
files. Despite the objective nature of the quantitative tech
nique, the ultimate interpretation of a clinical 201Tlstudy
is, in part, still subjective, since it is based upon inspection
of the analogue images and the quantitative data.

The goals of this study were: (1) to assess the reproduc
ibility ofthis computer method for quantifying myocardial
perfusion abnormalities for both treadmill exercise and
pharmacologic stress studies; and (2) to establish limits of
variability in quantitative measurement of lesion size to
provide objective guidelines for reversibility.

PATIENTS AND METHODS

Development of Quantitative Criteria for Reversibility
Study Material. The study material consisted of 52 planar

20111 studies ofpatients who had diagnostic 201Tl imaging between

May 1988 and September 1989. These studies were selected from
a larger number of studies to represent approximately equal
numbers of normal, postinfarct,and ischemicstudies.Twenty
seven patients underwent symptom-limited treadmill exercise
testing (standard Bruce protocol); twenty-five patients had phar
macologic stress testing with intravenous dipyridamole (0.568
mg/kg over 4 mm).

Imaging Protocol. At peak exercise or 4 mm after completion
of dipyndamole infusion, 2.5 mCi of 20Tl was injected intrave
nously. In the case ofexercise studies, the patient was encouraged
to exercise for two additional minutes.

Planar myocardial imaging was begun within 5 mm of 201Tl
injection, using a single crystal gamma camera (Siemens LEM,
Siemens Medical Systems, Inc., Iselin, NJ) equipped with a low
energy, all-purpose, parallel-hole collimator interfaced with a
dedicated minicomputer (Picker PCS-5 12, Picker Instruments,
Inc., Highland Heights, OH). Images were obtained in the left
anterior oblique, left lateral and anterior projections. Each view
wasacquired for 8â€”10mm with a minimum of600,000 counts
in the field of view. Delayed imaging was performed 2â€”2.50 hr

postinjection at identical projections. Thus, a total of 312 images
were obtained: 162 views in 27 three-view paired exercise and
delayed studies and 150 views in 25 three-view paired dipyrida
mole and delayed studies. The images were acquired in a 128 x
128 matrix (word mode) and stored on floppy disk for later
retrieval and processing.

Quantitative Analysis oflmages. Software for computer proc
essing and quantitative analysis has been previously described
(15). Briefly, an elliptical reference region was placed around the

Fifty-two paired stress/delayed planar 201Tlstudies (27 exer
cisestudies,25 dipyndamolestudies)wereprocessedtwice
by seven technologiststo assess inter- and intraobserver
variability. The reproducibility was inversely related to the size
of @Â°1TIperfusionabnormalities.Intraobservervariabilitywas
not different between exercise and dipyndamole studies for
lesionsof similarsize. Basedupon intraobservervariability,
objective quantitative criteria for reversibility of perfusion ab
normalities were defined. These objective criteria were tested
prospectively in a separate group of 35 201T1studies and
compared with the subjective interpretation of quantitative
circumferential profiles. Overall, exact agreement existed in
78% of images (kappa statistic k = 0.66). We conclude that
quantification of planar @Â°1Tlscans is highly reproducible, with
acceptable inter- and intraobserver variability. Objective cr1-
teria for lesionreversibilitycorrelatedwell with analysisby
experienced observers.

J NucI Med 1991;32:759â€”765

lanar thallium-201 (20Tl) imaging after exercise (1â€”3)
or after administration of dipyridamole (4,5) has proven
to be useful in the detection of functionally significant
coronary artery disease. Furthermore, semiquantitative
information, such as the number, extent, and severity of
201T1perfusionabnormalities hasbeen shown to correlate
with the severity of coronary artery disease (6) and, most
importantly, with risk for future cardiac events (7,8).

Quantitative analysis has improved the interpretation
of stress 201T1scintigraphy by reducing inter- and intraob
server variability and enhancing detection of coronary

artery disease over visual analysis (9â€”12).This is accom
plished by quantification of myocardial distribution of
201T1in comparisonto a normal data baseand by analysis
of 201Tlkinetics (13â€”15).Usually this information is dis
played as either circumferential or transverse count pro
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heart for interpolative background correction. The generated
backgroundimagewassubtractedfromthe unsmoothedanalog
images. A modified background subtraction algorithm was em
ployed(16,17).A regionof interestwasdefinedaroundthe left
ventricle. The technologist identified the long-axis and apex of
the ventricle.The exerciseand delayed imageswereautomatically
alignedfor small differencesin position. Circumferentialcount
distribution profiles were then generated displaying mean count
density in 36 equal segments.The segment with the highestmean
count densitywas designatedas 100%,and the mean count
densities in all remaining segments were displayed relative to this
maximal value. This allowedcomparison of the relativedistri
butionof 20â€•fluptakein serialstudies.

Curves defining the lower limit ofnormal for 201Tldistribution
in each view (mean â€”2 s.d., derived from a normal database of
28 subjects with less than 3% likelihood of coronary artery
disease)weredisplayedsimultaneouslywith the patient data for
each image (mean counts per 10-degree angle). The size of
myocardialperfusion abnormalities was determined by integrat
ing the hypoperfused area under the lower limit of normal curve.
This area was expressed as a proportion (x 100) of the total
potentially visualized normal myocardium (Fig. 1). The value
obtainedisdefinedas the defectintegral.It is unitlessand reflects
both the extent and severityof the myocardialperfusionabnor
malities. We have shown previously (18) that the defect integral
measuredin this manner increasesas the visualinterpretationof
defectseverityincreases(Fig.2).

Assessment oflnter- and Intraobserver Variability. Inter- and
intraobservervariability were assessed by having seven experi
encedtechnologistsprocess312201Tlscintigrams(52pairedthree
viewstressand delayedstudies)in duplicate. The technologists
were blinded to the patient's clinical data and previous quanti
tative processingresults. Repeat analyses by a single technologist
wereseparatedby at least2 wk.The defectintegralforeachstress
ordelayedimagewascomparedto thatobtainedon reprocessing

FIGURE 1. Methodof quantificationof planar @Â°@Tlmyocardial
perfusiondefects.Thedefect integralis a dimensionlessquantity
representingboth the extent and severityof the defect,as
comparedto a normaldatabase.
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FIGURE2. Comparisonofvisualscoringof201TIdefectseverity
withquantitativemeasurementsofdefectsize.Visualscoresare
definedas 0 = normal,1 = minimaldefect,2 = moderatedefect,
and 3 = severedefect.

ofthe same image. The reproducibility ofprocessing was analyzed
separatelyfor exerciseand dipyridamolestudies.

The 2OVfl images were subsequently divided into four
subgroupsbasedupon the magnitudeofthe initiallesionintegral.
These groups were arbitrarily defined as follows: normal (defect
integral0), small (1â€”5),medium (6â€”15), and large (> 15). Inter
and intraobservervariabilitywere determined for each of these
subgroups.

Criteria for Reversibility. Since exercise and delayed 201Tl
images are processed by the same technologist in standard clinical
practice, intraobserver variability was used to define objective
criteriafor lesionreversibility.A study wasconsideredâ€œnormalâ€•
when there was no defect quantitatively (i.e., all portions of the
circumferential profiles were above the lower limit of normal). A
study was considered â€œprobablyreversibleâ€•if the decrease in
lesionsizewasbetween1and 2 s.d. more than the mean intraob
servervariabilityfor defects of that size. A study was considered
to show â€œdefinitereversibilityâ€•if the change was greater than 2
s.d. above the mean variability. A study was considered to show
a â€œfixedâ€•abnormalityifthe change between images was less than
1 s.d. above the mean variability.

Application of Quantitative Criteria for Reversibility
An additional 35 planar 201T1studies were selected at random

between January and June 1989 to evaluate the applicability of
the quantitative criteria established above in comparison to stand
ard techniques ofdetermining reversibility. These patients under
went the same stress and imaging protocol previously described.
Each of the 105 paired exercise and delayed images generated
was evaluated by the objective quantitative criteria developed
above,aswellas bysubjectiveanalysisofcircumferentialprofiles.
In the latter approach, both the analog imagesand the circum
ferential profiles were examined by an experienced reader, as has
been done routinely in our institution over the past sevenyears.
Onthebasisofthis â€œsubjectivequantitativeanalysis,â€•thestudies
were categorized as â€œnormal,â€•â€œprobablyreversible,â€•â€œdefinitely
reversible,â€•or â€œfixedâ€•defects.

StatisticalAnalysis. The reproducibility ofprocessing was ana
lyzed separatelyfor exerciseand dipyridamolestudies. For as
sessment of inierobserver variability, the repeat measurements by
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six technologists were compared to that of a seventh technologist
(J.A.M.). Thus, there were 972 comparisons for exercise studies
and 950 comparisons for dipyridamole studies. To assess intraob
server variability, repeat measurements by each of the seven
technologists were used ( 1134 comparisons for exercise studies
and 1050 comparisons for dipyridamole studies). Individual dif
ferences on repeat processing by each technologist for each image
were meaned to calculate the mean variability. In addition, the
difference between repeat measurements was expressed as a per
centage of the larger measurement for defect size. Relationships
between repeat measurements of the defect integral were exam
med using Pearson's correlation coefficients. Categorization of
the change between paired images as evaluated by different
methods was compared using chi-square analysis for repeated
measures and the kappa statistic, k. Comparisons between groups
of data were performed by one-way analysis of variance (AN
OVA) and by Tukey's HSD test for multiple means. A value of
p < 0.05 was considered significant.

RESULTS

lntraobserver Variability of Defect Quantification
Individual correlation coefficients for repeat measure

ments by each technologist ranged from 0.94 to 0.97 for
exercise studies and from 0.85 to 0.92 for dipyridamole
studies. The mean difference in defect integral obtained
on repeat processing of the same image by each technolo
gist ranged from 1.2 to 1.8 for exercise studies and from
0.3 to 0.6 for dipyridamole studies. The defect integrals
measured by each technologist did not differ significantly
among the seven technologists, as measured by Tukey's
HSD test for multiple comparisons of means. There was
also no statistically significant variation in the average
difference in measured defect integral on reprocessing by
any one technologist compared to any other technologist.

When measurements by each technologist were combined,
the overall correlation coefficient (r) was 0.96 for exercise
studies (Fig. 3A) and r = 0.89 for dipyridamole studies
(Fig. 3B).

Mean absolute intraobserver difference for all compar
isons was 1.5 Â±1.9 for exercise studies (median = 1) and
0.4 Â±0.8 for dipyridamole studies (median = 0) (p <
0.001, unpaired t-test). However, the defects in the exercise
studies evaluated were significantly larger than those in
the dipyridamole studies chosen (7.8 Â±8.6 versus 0.9 Â±
1.8, p < 0.001). To correct for this difference, intraobserver
variability was also expressed as a percentage of the defect
size. Overall variability was 20% Â±36% for exercise studies
and 22% Â±29% for dipyridamole studies (p = ns, unpaired
t-test).

Mean absolute difference on repeat processing by the
same technologist varied with the initial size of the defect
integral (p < 0.00 1, ANOVA) (Fig. 3C). Larger initial
defects were associated with greater mean absolute differ
ence on reprocessing than were smaller defects. The mean
absolute differences for each group of defect sizes differed
significantly from each other (p < 0.001, Tukey's HSD
test). However, when expressed as a relative percentage of
the defect integral, larger defects (defect integral > 5) had
less variation on repeat processing than did smaller defects
(defect integral 1 â€”5) (p < 0.00 1, Tukey's HSD test).
Moreover, there was no significant difference in intraob
server variability between exercise and dipyridamole stud
ies for defects ofsimilar size, when considered as a relative
percentage difference (p = ns, Tukey's HSD test) (Fig. 3D).

Interobserver Variability of Defect Quantification
The defect integrals measured by each of six technolo

gists for each 201T1image were compared to that obtained
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FIGURE 3. Intraobserver variability.
(A)Correlationbetweenexercise/delayed
defect integrals at original measurement
(defectintegral#1) andat repeatprocess
ing(defectintegral#2) by eachof seven
technologists.(B)Correlationfor dipyrida
mole studies. (C) Absolute difference
(meanÂ±s.d.)at repeatprocessingof de
fects of differentsizes (seetext); â€¢repre
sentsexercisestudies;0 representsdi
pyridamolestudies;n(e)= numberof ex
erciseimagesin eachrangegroup;and
n(d) = numberof dipyridamoleimages in
eachrangegroup.(D)Relative(percent
age)difference(meanÂ±1 s.d.)at repeat
processing of defects of different sizes
(seetext).
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TABLEISummary
of lntraobserver Variability and DefinitionsofReversibility

for VaryingSizesof DefectIntegralsInitial
stressdefectintegral1â€”5

6â€”15 >15

1.1Â±1.2 1.8Â±1.7 2.9Â±3.1

â€¢7ECl@ 01@ I

FIGURE 4. Interobserver variability.
(A)Correlationbetweenthe exercise/de
layed defect integralat original measure
mentby a singletechnologist(defect inte
gral #1) andat repeatprocessingby each
of six othertechnologists(defectintegral
#2). (B)Correlationfordipyndamolestud
ies.(C)Absolutedifference(meanÂ±1 s.d.)
at repeatprocessingofdefectsofdifferent
sizes (see text); U representsexercise
studies; 0 representsdipyridamolestud
ies; n(e)= numberof exercise images in
each range group; and n(d) = numberof
dipyridamoleimagesineachrangegroup.
(D)Relative(percentage)difference(mean
Â±s.d.) at repeat processingof defects of
differentsizes(seetext).
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by the reference technologist (J.A.M.). The individual
interobserver correlation coefficients for each technologist
ranged from 0.94 to 0.97 for exercise studies and from
0.73 to 0.86 for dipyridamole studies. Mean differences in
defect integral obtained on repeat processing by each tech
nologist ranged from 1.5 to 2.0 for exercise studies and
from 0.6 to 0.8 for dipyridamole studies. There was no
significant difference in the average difference of measured
defect integral on reprocessing by any one technologist
compared to any other technologist. When measurements
by each technologist were combined, an overall correlation
coefficient of r = 0.95 was obtained for exercise studies
(Fig. 4A), and r = 0.79 for dipyridamole studies (Fig. 4B).

Mean absolute interobserver difference for all compari
Sons was 1.8 Â±2.0 for exercise studies (median = 1) and
0.7 Â± 1.2 for dipyridamole studies (median = 0) (p <
0.001, unpaired t-test). Expressed as a percentage of defect
size, overall variability was 24% Â±38% for dipyridamole
studies and 26% Â±29% for exercise studies (p = ns,
unpaired t-test).

As with intraobserver variability, interobserver variabil
ity varied with the initial size of the defect integral (p <
0.001, ANOVA) (Fig. 4C). Larger initial defects were
associated with greater mean absolute difference on re
processing than were smaller defects. The mean absolute
differences for each group of defect sizes differed signifi
cantly from each other (p < 0.001, Tukey's HSD test).
However, when expressed as a relative percentage of the
defect integral, larger defects (defect integral > 5) had less
variation on repeat processing than did smaller defects
(defect integral 1 â€”5) (p < 0.00 1, Tukey's HSD test) (Fig.
4D). In those studies with zero initial defect integral (nor
mal), there was significantly more interobserver variability

in exercise studies compared to dipyridamole studies (23%
Â±42% versus 7% Â±26%, p < 0.001). Conversely, for
small defects (defect integral 1 â€”5) and for moderately
large defects (defect integral 6 â€”15) there was greater
interobserver variability for dipyridamole studies (p <
0.001, Tukey's HSD test).

Minimal Changes Needed to Define Reversibility of
Defects

Based upon the mean absolute difference in defect in
tegral on reprocessing by the same technologist, confidence
limits of reversibility were established. Intraobserver van
ability was chosen, since it duplicated the standard practice

Intraobserver variability mean
Â±s.d.

Minimumchangeneededto 2 (70%) 4 (34%) 6(27%)
indicate probable reversibil
ityÂ°(Minimumchangeasa
percentage of defect)

Minimumchangeneededto 4 (100%) 5 (50%) 9 (41%)
indicate definite reversibil
ityt (Minimumchangeas a
percentage of defect)

0 Probable reversibility defined as mean intraobserver variability

plus 1 s.d. for a defect of a given size.
t Definite reversibility defined as mean variability plus 2 s.d. for a

defectof a givensize.
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, Objective quantitative analysis

Subjective Probably Definitely
quantitativeanalysis Normal reversible reversible Fixed

Exactagreementin 82 of 105 views(78%) k = 0.66 p< 0.001.

ProcessingstepDegree
of

variabilityPractical
measuresto

minimizevariability1

.Placement of ellipticalregionfor
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subtractionMinor

toMajorStandardization2.Definition

ofAOlaroundleft
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drawingon
exerciseandrest iso-color

boundary3.Autoregistration
forpositiondif

ferenceof left ventricleon
exerciseandrestimagesMinorAutomation

(Manualover
rideexception)4.Identification

of apex,long-axis,
andalignmentof normalda
tabaseMinorMarking

long-axis5.Generation

of distribution pro
filesNoneAutomation6.Computation

ofdefectsize
(segmental,total)NoneAutomation*

Using the Yale quantitative201Tlanalysissoftware.

TABLE 2
Comparison of Objective and Subjective Quantitative

Analysesfor@ 05 PairedStress/DelayedImages

subjective interpretation of profiles suggested partial re
versibility, while the defects were fixed (change between
images less than mean variability + 1 s.d.) by quantitative

________________________criteria.
Of the 35 patients studied, 6 underwent dipyridamole

testing, while 29 underwent treadmill testing with 201Tl
18 â€” 4 2 injected at peak exercise. The small number of dipyrida
â€” 5 1 8 molestudiesincludedinthisgroupprecludesanydefini
2 â€” 11 1 tive analysis of a difference in the applicability of the
1 2 2 48 technique to these two populations.

Normal
Probablyreversible
Definitelyreversible
Fixed

DISCUSSION

In the present study, we established the limits of repro
ducibility of measuring defect size on planar 201T1scinti
grams and provided objective standards for reversibility of
perfusion abnormalities. Although these results pertain to
the use of our specific software for quantitative image
analysis, similar findings may be expected from use of
other computer programs that are based on the same
concept.

The usefulness of quantitative 201Tl scintigraphy as a
sensitive and specific method of detecting coronary artery
disease is well established (13â€”15).Quantitation has im
proved reproducibility and enhanced confidence in detec
tion of coronary artery disease (9,10). However, quanti
tative techniques involve several operator-dependent proc
essing steps, each of which has the potential to add
variability to the results (Table 3). Although the method
is considered â€œquantitative,â€•the interpretation of proc
essed results in clinical practice is largely subjective. Until
recently, in our laboratory, interpretation consisted of
visual inspection of analog images and circumferential
profiles without well-defined specific quantitative criteria
for reversibility.

ofa single technologist processing serial images (initial and
delayed) from a single patient study. Table 1 summarizes
numerically the magnitude of change required in each
subgroup to exceed average intraobserver variability. As
shown above, these limits vary according to the size of the
initial defect. The mean variability plus one standard
deviation rounded to the nearest whole number established
the definition for â€œprobablyâ€•reversible defect, and the
mean variability plus two standard deviations defined
â€œdefinitelyâ€•reversible defect.

Application of Quantitative Criteria for Reversibility
As summarized in Table 2, there was close overall

agreement between subjective analysis of circumferential
profiles and the use ofthe developed objective quantitative
criteria, with concordance in 82 of 105 images (78%), and
a kappa statistic k = 0.66 (p < 0.001). When all defect
integrals of @5were excluded from analysis (given their
significantly greater variability on repeat processing) there
was concordance in 33 of 40 images (83%; k = 0.63, p <
0.001). In the seven cases of disagreement in defects >5,

TABLE 3
Processing Steps and Potential Sources of Variability01
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An early attempt by other investigators to use computer
algorithms to discriminate between normal and abnormal
planar images (12) was associated with a relatively high
incidence of false-positive exams. Recently, Garcia et al.
developed objective criteria for reversibility of myocardial
perfusion defects on SPECT (19). These criteria for to
mography were based upon the performance of â€œexpertâ€•
readers. In contrast, the criteria developed herein are based
upon intraobserver variability in image processing.

Measurementsof VariabilityandObjectiveCriteriafor
Reversibility

Establishing the limits of reproducibility of measured
defect size allows the establishment of criteria to discrim
mate between processing variability and true reversibility.
The magnitude of absolute variation in defect integral
increased with larger defect integrals (Table 1). However,
when considered as a percentage of defect size, variability
decreased with larger defects.

To apply these criteria for reversibility, adjustments for
lesion size therefore should be made. As detailed in Table
1, in small lesions (defect integral 1â€”5),a minimum change
in defect integral of 2 (70% relative difference) is required
to detect reversibility with confidence, while large defects
(defect integral >15) require a minimum change of 6 in
defect integral (27% relative difference) to demonstrate
reversibility. In clinical practice, we find it easier to express
changes as relative percentages of the initial defect size
(Table 1). Empirical analysis of the interpretation pattern
of an â€œexpertâ€•reader indicates that in clinical practice
â€œprobablereversibilityâ€• indeed represents the minimal
requirement for the interpretation ofmyocardial ischemia.

Comparison of Reproducibility in Exercise and Dipyri
damoleStudies

The mean and range ofdefect sizes in the dipyridamole
studies was smaller than exercise studies. This reflects the
overall patient referral pattern in our laboratory. Dipyri
damole studies are usually obtained as preoperative screen
ing tests for asymptomatic or minimally symptomatic
patients with peripheral vascular disease. Intraobserver
variability was similar for both exercise and dipyridamole
studies. Interobserver variability for defect integrals of 0
(normal images) was greater for exercise studies than for
dipyridamole studies. Conversely, for defect integrals of
6-15, there was greater interobserver variability for dipyr
idamole studies compared to exercise studies. Since a set
of initial and delayed images is always processed by the
same technologist in clinical practice, the differences ob
served for interobserver variability between exercise and
dipyridamole studies did not impact upon the develop
ment of criteria for reversibility based upon intraobserver
variability.

Applicationof ObjectiveCriteriaforReversibility
A gold standard does not exist for determining reversi

bility of 201Tl myocardial perfusion abnormalities. In the

past several years, our experience with quantitative 201Tl
imaging has shown excellent agreement with visual analy
sis of analog images. When this approach (based upon the
experience ofâ€•expertâ€•readers) was compared to the quan
titative criteria developed in the present study on the basis
of the reproducibility of the method, a good overall agree
ment exists (k = 0.66).

Most cases of disagreement between quantitative and
subjective analysis involved very small defects. Each of the
four images judged to be normal subjectively, but to have
objective evidence of reversibility, had initial defect inte
grals of 1. Similarly, the two images judged to be normal
by subjective criteria, but fixed by objective analysis, had
initial defect integrals of 1 and 2.

In contrast, seven of the eight images judged to be
probably reversible by subjective analysis, but fixed by
objective criteria, had moderately large initial defect iÃ±te
grals(range 6â€”19).In these cases, the degree of quantitative
change between paired stress and delayed views fell within
the range of intraobserver variability (mean variability +
1 s.d.) for defects of that size.

In very small defects (defect integral @2),it appears that
our objective criteria cannot differentiate between statisti
cal noise in the data and true defect reversibility. In this
situation, one should rely upon visual inspection of the
images in addition to quantitative data. When defects are
larger, there is good agreement between objective and
subjective interpretation of quantitative profiles. Because
small changes in images may be apparent visually, revers
ibility may be suggested by subjective analysis when the
difference between images is within the limits of intraob
server variability for reprocessing. Whether this represents
increased sensitivity or decreased specificity of subjective
analysis cannot be determined without an independent
method of determining the presence of viable myocar
dium.

CONCLUSION AND CLINICAL IMPLICATIONS

In conclusion, objective criteria for reversibility of
planar myocardial perfusion defects were established,
based upon the variability of the technique. These objec
tive criteria agree well with subjective interpretation using
presently available techniques. The use of such objective
criteria should further improve reproducibility and con
sistency in evaluation of coronary artery disease by 201Tl
stress imaging. They should also allow objective determi
nation of change between serial scintigrams over time, or
after interventions aimed at improvement of myocardial
perfusion.
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