
the broad applicability of this SPECT program using
Cedars-Sinai Medical Center (CSMC) gender-matched
normal limits.

MATERIALS AND METHODS

PatientPopulation
Multicenter Sites. Ten hospitals from diverse geographic

locations, referred to collectively as the multicenter sites
(Table 1), participated in the multicenter prospective study.
A total of 318 patients undergoing stress-redistribution 201T1
SPECT were recruited in a consecutive manner who fulfilled
the entry criteria into either group A or group B as follows:

Group Aâ€”â€•lowlikelihood normalsâ€•â€”werepatients with
<5% likelihood of CAD based on Bayesian analysis of age,
sex, symptom classification, and the results of exercise
electrocardiography(7â€”9).Group Bwerepatientswithboth
201'fl SPECT and coronary arteriography within 6 mo of
each other. Patients in group B were subgroupedby the
presence or absence ofâ€•significantâ€•CAD, defined as 50%
luminal diameter narrowing. The subgroup without signif
icant diseasewere further classifiedas havingnormal arte
riogramsif the maximal luminal narrowingwas<30%, or
as having 30%â€”40%luminal narrowing. No patient within
this subgroup had 41%â€”50%stenosis as their worst coro
nary lesion. From the multicenter sites, there were a total
of 76 patients in group A (Table 2A) and 242 patients in
group B (Table 2B).Of those in group B, I96 had and 46
did not have significant coronary disease. Of the latter, 35
had normal coronary arteries and 11 had 30%â€”40%steno
sis. Of 78 patients in group B with prior myocardial infarc
tion, all had documented significant CAD.

CSMC Prospective Population. For purposes of compari
son, a prospective population from CSMC was analyzed con
sisting of 39 patients in group A (Table 2A) and 129 in group
B (Table 2B). This population, with the exception of the
females, was the same used in our previous prospective vali
dation study of the CSMC quantitative method (6), which
was concerned with the in-house validation of the method in
a male population. After this initial validation study, it was
determined that specific gender-matched normal limits were
required in order to analyze the female population. Thus,
separate female normal limits were generated and subse

The accuracyof the previouslydevelopedand validated
Cedars-Sinai Medical Center (CSMC) computer program
for quantitativeanalysisof thallium-201(@Â°1Tl)stressmyo
cardial tomogramswas assessedin a multicentertrial
consistingof 242 patientswith coronaryangiographyand
76 with a low likelihood (LL) of coronary artery disease
(CAD)involvingvariouscameras,computers,and opera
tors. The programutilizedgender-matchednormallimits
developed from 35 LL patients at CSMC. The multicenter
resultsas comparedto thoseof 168 patientsfrom CSMC
were not significantlydifferentwith respectto the overall
sensitivities (94% versus 95%) and specificities (44% ver
sus 56%) for identificationof CAD and normalcyrates
which were determined in LL patients (82% for both) and
withrespectto identificationof individualdiseasedarteries.
The resultsindicatethat our methodfor quantifyingtom
ographic @Â°1TIstressscintigramsutilizingstandardnormal
limits can be applied at other institutions by different
operators, using a variety of cameras and computers, with
similaraccuracy to that currently obtained at our institution.

J NucIMed 1990;31:1168â€”1179

reviously we developed and validated a comprehen
sive computerized method for quantitative analysis of
planar thallium-20l (201Tl)myocardial perfusion stud
ies (1â€”3).Using many of the attributes of this planar
approach, we subsequently developed (4) and opti
mized (5,6) a comprehensive method that quantifies
the three-dimensional distribution of myocardial thal
hum following exercise 201T1injection using single
photon emission computerized tomography (SPECT).
The accuracy ofthe program for detection and localiza
tion of coronary artery disease (CAD) was then deter
mined through an in-house prospective validation (6).
The present multicenter trial was conducted to assess
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HospitalLocationCameraADACRoseville

Community
GoodSamaritan
WilfordHallRoseville,

CA
Portland,OR
LacklandAFB,TXADAC

ARC
SiemensOrbiter
ADACARCMDSCedars-Sinai

SutterCommunity
TucsonVA
GWUniversityLos

Angeles,CA
Sacramento,CA
Tucson,AR
Washington,D.C.GE

400AT,Rota
Picker
Omega 500
GE400ATSIEMENSSwedish

St.Luke'sEpisCOpal
UCLA
St.JosephSeattle,

WA
Houston,TX
LosAngales,CA
Burbank,CASiemens

Orbiter
GE500T
SiemensOrbiter
SiemensOrbiter

TABLE I
Location and Equipment of Each Center

quently validated in a prospective female population at
CSMC.TheCSMCprospectivefemalepopulationresultswere
then used for comparison to the multicenter trial female
results. Of those in group B, 111 had and 18 did not have
significant coronary disease. Of the latter, 16 had normal
coronary arteries and 2 were shown to have 30%â€”40%nar
rowing. There were 50 patients with prior myocardial infarc
tion in group B, all ofwhom demonstrated significant disease
on coronary angiography.

Reftrence Population. This consisted of two additional
groups ofpatients selected from the CSMC patient population
(Table 2A and 2B). There were 35 â€œlowlikelihood normalsâ€•
(LL) (20 males and 15 females), who were employed to
develop the CSMC gender-matched normal limits which were
used for 201T1SPECTquantitation at all sites.In addition, 15
patients (4 LL normals and 11catheterized patients, of whom
9 had CAD and 2 had normal coronary arteriograms) were
used as a â€œtestpopulationâ€•to test the software developed on
each computer system prior to releasingthe softwareto the
multicenter sites.

To avoid the potential negativeinfluenceof low-exercise
heart rate on detection of ischemia by the stress 201'fl studies
(10), patients achieving <85% of maximal predicted heart
rate were excluded from the study. In addition, patients whose
201Tlimages were unsatisfactorydue to significantpatient
motion (11) or presence of â€œupwardcreepâ€•artifact (12) also
were excluded. The exact numbers of patients excluded for
low heart rate, upward creep, or motion were not recorded by
the sites. The frequency of upward creep is not likely to be
highwith our acquisitionprotocolsincea delayof 10-15mm
betweenexerciseand initialstressimagingis required.Patient
motion was reduced by requiring the technologist to carefully
monitor the patientduringthe stressand delayedacquisitions.
In practice,the studieswith upward creep or patient motion
can be either re-imagedor adjusted with motion correction
software prior to reconstruction.

Exerciseand ImagingProcedure
All patients underwent symptom-limited treadmill exercise

according to the Bruce protocol. Exercise end points were
exhaustion, development of moderate-to-severe angina, seri
ous arrhythmia, or exertional hypotension. Routine instruc
tions were given to withhold beta blocker or calcium antago

nist medication for 24 to 48 hr and long-acting nitrates for 6
hr prior to testing. At near peak exercise, 3â€”4mCi of 20TI
was injected and exercise was continued for another minute.
Patients were imaged using a rotating tomographic unit @-@l0â€”
15 mm and 2â€”5hr after the injection of thallium. Thirty or
32 projections (40 sec/projection) were obtained over a sem
icircular 180Â°arc extending from the 45Â°right anterior oblique
(RAO)to the left posterioroblique(LPO)position.The scm
tillation cameras were equipped with either 1/4-in. or 3/8-in.
thick sodium iodide (Tl) crystals and low-energy, all-purpose,
parallel-hole collimators. A 20% energy window centered on
the 80 keY x-ray peak and a second 10% energy window
centered on the 167 keV x-ray peak of @Â°â€˜Tlwere employed.
All projection images were stored on magnetic disc using a
64 x 64, 16-bit matrix. For detection of patient motion and
upward creep ofthe heart during image acquisition, two point
sources were placed on the patient's chest prior to imaging,
one above and one below the heart. All of the projection
imageswerethen summedto generatea singleimage.A study
without upwardcreepor motion would result in the anterior
and inferior walls ofthe heart, as well as the two point sources,
forming a horizontal line in the summation image. An upward
or downward deviation from this horizontal line would mdi
cate that cardiac motion has occurred during the acquisition.

SystemDevelopment
Translation ofthe program, initially developed on the MDS

(Ann Arbor, MI) computer system, to the other computer
systems required five steps.

1. Quantitation and display software was written in the
appropriate computer language for each of the different
computer operating systems. Effort was made to keep
the final display result graphicsas close to identical as
possible for each system.

2. The optimal backprojectionfilter for reconstructionof
the stress/redistribution 201T1tomograms was deter
mined foreach system. To evaluate the filters, *e utilized
a method which was originally proposed by Contino and
associates(13). This method determines the perform
ance ofa filter by examining the contrast and uniformity
produced by a specific filter in the reconstructed tomo
grams of phantom data. An Iowa heart phantom con
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Center Total Male Female AgerangeRoseville

7 4 334-68Good
Samaritan 11 9 227â€”75Wilford

Hall 20 17 320â€”37Total
(ADAC) 38 30 820-75Suffer

13 13 026â€”62TucsonVA
6 6 032-36GWUniversity
0 0 00-0Total

(MDS) 19 19 026-62Swedish

10 9 136â€”67St.Joseph
9 9 033-50St.

Luke's 0 0 00â€”0UCLA
0 0 00â€”0Total

(SIEMENS) 19 18 133â€”67COmbined

76 67 920â€”75CedarsNormalUmits

35 20 1530-66Reference
4 3 132â€”60Prospective

39 28 1131â€”70TABLE

2BDemographic
and AngiographIc Characteristics of the Angkgraptvc PatientPopulationsNo

significantCAD SignificantCAD

Center Total M F Agerange NCA 30%-40% SV DV TV MI

M = Males;F = Females;NCA= normalcoronaryarteries;CAD= coronaryarterydisease;30%-40% = 30%to 40% stenosis;
SV= single-vesseldiseaseDV= double-vesseldiseaseTV = triple-vesseldiseaseandMl = myocardialinfarction.

taming a 32-mm defect was used for this analysis. This
phantom was originally described by Williams and as
sociates (14). Briefly, the method involves transfer of the
phantom raw data to each system,and then reconstruc
tion using the various filters available at multiple cutoffs
and orders. The performance index of each filter at a
particular cutoff and order was defined as the product
of contrast times uniformity (13). Contrast, for which

observed counts were expressed as maximum-mini
mum/maximum, was determined by sampling counts
in a normal and abnormal regionof the phantom short
axis slice containing the 32-mm defect. Uniformity, for
which observed counts were expressed as minimum/
maximum, was determined from a phantom short-axis
slice which did not contain the defect. Once these values
were derived, the filter with the highest performance

TABLE 2A
Demoqraphic Characteristics of the Low Ukelihood Normals

Roseville
GoodSamaritan
WilfordHall
Total(ADAC)

29 24 5 42â€”78
23 22 1 37â€”70
0 0 0 0â€”0

52 46 6 37â€”70

6
4
0

10

I 8 10 4 9
0 6 7 6 8
0 0 0 0 0
1 14 17 10 17

Suffer
TucsonVA
GWLkiiversity
Total(MDS)

45 37 8 40â€”78
13 13 0 54â€”74
22 18 4 37â€”72
80 68 12 37â€”78

8
0
5

13

8 8 12 9 12
0 2 6 5 4
0 5 8 4 5
8 15 26 18 21

Swedish
St.Joseph
St. Luke's
UCLA
Total(SIEMENS)

33 30 3 38â€”74
30 25 5 34â€”72
21 18 3 32â€”80
26 22 4 24â€”75

110 95 15 24â€”80

7
3

12

1 14 7 4 14
I 9 8 9 10
0 9 6 5 10
0 3 8 14 6
2 35 29 32 40

Combined
Cedars

Reference
Prospective

242 209 33 24â€”80

11 9 2 38â€”75
129 110 19 36â€”83

35 11 64 72 60 78

2
16

0 4 2 3 3
2 24 41 46 50

1170 The Journal of Nuclear Medicine â€¢Vol. 31 â€¢No. 7 â€¢July1990



index was selected as the optimal filter for the system.
The Butterworth filter at 0.2 (MDS and Siemens, Des
Plaines, IL) and 0. 15 (ADAC, Milpitas, CA) Nyquist,
order 5 offered the optimum results with the three com
puter systems.

3. Specificgender-matchednormal limits were generated
for each system. Since backprojection algorithms had
been developed independently for each manufacturer's
system, it was not possible to directly apply our original
normal limit valuesderivedfrom MDSreconstructions.
Instead, normal limits for each system had to be gener
ated from the raw data of the original normal patients.
The raw projection data from the original CSMC (20
male and 15 female) LL patients were transferred over
to each computer system. The tomograms were then
generated and quantitated according to the CSMC proc
essing protocols. Finally, gender-matched normal limits
specific for each system were developed from the proc
essed data.

4. Quality assurance was then performed by subjecting each
of the three software systems to initial testing and vali
dation at CSMC, using the reference population of 15
patients described in Table 2A-B. The comparative re
sults in these patients demonstrated similar efficacy for
all three software systems for overall detection of coro
nary disease and identification of individual diseased
arteries.

5. The program was then released to the participating cen
ters for the multicenter trial.

ComputerProcessingand Analysis
Tomographic Reconstruction. Each of the projections was

corrected for nonuniformity with a flood image containing 30
millioncounts. The mechanicalcenter of rotation wasdeter
mined from point source projection data and was used to
align the detector data with respect to the reconstruction
matrix. Filteringofthe data in depth wasaccomplishedusing
one of two methods. Either the raw data was filtered prior to
reconstructionby applyinga 9-point weighted(4-2-1)algo
rithm (MDS) or the reconstructed transaxial tomograms were
filtered using a 1-2-1 filter (Siemens and ADAC). Filtered
back-projection was then performed using the optimum filter
for each computer system. Transaxial tomograms were recon
structed encompassing the entire heart. Short-axis and vertical
long-axis tomograms were extracted from the filtered trans
axial tomograms by performing a coordinate transformation
with interpolation (15). All tomograms were reconstructed at
1 pixel thickness per slice which represented 6.2 Â±0.2 mm.

Quantitative analysis and display. The method for the
quantification of tomographic@Â°'Tlstudies was similar to that
previously described (4,6). Briefly, the technique involves the
following steps:

1. Selection of the myocardial tomograms to be quanti
tated. The short-axis tomograms selected were those
extending from the subendocardial portion of the apex
to the base ofthe heart. The three most basal slices were
not considered for quantification due to the variability
in drop-off of activity in the inferior and septal regions.
The vertical long axis tomograms selected were those
extending from the subendocardial portions of the sep
tum to the subendocardial portion of the lateral wall.

2. The center ofthe left ventricular cavity, radius of search,
and anatomic alignment points were then assigned by
the operator for the short- and long-axis tomograms.
These alignment points were defined as the inferior
junction ofthe left and right ventricles for the short-axis
tomograms and the apex for the long-axis tomograms.

3. Maximum count circumferential profiles from each
short- and long-axis tomogram were then generated.
Each point in these profiles represented the maximum
counts per pixel along a radius extending from the center
of the left ventricle to the limit of the radius of search.
The profile was constructed by the computer from the
values of 60 radii spaced at 6-degree intervals plotted
clockwise. Each set of stress and delayed profiles were
normalized so that the maximum pixel value in each
slice was set to 100.

4. The count profiles from all of the analyzed short-axis
tomograms and the apical portion of the long-axis tom
ograms were plotted onto a two-dimensional polar map
representingthe left ventricular myocardium. For the
development of normal limits, the left ventricle was
divided into anatomic regions. Five regions of equal
thickness were assigned to the volume represented by
the short-axis tomograms and five regions to the apical
volume represented by the long-axis tomograms. The
range,defined as the lowestobservedvalue for each of
the 60 points from all of the profiles of the normal
patients, represented the lower limit of normal for all of
the regions (5,6).

The quantitative polar map was then divided into three
territoriescorrespondingto the anatomic distribution of the
three major coronary arteries (6), (Fig. 1). The minimum
amount ofabnormality required for a coronary territory to be
called abnormal were: 12% for the left anterior descending
(LAD) and left circumflex (LCX), and 8% for the right coro
nary artery (RCA) based on previous observations (6).

The computerized quantitative 20Tl analysis in this multi
center trial was performed by the computer operators at each
site without knowledge of patients' clinical status or angio
graphic results. The quantitative @Â°@TIstress test data, historic
and angiographic data were sent to CSMC for tabulation. For
the purpose of this study, CAD was deemed present in a
patient if at least one coronary territory on the polar map
contained a defect meeting the criteria for abnormality. The
stress-extentpolar maps of a patient with single-vesselLAD
disease before and after laser angioplasty processed with the
three different computer systems demonstrating the similari
ties of the systems is shown in Figure 2.

Statistical Analysis
For overall detection of disease, sensitivity was defined as

the proportion of patients with significant coronary disease
demonstrating an abnormal @Â°â€˜Tlquantitative polar map.
Specificity was defined by the proportion of patients without
significant CAD demonstrating a normal 201flpolar map. The
term â€œnormalcyrateâ€•was defined as the proportion of patients
in the LL group with a normal quantitative polar map. We
use this group to approximate the true specificity of the test
which may be greatly different from the observed specificity
in normal coronary arteriogram patients due to the action of
the post-test referral bias (9). For detection of disease in
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(Berkeley, CA) and SAS (Cary, NC) statistical software (16,
17).

OverallDetectionof CADand NormalcyRates
Table 3 depicts the normalcy rates and specificities

for overall detection of CAD as well as the sensitivities
obtained from each center. One center (Wilford Hall)
did not provide catheterized patients, 3 centers (GW
University, St. Luke's, and UCLA) did not have LL
normals and another (VA Tucson) had no patients with
normal coronary arteriograms. The normalcy rates be
tween centers (75%â€”90%)were similar to that of CSMC
(82%). With respect to overall specificities, no signifi
cant difference was noted between patients with normal
coronary arteriograms and those with 30%â€”40%coro
nary stenosis [15/35 (43%) versus 5/1 1 (45%) for the
multicenter sites and 10/16 (63%) versus 2/2 (100%)
for CSMC]. With respect to overall sensitivities for
detection ofdisease, a trend for higher sensitivities with
increasing number of angiographically diseased vessels
was observed.

When comparisons were made between results ob
tamed from the combined results of the multicenter
sites and CSMC (Fig. 3), there was no difference in the
overall sensitivities (94% versus 95%), specificities (44%
versus 56%), or the normalcy rates (82% for both).
When the same comparisons were made according to
the different software systems employed (Fig. 3), the
results were similar among all three systems (ADAC,
MDS, and Siemens) at the multicenter sites and the
MDS system at CSMC. Of importance, significant dif
ference existed between the normalcy rate and the
specificity within each software category at the multi

S
E
P
T
U
M

FIGURE2
Comparative stress extent polar
maps obtained before (top) and
after (bottom) eximer laser an
gioplastyof a highgrade left an
tenor descendingcoronary ste
nosis in a patient with typical
angina. The same patient data
was processed by the three
computer systems (ADAC,
MDS,and Siemens).The normal
areasare representedby orange
(>10% abovenormal limits)and
yellow/pink(equivocal:< or = to
10% above normal limits) and
the abnormal areas are repre
sented by blue and black (20%
below normal limits). The per
cent hypoperfusedmyocardium
(HM) varied from 41% to 44%
pre-laserandwas3% byallcom
puter systemspost-laser.
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ANTERIOR

INFERIOR
FIGURE1
Computer graphics generated by the CSMC quantitative tom
ographic 201Tlprogram which indicates the myocardial onen
tation and territories corresponding to the perfusion distnbu
tion of the coronary arteries on the quantitative polar maps.

individual coronary arteries, only the catheterized patients
(Group B) were evaluated. Vessel sensitivity was defined as
the proportion of vessels with 50% stenosis having a corre
sponding abnormality on the 201Tlpolar map. Vessel specific
ity was defined as the proportion ofvessels with @50%stenosis
having a normal polar map in the corresponding zone. Sen
sitivities,specificities,and normalcyratesbetweenthe centers
and CSMC were compared using either the chi-squared test
or the Fisher's exact test and were tested at the alpha-0.05
level of significance. Computations were made using BMDP

L RESULTS
A
T
E
R
A
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ADAC MDS SIEMENS

PRE-LASER

POST-LASER

%HM:44% %HM: 41% %HM: 41%

%HM: 3% %HM:3%



True-NegativeTrue-PositiveNo

SignificantCADCenter<5%NCA30%-40%SVDVTVRoseville6/7

(0.86)1/6 (0.17)1/1 (1.0)7/8 (0.88)10/10 (1.0)4/4(1.0)Good
Samaritan1 0/11 (0.91)1/4 (0.25)â€”5/6 (0.83)7/7 (1.0)6/6(1.0)Wilford

Hall1 5/20(0.75)â€”â€”â€”â€”â€”Suffer1
0/13 (0.77)3/8 (0.38)4/8 (0.50)7/8 (0.88)12/12 (1.0)9/9(1.0)Tucson

VA5/6 (0.83)â€”â€”2/2 (1.0)5/6 (0.83)5/5(1.0)GW
Universityâ€”3/5 (0.60)â€”5/5 (1.0)8/8 (1.0)4/4(1.0)Swedish9/1

0 (0.90)4/7 (0.57)0/1 (0.0)13/14 (0.93)7/7 (1.0)4/4(1.0)St.
Joseph7/9 (0.78)2/3 (0.67)0/1 (0.0)8/9 (0.89)8/8 (1.0)9/9(1.0)St.
Luke'sâ€”1/1 (1.0)â€”7/9 (0.78)4/6 (0.67)5/5(1.0)UCLAâ€”0/1

(0.0)â€”2/3 (0.67)8/8 (1.0)14/14(1.0)Totals62/76
(0.82)1 5/35 (0.43)5/1 1 (0.45)56/64 (0.88)69/72 (0.96)60/60(1.0)Cedars32/39

(0.82)10/16 (0.63)2/2 (1.0)20/24 (0.83)40/41(0.98)45/46(0.98)<5%

= LL normal.OrherabbreviationssameasTable2B.

TABLE 3
Overall Detection of CAD: True-Positive and True-Negative Rates for Each Center

center sites (ADAC: 82% versus 27%; MDS: 79% versus
48%;Siemens:84%versus50%)aswellasthecom
bined population from the multicenter sites (82% versus
44%) and for the CSMC population (MDS: 82% versus
56%) (Fig. 3).

Further analyses of the data were made on the com
bined population of all centers and CSMC based on
gender (Fig. 4), in which similar results between male
and female subgroups for the respective overall sensitiv
ities (254/268 or 94% versus 37/39 or 95%, p = NS),
specificities (22/5 1 or 43% versus 8/ 13 or 62%, p =
NS) and the normalcy rates (79/95 or 83% versus 15/
20 or 75%, p = NS) were found. The CSMC and
multicenter populations were combined for the gender
analysis in order to increase the sample size of the
female population. That the observed specificity was
higher and normalcy rate lower in the female popula
tion suggests the small number of women tested may
have accounted for the differences.

The subgroup of patients without prior myocardial

infarction from the multicenter sites were evaluated
and compared to the CSMC population (Table 4A).
There were no significant differences for the overall
sensitivity (89% versus 93%), specificity (41 % versus
56%), total vessel sensitivity (73% vs 72%), or total

vessel specificity (7 1% versus 78%).

Identification of Individual Diseased Coronary
Arteries

Table 5 depicts the sensitivity and specificity for
identification of individual diseased coronary arteries
obtained from each center. In general, there was good
agreement among centers for both sensitivities and
specificities, and isolated deviations from the mean
were usually accompanied by a small number of the
study population. When the comparisons were made
between the combined results of the multicenter sites
and the results obtained from CSMC (Fig. 5), there were
no significant differences in the sensitivities (LAD: 78%
versus 77%; LCX: 68% versus 76%; RCA: 86% versus

z
w
C.)

LUFIGURE3
Comparativesensitivities (CAD popu
lation), specificities (NCA population),
andnormalcyrates(low likelihoodpop
ulation)betweenthe multicentersites,
groupedbycomputertype, CSMC,and
the combined multicenter sites for
overall detection of CAD. *p < 0.05
versus respectiveNCAspecificity.

59 19 21 96 19 14 11139 18 19â‚¬@@f
ADAC MDS SIEMENS CSMC COMBINED

MDS MULTICENTER
SITES
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SystemOverall

TotalVesselsSENS

SPEC SENSSPECMulticenter

Sites
SIEMENS
ADAC
MDS
Total47/56

(0.84) 6/14 (0.43) 80/111 (0.72) 77/99 (0.78)
22/24 (0.92) 3/11 (0.27) 37/45 (0.82) 36/60 (0.60)
37/38 (0.97) 10/21 (0.48) 52/76 (0.68) 71/101 (0.70)

106/118 (0.90) 19/46 (0.41) 169/232(0.73)184/260(0.71)Cedars57/61

(0.93) 10/18 (0.56) 95/132 (0.72) 82/105(0.78)

TABLE4B
Localization of CAD in the Non-MIPopulationSystemLAD

LCXRCASENS

SPEC SENS SPEC SENSSPECMulticenter

Sites
SIEMENS
ADAC
MDS
Total34/47

(0.72) 12/23 (0.52) 15/29 (0.52) 38/41 (0.93) 31/35(0.89) 27/35(0.77)
13/13 (1.0) 10/22(0.45) 9/13 (0.69) 17/22 (0.77) 15/19(0.79) 9/16(0.56)
15/26(0.58) 31/33(0.94) 18/21(0.86) 17/38 (0.45) 19/29(0.66) 23/30(0.77)
62/86 (0.72) 53/78 (0.68) 42/63 (0.67) 72/101 (0.71) 65/83 (0.78) 59/81(0.73)Cedars34/49

(0.69) 24/30 (0.80) 31/43 (0.72) 28/36 (0.78) 30/40 (0.75) 30/39(0.77)

(Table 4B). When the comparisons were made accord
ing to the different software systems employed (Fig. 6),
the sensitivity for individual vessel detection was higher
(p < 0.05) by ADAC (87%) compared to each of the
other systems. Individual vessel specificity, however,
tended to be lower by the ADAC system (53%) com

@ Male pared to the other systems, reaching statistical signifi

OFemalecancefortheSiemensandCSMCMDSgroups.Further
analyses by gender ofthe entire population (CSMC and
multicenter sites) undergoing coronary arteriography
revealed results which were not significantly different
between male (n = 3 19) and female (n = 52) for
individual vessel sensitivities [LAD: 16 1/208 (77%)
versus 25/32 (78%); LCX: 113/ 149 (76%) versus 10/
18 (56%); RCA: 168/197 (85%) versus 20/26 (77%)J
and specificities [LAD: 75/ 111 (68%) versus 13/20
(65%); LCX: 109/1 70 (64%) versus 25/34 (74%); RCA:
81/122 (66%) versus 19/26 (73%)] (Fig. 7).

DISCUSSION

In this study, the CSMC quantitative method for
stress 201TlSPECT analsyis (4,6), originally written on
an MDS computer system, was developed for Siemens
and ADAC computer systems, and then validated in a
multicenter trial at institutions from multiple geo
graphic locations using differing scintillation cameras
and computer systems. Overall, the results demon
strated comparable efficacy of the software at the var
iously equipped multicenter sites to that observed in a
prospective group of patients studied at CSMC. Since
processing of the quantitative analysis in our current
study was performed independently by operators from

TABLE4A
Overall Detection of CAD in the Non-MI Population

100-

I-.
z

@ 50-

N 268 39 95 20

SENSITIVITY SPECIFICITY NORMALCY
RATE

FIGURE4
Comparativeresults for overall detection of CAD by gender
fromthecombinedprospectivepopulationsof themulticenter
sites and CSMC.p = NS betweenmalesand females.

82%; total three vessels combined: 78% for both) or the
specificities (LAD: 63% versus 78%; LCX: 68% versus
6 1%; RCA: 62% versus 70%; total vessels: 66% versus
69%). Similar comparison in the subgroup of patients
without prior myocardial infarction also showed no
significant differences in the sensitivities (LAD: 72%
versus 69%, LCX: 67% versus 72%, and RCA: 78%
versus 75%) and specificity (LAD: 68% versus 80%,
LCX: 7 1% versus 78%, and RCA: 73% versus 77%)
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CenterLADLCXRCASENSSPECSENSSPECSENSSPECRoseville14/1

5 (0.93)7/14 (0.50)7/9 (0.78)1 1/20 (0.55)15/1 6 (0.94)7/13(0.54)Good
Samaritan1 2/12 (1.0)3/1 1 (0.27)5/9 (0.56)1 1/14 (0.79)14/17 (0.82)2/6(0.33)Wilford

Hallâ€”â€”â€”â€”â€”â€”Suffer19/24
(0.79)1 8/21 (0.86)1 2/15 (0.80)1 5/30 (0.50)17/20 (0.85)1 8/25(0.72)Tucson

VA4/1 0 (0.40)2/3 (0.67)5/6 (0.83)2/7 (0.29)9/13(0.69)â€”GW
University6/9 (0.67)1 3/13 (1.0)1 0/12 (0.83)3/1 0 (0.30)6/12 (0.50)6/1 0(0.60)Swedish13/19

(0.68)8/14 (0.57)3/5 (0.60)25/28 (0.89)14/1 5 (0.93)12/1 8(0.67)St.
Joseph17/23 (0.74)4/7 (0.57)8/1 3 (0.62)1 5/17 (0.88)18/1 8 (1.0)8/12(0.67)St.
Luke's1 1/15 (0.73)3/6 (0.50)5/9 (0.56)1 0/12 (0.83)7/1 2 (0.58)7/9(0.78)UCLA19/21

(0.90)1/5 (0.20)1 1/19(0.58)6/7 (0.86)1 8/18 (1.0)3/8(0.38)Totals1
15/148(0.78)59/94 (0.63)66/97 (0.68)98/145 (0.68)1 18/141(0.84)63/101(0.62)Cedars71/92

(0.77)29/37 (0.78)53/70 (0.76)36/59 (0.61)67/82 (0.82)33/47 (0.70)

each of the participating centers rather than by one
single operator, the data presented should provide a
reasonable approximation of what might be expected
using this quantitative SPECT program at an individual
site.

OverallDetection
With respect to sensitivity and specificity for detec

tion of patients with CAD, as well as the normalcy rates
for patients with a low likelihood of disease, the results
from the multiple centers were similar to the results of
the CSMC prospective population (Tables 3 and 4A).
When grouped by different computer systems, the re
sults were also found to be similar (Fig. 3). These results
indicate that the method utilizing normal limits from
patients studied at CSMC can be transported to other
sites using a wide variety ofequipment while preserving

high accuracy for disease detection.
The high overall sensitivities (94% by the combined

multicenter sites and 95% by CSMC) found in this
study were similar to that recently reported by De
Pasquale et al. (18), who found a sensitivity of 95% in
a study of 2 10 patients. Additionally, in concordance
with the observations of Fintel et al. (19) on SPECT
sensitivity by visual analysis, our study using quantita
tive analysis also showed that as the angiographic extent
of disease increased, a corresponding increase in the
sensitivity for overall disease detection was achieved
(Table 3).

Specificity and Normalcy Rates
The specificity ofthe method in patients with normal

coronary arteries undergoing angiography was low, av
eraging 44% at the multicenter sites and 56% in the
prospective CSMC population (Fig. 3). Similar specific
ities have recently been noted in recent reports of planar
stress 201T1scintigraphy (3,20). Moderately low specific
ity was also described by DePasquale et al. (18) with

SPECT stress 201Tl studies. The discrepancy in the
specificities between that observed by DePasquale et al.
(74%) and our results (44% by the combined multicen
ter sites and 56% by CSMC) is likely due to differences
in the study populations. The apparent decline in spec
ificity compared to early reports (21â€”23) is likely due
to the operation of post-test referral bias, which was
initially described for exercise radionuclide ventriculog
raphy (24). As radionuclide testing in general and 201T1
imaging in particular gain increasingly widespread
acceptance for the assessment of CAD, positive test
responders are preferentially selected for cardiac cathe
terization, falsely increasing sensitivity, and reducing
specificity of the test. If, hypothetically, the true sensi
tivity ofthe test were 90% and the true specificity 80%,
then the post-test referral bias would have a much more
dramatic effect on specificity (which could fall all the
way to zero) than on sensitivity (which at most could
rise to 100%). Thus, when a test result is a principle
determinant of the need for catheterization, the cathe
terized population with normal coronary arteriograms
constitutes an inadequate gold standard for the assess
ment of either the sensitivity or the specificity of the
test.

As an alternative for specificity, our group (25â€”27)
has previously suggested that patients with low pre-test
likelihood ofCAD are more suitable for the assessment
ofmyocardial scintigraphic test results. We use the term
â€œnormalcyrateâ€•to describe the results for this group in
an attempt to distinguish this assessment from conven
tional specificity derived in patients with normal coro
nary artenograms. In contrast to normal volunteers,
patients with a pre-test low likelihood ofCAD represent
a subgroup of the general test population referred din
ically, who are closer in age and symptoms to the CAD
population than typical young, healthy volunteers. As
expected, for the CSMC and the other multicenter sites,
the normalcy rates, as proxies of specificities, were

TABLE5
Localization of CAD: Sensitivity and Specificity For Each Center and Cedars
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FIGURE5â€”@ComparativeresultsbetweenCSMC
and multicentersites for localizationof
CAD in LAD, LCX, and RCA coronary
arteriesas well as for total vessels.

TOTAL
VESSELS

MULTICENTER SITES

significantly higher than the overall specificities derived
from the normal coronary arteriogram population (Fig.
3). This LL patient population also constitutes a better
group for development of normal limits for analysis of
test results than the bias population of patients with
normal coronary arteriograms (9). We initially de
scribed the use of the LL patients establishing normal
limits with stress planar 201T1scintigraphy and then
used this group for our current SPECT 2OVflanalytic
programs. This approach has become widely used in
cardiology, now having been employed by others for
planar 201Tlanalysis (30), SPECT 201Tl(18), and exer
cisc radionuclide ventriculography (31,32).

Since it is unlikely that a random sample of patients
with suspected CAD will be catheterized regardless of
2OVfl results, the true specificity of the SPECT 2OVfl

study will be difficult to determine. Early studies with
planar stress 2OVflestablished specificity of @â€”90%for
this study. Since there are a greater number of potential
sources of false-positive studies with SPECT than with
planar imaging (27,28), due to the increased technical
complexity of the acquisition and processing phases of

FIGURE6
Comparativeresults between the multicentersites grouped
by computertype and CSMC(MDS)for localizationof CAD in
all vessels combined. 4p < 0.05 versus MDS; *p < 0.05
versusSIEMENSand CSMC(MDS).

the study, it is likely that the specificity of201Tl SPECT
will truly be lower than that of planar imaging. The
normalcy rate for 20â€•flSPECT in the present study was
82% in the combined multicenter sites and 82% in the
prospective CSMC population compared with 88% and
83% in the respective comparable groups for our pre
vious multicenter planar 201'fltrial. These findings sug
gest that the observed normalcy rates may indeed be
very close to the true specificity for SPECT 2OVflâ€¢

Localization of Disease
With respect to individual vessel sensitivities and

specificities, the combined results from the multicenter
sites and the results ofCSMC were also generally similar
(Fig. 5, Tables 4B and 5). The difference in individual
vessel sensitivities between the ADAC system (87%)
and the MDS (75%) of the multicenter sites (Fig. 6) is
probably related in part to the higher incidence of
patients with prior myocardial infarction (ADAC versus
MDS: 33% versus 26%) (Table 2B). The lower vessel
specificity by ADAC system (53%) compared to the
Siemens (71%) and the CSMC MDS system (69%) is
likely to be related to the higher frequency of previous
myocardial infarction and the lower overall specificity
obtained in the 11 ADAC patients with normal coro
nary arteriograms. It is important to note that the
normalcy rate by ADAC was similar to all the other

SENSITl@ITV

LAD LCX RCA

SPECIFICITY

LAD LCX RCA

100

I-z
@ 50

D
DF..naI.

ADAC MDS SIEMENS CSMC
MDS

N= 20832 14918 19726 11120 17034 12226

FIGURE7
Comparativeresults basedon gender for localizationof CAD
for the LAD,LCX,andRCAcoronaryarteriesfor the combined
prospectiveCSMCand multicentersite populations.
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software systems tested (Fig. 3). The overall vessel spec
ificity in our study (multicenter sites: 69%, CSMC:

66%) was lower than the 89% described by DePasquale
et al. (18). This is probably due to the increased number
of patients with 20Tl defects in our normal coronary
artery subgroup suggesting again a difference in the
patient population. Of importance was the apparent
improvement in sensitivity for detection ofLCX disease
by SPECT (multicenter sites: 68%, CSMC: 76%) com
pared to that by our quantitative planar method (mul
ticenter sites: 4 1%, CSMC: 45%) (3) without loss in
specificity. This observation is concordant with pre
vious findings by our group (29) and those recently
reported by Fintel et al. when they compared SPECT
and planar methods by visual analyses (19).

Importance of Gender-Specific Normal Limits,
Specific Protocols, and Quality Control

Due to previous observations of the effects of breast
attenuation on 201TlSPECT myocardial distributions
(5,33), we chose to utilize separate gender specific nor

ma! limits for SPECT quantitation (5,29). With these
gender-matched normal limits, the sensitivity, specific
ity, and normalcy rates for overall disease detection and
the sensitivity and specificity for detection of individual
diseased vessels were comparable between males and
females (Figs. 4 and 7). Since variations in breast size
were not accounted for, it would be anticipated that
markedly larger breast size might well be a source of
false positive quantitative 201T1SPECT studies with this
approach.

It should be emphasized that the results of this study
were obtained using a carefully standardized protocol
for 2OVflacquisition and processing. Deviation from the
standard imaging times (e.g., 30 sec/stop rather than 40
sec/stop) or utilization of different rotation (e.g., 360Â°
rotation rather than 180Â°rotation), different filters,
lower doses of 201T1,etc., would have an unpredictable
effect on the accuracy of this quantitative method.

While the CSMC quantitative SPECT program was
shown to offer an accurate method for the quantitation
of 20T1 tomographic studies, the results are more de
pendent, than those of planar 201Tlstudies, on the
careful attention by the technologists acquiring and
processing the studies and the interpreting physicians
to issues of quality control. Particularly important is
attention to potential patient motion (1 1) or upward
creep (12). The former can be diminished by careful
patient monitoring and coaching during acquisition.
Additionally, we recommend that all acquisitions be
reviewed for motion by routine visual inspection of the
projection images in a dine format. Upward creep is
diminished by the 10â€”15-mmdelay between the end of
exercise and the beginning of acquisition. Recent re
ports (34â€”36)have suggested that patient discomfort
and motion are diminished by the use of the prone

position for image acquisition. While promising, this
approach ideally would be employed with a modified
imaging table which minimizes attenuation and with
specific normal limits obtained in the prone position.
Furthermore, attention should be paid to the other
sources of error. For acquisition, these include made
quate peaking, uniformity correction, center of rotation
correction, and detector alignment. For processing, the
principal sources oferror are: inadequate reconstruction
alignment, slice selection, cavity center selection, and
assignment of the alignment location for circumferen
tial profiles. Although this list of sources of error is
intimidating, the findings in this multicenter study sug
gest that with careful attention to issues of quality
control, their impact on reducing the normalcy rate
(the proxy for specificity) is minimal. On the other
hand, failure to institute adequate quality control dur
ing every step of the acquisition, processing, and inter
pretation is likely to increase the number of false
positive SPECT 201Tlstudies.

Limitations
Some limitations of the current study deserve men

tion. The recorded myocardial counts were not adjusted
for scatter or attenuation which varies from region to
region in a given patient's myocardial tomogram and
also varies greatly between patients ofdifferent size and
varying body habitus. There are no generally available
correction algorithms for this purpose. While the nor
mal limits approach provides some measure of com
pensation for this variation, our ultimate goal is to
apply variable attenuation correction to the data to
arrive at the true myocardial count distribution for an
individual patient utilizing an approach developed by
Galt and associates (37). Another unsolved difficulty in
quantitation of the tomographic studies is in the exist
ence of an apparent hot spot in the lateral wall in some
patients. The cause for this hot spot is unclear but may
be related to the normal regional increase in 201Tl
activity due to papillary muscles (38) or to higher
observed counts due to lesser attenuation of activity in
the lateral myocardial wall of the left ventricle. Since
this hot spot also exists in the normal limits, a shift of
the hot spot in a patient's tomogram from its usual
location, the 2- to 3-o'clock position, may produce a
false-positive result in the quantitative interpretation.

A general limitation ofour study is the use of visually
interpreted coronary angiography as the gold standard.
We chose to emply this gold standard since standardized
techniques for quantitative coronary angiography were
not available to us at the multicenter sites.

Our quantitative method did not utilize 201Tlwashout
information. DePasquale et al. (18) found that analysis
of washout of 201Tlfrom the myocardium using the
tomographic technique did not improve detection of
CAD. In contrast, Tamaki et al. (39) reported improve
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ment in sensitivity for disease detection by washout
analysis. We previously observed little gain in assess
ment of20Tl washout in SPECT studies (4,6). Concep
tually, due to reduction of overlap between diseased
and normally perfused myocardium with SPECT com
pared to planar imaging, one might expect washout rate
of myocardial 201Tlby SPECT to play a lesser role in
the detection and localization of diseased coronary
arteries. This issue, however, requires further study.

CONCLUSION

The results of this multicenter trial indicate that the
gender-specific normal limits derived from our institu

tion may be used successfully to quantitate 201Tlstress
tomograms acquired at centers located in different geo
graphic regions using different cameras and computer
systems and processed with their own personnel. The
accuracy in the multiple centers is as high as we cur
rently obtain in our own patient population. The ap
proach provides a tool which complements standard
visual analysis by experts in the interpretation of stress
redistribution 201T1 SPECT studies.
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