object size, heart motion, and myocardial
thickness, the error of measuring infarct size or perfusion
defect size could be considerable.

This paper is intended to describe our method fully
and to provide preliminary criteria from pilot groups of
normal patients and patients with CAD. In our pilot
population, the method proved to be accurate in sepa
rating normal patients from those with CAD, and in
localizing anterior and posterior disease. Our method for
determining the criteria for abnormality of each vascular
territory was empirical. We found that a significantly
larger perfusion defect was required as a criterion for
localizing disease to the posterior circulation compared
with the anterior. This difference is likely due to the in
herently smaller standard deviation of the posterior
circulation territory, which is less affected by attenua
tion. We should emphasize that the criteria that best
separated normals from patients with CAD, and best
distinguished anterior from posterior disease, are pre
liminary. A larger prospective evaluation is needed, in
which these criteria are applied to assess sensitivity and
specificity for detection of CAD and for ascribing disease
to the anterior and posterior coronary circulations. In this
evaluation we are comparing the percentage of abnormal
area, as determined from the extent and severity maps
with the severity of CAD as determined from quantita
tive analysis of coronary arteriography. We find that
both the lower limits of normal profiles and the criteria
described above are considerably affected by the exact
methods of acquisition, preprocessing, reconstruction
and quantification. We foresee that any improvements
to our method will necessarily have to be accompanied
by the establishment of new normal limits and en
teria.

This new, comprehensive computerized method offers
promise to provide accurate, objective, reproducible,
quantitative assessment of the three-dimensional relative
stress distribution and washout characteristics of thal
lium-201 in the myocardium. Furthermore, it offers the
potential to quantify the percent of the abnormally
perfused myocardium. In patients with coronary artery
disease this measurement may well be an important in
dicator of long-term prognosis, and thus a highly useful
parameter for guiding patient management.
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