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Positron emission tomography (PET), in combination with myo-
cardial blood flow tracers, allows highly accurate diagnosis of
coronary artery disease using visual data interpretation. To in-
crease the objectivity of data analysis and to reduce interob-
server variability, we developed an automated analysis method
for the three-dimensional definition of myocardial activity, which
includes true volumetric data extraction and mathematical con-
straints of activity sampling to the expected shape of the left
ventricle. Data are displayed in a standardized polar map or
three-dimensional format for comparison with a normal data-
base. The first clinical evaluation of this method in 52 patients
using receiver operating characteristics (ROC) curve analysis
demonstrated high diagnostic accuracy for detection as well as
localization of coronary artery stenosis in predefined vascular
territories. The interobserver and intraobserver agreement for
localization of disease was excellent, with correlation coefficients
varying from 0.85 to 0.99 for individual vascular territories. Thus,
this automated quantitative analysis program provides highly
accurate and reproducible evaluation of cardiac PET flow stud-
ies. Definite determination of its diagnostic accuracy requires a
prospective multicenter trial in a larger patient population em-
ploying the criteria for abnormality established in this initial clin-
ical evaluation.

J Nucl Med 1993; 34:968-978

Rsitron emission tomography (PET) is an advanced scin-
tigraphic imaging technique which permits the accurate
assessment of regional tissue tracer distribution. In combi-
nation with blood flow tracers such as #Rb and *N-am-
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monia, this technique has been shown to provide highly
accurate detection of coronary artery disease (CAD) (I-4).
Studies comparing 3?Rb PET imaging with 2!Tl single-
photon emission computed tomography (SPECT) imaging
in the same patient population have demonstrated the di-
agnostic superiority of PET. This diagnostic advantage is
thought to reflect the use of attenuation correction and,
thus, avoidance of attenuation artifacts, which frequently
cause false-positive 2°'T1 SPECT findings (5,6).

Most of these previous PET studies employed visual
analysis of myocardial tracer distribution under rest and
stress conditions. Semiquantitative analysis using circum-
ferential profile techniques has been successfully employed
in combination with SPECT cardiac imaging to yield ob-
jective definition of regional scintigraphic abnormalities (5-
7). Only a few methods, however, have been introduced
for similar analysis of cardiac PET flow studies (8,9). The
need for the development of quantitative analysis methods
for PET for the more objective assessment of regional
perfusion abnormalities and the reduction of interobserver
and intraobserver variability is well recognized. Since
PET-derived measurements of tissue tracer concentrations
are truly quantitative, the application of such techniques
may allow accurate definition of tracer uptake abnormali-
ties and provide a sensitive means to define the extent and
severity of regional perfusion defects to yield improved
quantification of the severity of CAD.

The purpose of this study was to introduce a quantitative
analysis approach which employs truly volumetric data
sampling and mathematically constrained searching rou-
tines for automated definition of myocardial activity. This
method has been employed in a control group of subjects
without evidence of CAD and in patients with angiograph-
ically proven CAD in order to define its diagnostic perfor-
mance in a test population and to develop diagnostic cri-
teria for regional abnormalities which can subsequently be
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used for prospective testing of this method in a clinical trial
to determine its diagnostic accuracy.

METHODS

Patient Population

The study population consisted of 52 subjects who had under-
gone "*N-ammonia PET studies in combination with pharmaco-
logic stress studies. Twenty-three subjects had low likelihood of
CAD (<5% likelihood of disease), whereas 29 patients underwent
coronary angiography within 3 mo of the PET study. No patient
had a history of unstable angina intervention or myocardial infarc-
tion within 6 mo of the time of the study; nor had any patients
undergone percutaneous coronary angioplasty (PTCA) or coro-
nary artery bypass graft (CABG) between angiography and the
PET study. Informed consent was obtained from all persons par-
ticipating in this study. The imaging protocol was approved by the
Institutional Review Board of the University of Michigan Medical
Center.

PET

All patients were studied after an overnight fast. Patients were
prohibited from consuming caffeinated beverages in the 24 hr
prior to testing. Theophylline-containing medications were with-
held for at least 48 hr prior to PET imaging. None of the patients
had pulmonary symptoms prior to pharmacologic stress testing.
Patients were positioned in a 15-slice whole-body PET Scanner
(931 CTI/Siemens, Knoxville, TN), which has eight circular de-
tector rings to allow for the simultaneous acquisition of 15 con-
tiguous transaxial images with a slice thickness of 6.75 mm. The
reconstructed in-plane image resolution of this system is 6 mm
FWHM and the axial resolution is 8§ mm FWHM using line source
phantoms.

In order to verify the correct position of the detectors over the
heart, a 2-min scout scan was performed postinjection of 74 MBq
3N-ammonia (acquisition time: 4 min). Afterwards, a transmis-
sion scan using a retractable ®3Ge ring source was performed for
15 to 20 min (100 to 200 million counts). The transmission scan
was followed by a baseline *N-ammonia study, which consisted
of the infusion of 740 MBq *N-ammonia (specific activity: 74
MBg/ml). The agent was infused over 30 sec with a Harvard
pump. Three minutes after the end of 1*N-ammonia infusion, data
were acquired for 10 min.

Pharmacologic Stress Testing

Fifty minutes after the rest studies, intravenous infusion of
either dipyridamole (Persantine, Boehringer-Ingelheim, Germa-
ny: 0.142 mg/kg - min for 4 min) or adenosine (Medco Research,
Los Angeles, CA; 140 ug/kg - min for 6 min) was started. Five
minutes after the end of the dipyridamole infusion, or 3 min after
the beginning of the adenosine infusion, the injection of the sec-
ond *N-ammonia dose (740 MBq) was started. The stress proto-
cols are similar to those employed by other groups for dipyri-
damole (10-12) and adenosine (13-15).

Three minutes after administration of *N-ammonia, stress data
acquisition was started (acquisition time: 10 min). Continuous
heart rate, blood pressure and multilead ECG monitoring were
performed every minute during vasodilator infusion and then re-
corded every 2 min to the end of the studies.

Analysis of PET Images

All PET data were reconstructed into images which repre-
sented myocardial *N activity from 3-10 min after tracer injec-
tion. The rest and stress images were analyzed by two observers
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FIGURE 1. Operator-interaction 1. Identification of center lines in
transaxial (left upper comer) and oblique slices (right upper comer)
with adjustment of the free walls of the right and left ventricle. The
resulting conventional short-axis views are demonstrated in the
lower panel.

blinded to the patient’s history or coronary angiography results.
Image analysis was performed using a Sun SPARC Station 2 (Sun
Microsystems, Mountain View, CA) and involved three distinct
steps:

1. Interactive three-dimensional definition of the long-axis of
the left ventricle.

2. Automatic volumetric radial search for activity maxima.

3. Comparison of individual patient data with a reference da-
tabase.

Furthermore, data processing included the definition of regional
abnormalities in predefined vascular territories and data display
using either a polar map format or three-dimensional projection of
the data on an ellipsoid resembling the shape of the left ventricle.
Definition of Myocardial Activity. The 15 acquired transaxial
tomographic slices were interpolated into an isotropic volume. A
mid left ventricular transaxial plane was subsequently selected for
the interactive definition of the long-axis as well as the lateral
borders of the left and right ventricle (Fig. 1). In order to delineate
the long-axis in three dimensions, a second image plane perpen-
dicular to the initial transaxial plane was displayed and the long-
axis again was interactively defined. These images were also used
to mark the base and apex of the left ventricle as well as the
posterior intersection of the right and left ventricle as depicted in
Figure 2. This marking of the ventricular intersection defined the
spatial standardization of myocardial activity display and was set
by convention to 102° (16). The three-dimensionally defined long-
axis represented the starting point for a radial search of myocar-
dial activity. Starting at the most basal aspect of the long-axis and
the posterior intercept of right and left ventricle, 36 radial activity
profiles were automatically extracted perpendicular to the long-
axis at ten equally spaced planes, covering the proximal 75% of
the long-axis. In the distal 25% of the long-axis, spherical sam-
pling was employed to follow the shape of the left ventricle and
provide radial activity profiles perpendicular to the myocardium,

FIGURE 2. Definition of “search range” at base and apex of left
ventricle and delineation of right/left ventricle intercept.



resulting in an overall “‘bottle brush’” search pattern. The angular
interval between profiles was increased in the apical zone in
inverse proportion to the expected decrease in myocardial surface
area to maintain consistent sampling density (Fig. 3).

The activity maxima search was subsequently performed on
each radial profile in order to locate the center of myocardial
activity. The radial activity profile of each radial search was
smoothed and the average maximum values were calculated using
criteria for flatness to minimize the effect of myocardial defects on
the detection of the signal defined as:

maximum/average activity > k/F,

where k represents an empirically determined constant and F is a
constant for flatness (Fig. 4):

maximal activity
F= \’— .
area under profile

Based on these criteria, regional maximal activity was determined
and assumed to reflect myocardial activity. If these criteria were
not met, the myocardial location was determined by interpolating
the distance from the long-axis to the maxima of neighboring
points. This initial search resulted in a first estimate of the location
of activity maxima. Myocardial activity was subsequently sam-
pled using a 3 X 3 X 3 median filter centered around the defined
maximal activity.

Following this first-pass search, a second constraining process
for the definition of continuity of the detected myocardial activity
was employed. This second-pass employs an algorithm for shape
and continuity constraint, which minimizes sampling errors in
regions with severe tracer uptake defects as well as segments with
high extracardiac activity. For each plane perpendicular to the
long-axis, the second derivative of the angular radius function was
calculated. The second derivative was chosen due to its sensitivity
to nondirectional breaks in continuity. The point corresponding to
the maximum second derivative was marked as “‘suspect.”” The

FIGURE 3. “Bot-
tie brush” sampling
pattem for definition
of myocardial activity
distribution. Over the
basal 75% of the
long-axis, a cylindrical

' l sampling pattem at
10 equally spaced

planes with 36 radial
profiles perpendicular
to the long-axis is
used. In the apical
25% of the long-axis,
a spherical sampling
with increasing angu-
9 lar intervals in the api-

18 cal zone is employed

to maintain consistent
38 sampling density due
36 38 to the decrease in
[Samples / Rotallon) | Myocardial  surface
area.
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FIGURE 4. Three-dimensional vector processing. Each three-di-
mensional vector “bristie” in the bottiebrush sampling pattem is
extracted along the operator defined long-axis. The resulting activity
profiles (vector) are smoothed and the maximal activity defined as
center of 3 x 3 x 3 voxels cube (see text for more details). The
arrows correspond to the stepwise approach.

second derivative function was then recalculated omitting this
point. This iterative process continued until the maximum second
derivative value fell below an empirically determined value. The
remaining accepted points were then used to constrain a repeated
maxima search to the most likely location of the myocardium.

Comparison with a Reference Database. Following this two-
pass search process, regionally determined myocardial activity
was normalized to the ‘“maximal activity’’ within a given image
volume. This ‘‘maximal activity’> was determined by the average
activity of a 50° wedge consisting of two contiguous rings moved
across the surface of the heart excluding the two most basal and
four most apical rings. The maximal value of this three-dimen-
sional moving function was considered to represent ‘‘maximal
activity’” and was set to 100%. All previously defined radial ac-
tivity maxima were then normalized to this value and expressed as
a percentage. Data were stored in a three-dimensional matrix of
regional relative tracer retention and compared to an average
‘‘normal’” matrix defined by a reference group of individuals with-
out cardiac disease. As commonly used for SPECT, the data were
displayed in polar map format. Representative vascular territories
for the major coronary arteries were adopted from previously
published analysis approaches for SPECT (16).

Criteria for Abnormality. Regional tracer uptake abnormalities
were expressed in terms of extent and severity using standard
deviation criteria based on the normal distribution of tracer within
the left ventricle. Extent of tracer uptake abnormalities was ex-
pressed as percent of pixels within a given vascular territory
below the predefined standard deviation criteria. The severity of
tracer defect was defined as average standard deviation in those
pixels falling below the standard deviation criteria. For this study,
the standard deviation criteria varied from 1 to 3, whereas a defect
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extent of >10% was considered abnormal in each vascular terri-
tory. In addition, the rest and stress data were compared in order
to develop criteria for stress-induced perfusion abnormalities.
Two approaches were employed: the difference (rest-stress map)
and the ratio (rest-to-stress map). Again, individual subtraction
and ratio data were compared with corresponding normal values.
Standard deviation criteria and extent criteria were used as out-
lined above.

The only interaction by the operator during this data analysis
was the definition of the long-axis, the delineation of base and
apex and the identification of the intercept of the left and right
ventricle. The time required for the search, computing and display
of results was less than 5 min, which allowed rapid analysis of
each image volume.

Coronary Angiography

The interval between PET studies and cardiac catheterization
was less than 3 mo. Quantitative coronary angiography was ap-
plied using a ADAC system (ADAC Laboratories, Milpitas, CA)
and a single plane approach, which has been previously published
(17). The following angiographic criteria were used to define the
presence of significant artery stenosis:

1. Quantitatively determined diameter stenosis 250%.
2. Quantitatively determined diameter stenosis 275%.
3. Quantitatively determined diameter stenosis 290%.

Stenoses were categorized as involving the left anterior descend-
ing (LAD), left circumflex (LCx) or right coronary artery (RCA).
For comparison with the PET studies, left main coronary lesions
were included as both LAD and LCx disease. Diagonal branches
were grouped with the LAD, marginal branches with the LCx and
lesions of the posterolateral and posterior descending arteries with
the RCA.

Statistical Analysis

Values are given as the mean + s.d. Data were expressed in
terms of sensitivity and specificity as well as diagnostic accuracy,
with the results of quantitative coronary angiography serving as
the gold standard. To evaluate receiver operating characteristics
(ROC) of computer quantification, sensitivity (true-positives/num-
ber of patients with confirmed disease), specificity (true-negatives/
number of patients without disease) and accuracy ((true-positives
+ true-negatives)/total patients) were determined for threshold
settings of disease extent of 1.0, 1.5, 2.0, 2.5 and 3.0 s.d. below the
normal mean and 250%, =75% and =90% luminal stenosis diam-
eter. From these data, ROC curves were plotted for multiple
sensitivity/specificity pairs according to the method of Metz (18).
Curves were generated for localization to each individual vascular
territory, for the non-LAD territory (e.g., LCx and RCA) and for
overall disease detection.

A Student’s t-test with Bonferroni’s correction was used to
compare continuous variables in the groups and noncontinuous
variables were compared using Fisher’s exact test or a chi-square
test, depending on sample sizes. Statistical significance was de-
fined as p values <0.05.

RESULTS

Patient Characteristics

The characteristics of the study and reference groups are
summarized in Table 1. The reference group used for the
normal database included five females and 13 males with a
mean age of 36.7 + 15.3 yr (median: 34 yr, range 21-77 yr).
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TABLE 1
Clinical Characteristics of the Study Participants

Reference
Study group group
(n = 34) (n=18)
Female 10 (29.4%) 5 (27.8%)*
Male 24 (70.6%) 13 (72.2%)*
Age (y1)
Mean + s.d. 606 + 11.2 36.7 = 15.3"
Range 38 (40-78) 56 (21-77)
Median 60.5 34
s/p MI 3 —
s/p PTCA 8 —
s/p CABG 1 —

*p < 0.01 versus study group.
*Nonsignificant.
MI = myocardial infarction; s/p = status post.

The study group was comprised of 24 men and 10 women
with a mean age of 60.6 + 11.2 yr (median: 60.5 yr, range
40-78 yr). There were three patients with prior myocardial
infarction, eight patients with a history of PTCA and one
with previous CABG. In all cases, revascularization was
performed at least 6 mo prior to the study. Two male and
three female healthy volunteers, based on <5% likelihood
for CAD were included in this group. The difference be-
tween the mean age of the study group and the normal
group was statistically significant (p < 0.01). There was
no statistically significant difference between the sex dis-
tribution of both groups.

Anglographic Findings
Coronary angiography results for extent and localization

of CAD are summarized in Table 2. Based on a threshold
of 250% diameter stenosis, we identified 16 patients with
significant narrowing of at least one coronary vessel
(275%: 13; 290%: 12). Of these 16 patients, 9 had one-
vessel disease, 5 had two-vessel disease and in two patients
all vessels were involved (275%: 9, 3, 1; 290%: 10, 2, 0).
We identified nine lesions with a mean stenosis diameter of
89.6% in the LAD territory, nine in the RCA (78.3%) and
seven lesions (87.1%) in the territory of the LCx. The
differences in mean stenosis diameter were not statistically
significant.
Hemodynamic Findings

Of the 34 persons in the study group, 12 had dipyri-
damole stress testing and 22 others received adenosine. All
subjects in the reference group received adenosine. The
systolic blood pressure and heart rate at rest averaged 110
+ 10 mmHg and 58 + 8 bpm in the study group and was 115
+ 13 mmHg and 55 *= 7 bpm in the reference group.
Systolic blood pressure fell by 14 = 12 mmHg during
adenosine and by 13 + 12 mmHg during dipyridamole
infusion in the study group. The changes in the reference
group after adenosine infusion were 15 * 13 mmHg and
+17 = 12 mmHg. The change of systolic blood pressure
and heart rate during pharmacologic stress was significant
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TABLE 2
Angiographic Pattemns of CAD in 29 Patients

% Stenosis Stenosis diameter
250% 275% =90% =>50% 275% =290%

n n n
Insignificant CAD 13 16 17
Significant CAD 16 13 12
One-vessel disease 9 9 10
Two-vessel disease 5 3 2
Three-vessel disease 2 1 0
Left main CAD 1 1 0

LAD lesions 9 7 5 89.6 + 13.2 954 + 7.1 996 + 0.5

RCA lesions 9 6 6 78.3 = 18.3 88.0 + 9.1 933 +57

LCx lesions 7 5 3 871 171 982 +40 982 +4.0

(p < 0.05) within each group, whereas there was no statis-
tically significant difference between the three subsets.

Four of 12 (30%) patients with dipyridamole and 13 of 40
patients (32.5%) with adenosine had chest pain or mild
noncardiac symptoms. All others were asymptomatic. No
patient had severe hypotension (systolic BP < 90 mmHg)
and none required administration of aminophylline.

Scintigraphic Findings

Reference Group. We used the results of 18 subjects in
the earlier described reference group to construct a normal
polar map of *N-ammonia activity. The results of the
stress studies for each myocardial wall segment and for
each coronary vascular territory are displayed in Figure 5.
In addition, the regional values for the rest-to-stress ratio
are depicted. The relative tracer distribution throughout
the left ventricle was homogeneous with values ranging
from 66% to 85% during stress and rest. The inferior wall
had the highest relative tracer concentration of the nine
myocardial wall segments under rest and stress conditions.
There was a significant difference of relative activity be-
tween proximal and distal wall segments. The activity in
the distal lateral wall for both rest and stress studies was
significantly lower than that of the distal septum and infe-
rior distal walls. The lowest tracer concentration was re-
corded in the apex (p < 0.05 versus LAT and p < 0.01
versus all other segments), whereas all other possible com-
parisons did not reach statistical significance. There was no
statistically significant difference in tracer distribution de-
pendent on gender in patients without CAD. The ratio map
shown in Figure 5 demonstrated homogeneous values
ranging from 1.00 + 0.24 to 1.06 = 0.15. There was no
significant difference between values in the lateral wall and
the remaining segments of the left ventricle.

Patient Example. Figure 6 shows the scintigraphic re-
sults in a 61-yr-old man who was referred to our institution
for evaluation of suspected CAD. Quantitative coronary
angiography demonstrated a stenosis diameter of 99% in
the LAD and a normal circumflex and RCA. Rest, stress,
rest-stress, and rest-to-stress comparison maps of this pa-
tient are shown in Figure 6. The stress polar map depicts an
anterior-apical defect, whereas the rest image shows only
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subtle defects. The ratio map (right) delineates the apical
defect. Three-dimensional displays of the stress, rest and
ratio of the same patient are shown in the upper panel.
Figure 7 depicts the comparison of an individual patient
with the normal database. All white pixels are within 2 s.d.,
whereas the color code represents the degree of standard-
izations.

Detection of CAD. The results for detection of CAD
using varying standard deviation criteria are summarized in
Table 3. By a threshold of 275% stenosis diameter within
a given vascular territory, the highest diagnostic accuracy
(85%) for detection of CAD was observed for a cutoff of 2.0
s.d.s for computing the ratio map (rest-to-stress). Sensitiv-
ity was 93% and specificity 80%. By using the difference
map (rest-stress), the highest diagnostic accuracy was also
observed with 2.0 s.d.s, thus yielding a sensitivity of 86%
and a specificity of 80%. Use of the stress information
alone resulted in a diagnostic accuracy of 82% with a sen-
sitivity of 79% and a specificity of 85%. Table 4 summa-
rizes the diagnostic performance using 50%, 75% and 90%
stenosis diameter thresholds and a 2.0 s.d. cutoff.

Localization of Disease. ROC curves for localization of
coronary artery stenosis for stress, rest, rest-stress, and
rest-to-stress are shown in Figure 8 for each individual
vascular territory (angiographic threshold: 275% narrow-
ing). The highest diagnostic accuracy for localization of

RATIO
ANT

REST (%)
ANT

STRESS (%)
ANT

o o

INF INF INF

FIGURE 5. Relative tracer distribution under stress and rest con-
ditions in the reference group, used as “normal polar map”, seg-
mented according to proximal and distal myocardial wall segments.
Relative activity is expressed in percent + s.d. The right map depicts
regional ratio values of rest and stress activity. ANT = anterior; SEP
= septal; INF = inferior; LAT = lateral.
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Stress

CAD in the LAD territory (91%) was found using the stress
polar map and 2.0 s.d.s, which yielded a sensitivity of 86%
and a specificity of 93%. Calculation of difference or ratio
maps at this standard deviation reached an accuracy of
82% and 85%, respectively. The best results for the LCx
territory were observed using the ratio map and 2.0 s.d.s,
which yielded an accuracy of 79%, a sensitivity of 80% and
a specificity of 79%. The diagnostic accuracy was 79% for
stress and rest maps and 76% for the difference polar map.
In the RCA territory, stress and difference polar maps
produced identical results for 2.0 s.d.s (accuracy 88%,
sensitivity 83%, specificity 89%). The corresponding re-
sults for angiographic thresholds of =50% and =90% are
given in Table 4.

Interobserver and Intraobserver Variability. Two ob-
servers analyzed all PET studies without prior knowledge
of the patients’ histories or coronary angiography resuits.
One observer analyzed the data twice after a waiting period

FIGURE 6. Stress and rest polar maps

and ratio polar maps (lower panel) of a 61-
yr-old male with 99% narrowing of the LAD.

The stress-induced apical defect is clearly
demonstrated. The upper panel displays
three-dimensional representation of the
same data.

of 2 wk. As shown in Figure 9, there was a very high
correlation (r = 0.97-0.99) between the results of the first
and second analysis of observer 2, which yielded a very
low intraobserver variability for all three vascular territo-
ries. The correlation between observers 1 and 2 was in the
same range for the LAD (r = 0.98) and LCx territory (r =
0.97). The lowest correlation coefficient for interobserver
comparison was found in the RCA territory (r = 0.82). By
using a threshold of =10% abnormal pixels within each
vascular territory below 2.0 of the normal mean, both ob-
servers agreed in 29 of 34 (85.3%) patients in detection of
CAD. The intraobserver agreement was 97.1% (Table 5).
For further evaluation, we calculated the intraobserver and
interobserver agreement for each individual vascular terri-
tory (Table 5) and found consistent values for the LAD and
LCx territory (94.1%-97.1%). The intraobserver agree-
ment for localization of disease in the RCA region was
94.1%. The largest disagreement between both observers

=)
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Rest / Stress

FIGURE 7. Data of the same patient
shown in Figure 6 compared to the normal
database using polar map (below) or three-
dimensional display (above). The white area
represents values within 2 s.d. of the normal
population, whereas the color code repre-
sents the severity of the perfusion abnormal-
ity in standard deviations.
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TABLE 3
Sensitivity, Specifity and Accuracy for Stress-, Rest-, Rest-Stress- and Rest-to-Stress-Evaluation for CAD Detection and
Vascular Territory Recognition as a Function of Standard Deviations Below the Mean of a Normal Database (Thresholds:
Abnomal Region = 10% of Vascular Teritory; Stenosis Diameter = 75%)

Stress Rest Rest-Stress Rest-to-Stress

s.d. 1.0 15 20 25 3.0 1.0 15 20 25 3.0 10 15 20 25 1.0 15 20 25
LAD

sens 100 086 086 08 029 043 029 000 000 000 100 08 071 057 1.00 100 086 086

spec 063 078 093 093 100 063 081 093 100 100 041 078 08 08 048 0.74 08 085

acc 071 079 091 091 08 059 071 074 079 079 053 079 08 082 05 079 085 085
LCx

sens 080 060 060 040 040 040 020 020 020 020 080 080 080 060 080 080 080 0.60

spec 059 076 083 083 08 072 083 09 093 100 034 052 076 08 038 062 079 079

ace 062 074 079 079 079 068 074 079 082 08 041 056 076 082 044 065 079 0.76
RCA

sens 083 083 083 083 067 083 083 083 083 050 100 083 083 067 100 100 083 0.67

spec 025 043 089 093 09 032 054 079 08 093 039 071 089 093 036 064 082 093

ace 035 050 088 091 091 041 059 079 08 08 050 074 088 088 047 071 082 088
Det

sens 100 093 079 079 050 08 064 043 043 021 100 093 08 064 100 093 093 079

spec 025 045 08 08 08 030 040 065 075 09 025 050 08 08 025 050 080 075

acc 056 065 082 08 071 050 053 056 062 062 056 068 08 076 056 068 08 076

sens = sensitivity; spec = specificity; acc = accuracy; Det = detection of CAD.

was found in the inferior wall with an agreement rate of
79.4%.

DISCUSSION

Several quantitative approaches for the interpretation of
cardiac SPECT imaging have been introduced and are
widely used for the evaluation of cardiac perfusion studies
(1,4,5,19,20). Objective criteria for perfusion abnormalities
and low interobserver variability make such approaches a
useful tool in the diagnostic work-up of patients with sus-

pected or proven CAD. Quantitative methods for the anal-
ysis of scintigraphic data lend themselves even better to
data derived by PET. High spatial resolution and attenua-
tion correction limits inhomogeneities in tracer distribution
due to partial volume effect and tissue attenuation often
observed with 2°'T1 SPECT imaging (5,6,21). Therefore,
we hypothesized that quantification of regional tracer ac-
tivity should yield high diagnostic specificity for CAD de-
tection by PET because the incidence of imaging artifacts
is greatly reduced.

TABLE 4
Sensitivity, Specificity and Accuracy for Stress-, Rest-, Rest-Stress- and Rest-to-Stress-Evaluation for CAD Detection and
Vascular Territory Recognition as a Function of Quantitatively Determined Stenosis Diameter (Thresholds: 10% Extent
of the ROI, =2.0 s.d.s)

Stress Rest Rest-Stress Rest-to-Stress
=250% 275% 290% 250% 275% =90% 250% 275% 290% 250% =275% =290%

LAD

sens 0.78 0.86 0.80 0.1 0.00 0.00 0.67 0.71 0.60 0.78 0.86 0.80

spec 0.96 0.93 0.86 0.96 0.93 0.93 0.88 0.85 0.79 0.88 0.85 0.79

acc 0.91 091 0.85 0.74 0.75 0.79 0.82 0.82 0.76 0.85 0.85 0.79
LCx

sens 0.43 0.60 0.67 0.14 0.20 0.33 0.57 0.80 1.00 0.57 0.80 1.00

spec 0.81 0.83 0.81 0.89 0.90 0.90 0.74 0.76 0.74 0.78 0.79 0.77

acc 0.74 0.79 0.79 0.74 0.79 0.85 0.71 0.76 0.76 0.74 0.79 0.79
RCA

sens 0.67 0.83 0.83 0.67 0.83 0.83 0.67 0.83 0.83 0.67 0.83 0.83

spec 0.92 0.89 0.89 0.80 0.79 0.79 0.92 0.89 0.89 0.84 0.82 0.82

acc 0.85 0.88 0.88 0.76 0.79 0.79 0.85 0.88 0.88 0.79 0.82 0.82
Det

sens 0.69 0.79 0.77 044 0.43 0.38 0.81 0.86 0.85 0.88 093 0.92

spec 0.83 0.85 0.81 0.67 0.65 0.62 0.83 0.80 0.76 0.83 0.80 0.76

acc 0.76 0.82 0.79 0.56 0.56 0.53 0.82 0.82 0.79 0.85 0.85 0.82

sens = sensitivity; spec = specificity; acc = accuracy; det = detection of CAD.
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FIGURE 8. ROC curves for overall detection and localization of
CAD in individual vascular temitories (threshold: =75% stenosis
diameter; =10% extent of ROI) by means of stress, rest, rest-stress,
and rest-to-stress studies. The five data points represent varying
standard deviation cutoff criteria from 3.0 to 1.0 by 0.5 increments.

Analysis software for SPECT cardiac perfusion studies
commonly employs circumferential profile techniques ap-
plied to left ventricular short-axis or long-axis image planes
(13-16,22,23). These programs are based on a two-dimen-
sional radial search for myocardial activity originating from
the center of the left ventricular cavity, which is con-
strained by manually defined ROIs around the heart. We
have refined this technique and developed a truly three-
dimensional data analysis. In taking advantage of more
powerful workstations, this software does not require the
generation of short-axis or long-axis image planes but relies
on image volume rather than individual image planes. In
addition, we introduced mathematical constraints in the
search for myocardial activity to avoid the need for inter-
active definition of myocardial edges. In this program, the
user has only to define the left ventricular long-axis and the
approximate image volume in which the heart is repre-
sented. Myocardial activity is defined by a multipass
search routine. Such an approach allows definition of the
location of regional myocardial activity based on the antic-
ipated shape of the left ventricle even in the presence of
severe perfusion abnormalities. In addition, this searching
routine permits separation of myocardial activity from ad-
jacent liver tissue, which avidly retains N activity. Thus,
the major advantage of this software development, when
compared to conventional SPECT approaches, is the au-
tomated three-dimensional delineation of myocardial activ-
ity without the need to generate short-axis and long-axis
images or to define interactively the outer edge of myocar-
dium.

Technical Considerations

The results obtained in normal volunteers and patients
without angiographically proven CAD reflect the improved
imaging technology provided by PET. Although it is well
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known that there is some regional spatial and temporal
heterogeneity in myocardial blood flow even in the normal
heart, this variability is generally small, being in the order
of 10%-15% (24-26) and its detection in vivo has been
limited by the spatial and temporal resolution of routinely
available imaging modalities. Accordingly, we have ob-
served a relatively homogeneous distribution of *N-am-
monia activity in the myocardium as reported by others
(1-4,19,27). There was no significant difference between a
male and female population in regional tracer uptake. The
implementation of attenuation correction excluded any ar-
tifacts in regional tracer distribution caused by varying
body build. This is in contrast to the considerable regional
variation observed with SPECT, which has been reported
between the anterior and inferior walls of the left ventricle
(13-15). The regional activity was normalized to one max-
imal activity value within the left ventricle. This normal-
ization approach explains the significant differences of re-
gional activity in the base and apex of the left ventricle.
Since PET data acquisition was not ECG gated, undersam-
pling occurred at the level of the base and apex of the left
ventricle. During systole, the apical structures and basal
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FIGURE 9. Linear regression for intraobserver and interobserver
variability for localization of CAD in individual vascular territories.
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TABLE 5
Intraobserver and Interobserver Agreement on Detection of CAD

Interobserver Intracbserver
Agreement Disease 15 17
No disease 14 16
29 (85.3%) 33 (97.1%)
No agreement 5 (14.7%) 1 (2.9%)
Intraobserver and Interobserver Agreement on Localization of CAD
LAD LCx RCA
Interobserver Intracbserver Interobserver Intraobserver Interobserver Intraobserver
Agreement Disease 8 8 7 6 9 12
No disease 25 24 26 27 18 20
33 (97.1%) 32 (94.1%) 33 (97.1%) 33 (97.1%) 27 (79.4%) 32 (94.1%)
No agreement 1 (2.9%) 2 (5.9%) 1 (2.9%) 1 (2.9%) 7 (20.6%) 2 (5.9%)

structures are moving out of the corresponding image plane
and are only imaged during diastole.

Besides these anticipated variations due to nongated
data acquisition, there were slight cross-sectional inhomo-
geneities noted by statistical analysis. The distal inferior
wall displayed somewhat higher activity when compared to
the septum and anterior wall, which most likely reflects the
scatter of activity from neighboring organs. In contrast to
21T} or 82Rb, *N-ammonia is avidly retained in hepatic
tissue (28). In some patients, the hepatic structures are in
close proximity to the heart, especially in the supine posi-
tion. However, the average relative activity in the inferior
wall was only 10% higher than that in the corresponding
anterior wall and, again, was not changed from rest to
stress studies as evidenced by the ratio map (Fig. 5).

The distal lateral wall displayed lower values of relative
tracer retention than those observed in the corresponding
anterior, septal and inferior segments. It has been previ-
ously observed that *N-ammonia activity in the postero-
lateral wall may be reduced even in the absence of any
significant CAD (29, 30). This distribution pattern is differ-
ent from that of any other blood flow tracer used in com-
bination with PET. This regional decrease of °N activity is
most pronounced in transaxial image planes as recently
reported by Beanlands et al. from our institution (31). The
reasons for this regional heterogeneity of myocardial *N-
ammonia distribution are unknown at the present time. It is
unlikely that technical factors can be made responsible for
this observation because it has not been described with
82Rb or O-water. Since *N-ammonia is retained in myo-
cardial tissue in the form of glutamine, the most likely
explanation for this inhomogeneity is the regional variation
of glutamine synthetase activity. Previous studies have
also shown that the distribution of *F-deoxyglucose varies
regionally within the left ventricle, which suggests meta-
bolic heterogeneity in the normal human heart (32,33).

Detection of CAD

The application of this analysis approach in patients with
proven CAD provided first insights about the diagnostic
performance and the optimization of criteria for differenti-
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ation of normal and diseased vascular territories. For the
localization of disease, we employed an already estab-
lished definition of vascular territories for the LAD, cir-
cumflex and right coronary arteries (16). These average
vascular territories represent the typical distribution of
vascular territories but do not account for individual vari-
ations in coronary anatomy. However, previous studies
with SPECT have indicated that such techniques allow a
relatively specific definition of disease in given vascular
territories (16,23). This is especially true for disease in the
LAD artery, whereas there is anticipated variation in the
distribution of the circumflex or RCA territories.

The selected patient population represented a relatively
small sample, but most patients had discretely defined cor-
onary lesions. In addition, the incidence of previous myo-
cardial infarction was low. Three patients had a history of
myocardial infarction. The left ventricular ejection fraction
of these patients was within the normal range in two,
whereas one patient had a left ventricular ejection fraction
of 39%. The highest diagnostic accuracy for detection of
CAD was achieved using the ratio criteria comparing rest
and stress tracer distribution. The sensitivity for detection
of disease was 93% using this approach with a specificity of
80%. These data compare very favorably with the reported
data for visual image analysis (5,6,20,27). These results
indicate that methods which describe changes of regional
activity from rest to stress may be more sensitive than
absolute thresholds of regional relative tracer distribution
in patients without previous myocardial infarction. This
finding may be explained by the fact that the comparison of
two maps in the same patient enhances stress-induced
changes in relative tracer distribution and cancels potential
inhomogeneity of activity caused by the imaging proce-
dure.

Localization of CAD

Quantitative data analysis should result in consistent
localization of disease as well as in more specific definition
of defect extents in a given vascular territory when com-
pared to visual analysis. As observed in the detection of
CAD, the highest diagnostic value for localization of CAD
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was observed using a threshold of 2 s.d. Within the three
vascular territories, diagnostic accuracy was highest in the
LAD and RCA, 91% and 88%, respectively. In contrast,
the diagnostic accuracy for the circumflex artery territory
was 79% (sensitivity 60%, specificity 83%). This preliminary
finding of reduced sensitivity in this territory may indicate
the greater variability of tracer retention in the lateral wall of
the left ventricle, but may also be caused by the relatively
small number of patients with circumflex disease. There was
no significant difference in the severity of coronary lesions in
the three vascular territories of the patient studied.

Interobserver and Intraobserver Variability

The determination of the interobserver and intraobserver
variability indicated excellent agreement between observers
with regard to the extent of perfusion abnormalities as dem-
onstrated by the high correlation coefficients comparing in-
traobserver and interobserver results. The agreement for dis-
ease localization was highest in the LAD and LCx territories
(Table 5). However, there was low interobserver variability
in the localization of RCA disease. Interobserver agreement
was only 79% in the presence of a significant abnormality.
The reason for this relatively high disagreement most likely
reflects the difficulty in defining the inferior base of the left
ventricle (Fig. 3). This definition includes, to a varying de-
gree, the mitral valve plane and/or the membranous part of
the inferior septum. The atrioventricular valve plane does
not adhere to a straight line, but rather generates a compli-
cated geometry. Therefore, a higher interobserver variability
with regard to perfusion abnormalities in the inferior basal
part of the left ventricle is anticipated.

CONCLUSION

Our program for the analysis of cardiac **N-ammonia
PET studies represents an extension of technology applied
successfully in SPECT. True volumetric data sampling,
automated definition of myocardial activity and three-di-
mensional display of the data provide a user-friendly pro-
gram with improved three-dimensional representation of
the scintigraphic results. Initial validation of this approach
in subjects with a low likelihood of CAD and patients with
angiographically proven coronary lesions suggests the high
diagnostic accuracy of this technique. Homogeneous
tracer distribution in the normal population reflects PET’s
ability to provide attenuation correction and its promise of
high diagnostic specificity. The use of multiple criteria,
including the ratio of rest and stress tracer distribution,
may provide not only improved detection of disease but
also more accurate quantification of the extent and severity
of stress-induced tracer abnormalities. Further validation
of this approach in a prospective multicenter study is re-
quired prior to widespread clinical use.
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EDITORIAL

What Should We Expect from Cardiac PET?

q s cardiac positron emission to-

ography (PET) matures into
the clinical arena and the modality at-
tains widespread use, it is essential
that the process of image interpreta-
tion not be limited to those with years
of PET experience. At first glance by
the inexperienced observer, PET car-
diac images appear a lot simpler to
interpret than single-photon emission
computed tomography (SPECT) stud-
ies. After all, for years we have been
reminded of the advantages of cardiac
PET over SPECT, i.e., higher spatial
resolution, attenuation correction,
hardly any imaging artifact compared
to those reported for SPECT (), in
short, images that are truly quantita-
tive. Thus, our expectations might be
that PET perfusion images from nor-
mal patients are homogeneous and
that any inhomogeneity, no matter
how small, may be safely interpreted
as a perfusion defect. Moreover, upon
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learning this simple rule, we are safe
to correlate these PET perfusion stud-
ies against the ““gold standard,”” coro-
nary arteriography, and that we
should expect the nearly perfect accu-
racy reported by some investigators
23).

For those making the transition
from cardiac SPECT to PET, it is im-
portant to understand that much of the
experience gained in SPECT is trans-
ferable to PET, but nevertheless,
there is another set of rules that needs
to be learned for this new modality. It
is desirable that tools be developed
that assist the PET neophyte in inter-
preting these studies and that these
tools resemble those used in SPECT.
Previously, Hicks et al. (4) reported
on the use of polar maps to quantify
paired cardiac PET studies to analyze
size of perfusion defect, intensity, sta-
tistical significance of and changes in
perfusion or metabolism, including
comparison to a normal database.
This methodology also included com-
parison of stress-stress images to eval-
uate progression/regression of steno-

sis, early and late resting rubidium
images for determining myocardial vi-
ability based on #?Rb washout kinetics
and perfusion-metabolic comparisons
for quantifying ischemia, viability and
necrosis after acute myocardial infarc-
tion.

In this issue of the Journal,
Laubenbacher et al. report on another
automated polar map analysis pro-
gram, this time for the evaluation of
cardiac '>N-ammonia perfusion PET
studies (5). As with other similar tech-
niques reported for SPECT (6-8), one
of the main expectations of this ap-
proach is to increase the objectivity of
the interpretation and to reduce inter-
observer and intraobserver variabil-
ity, two attributes particularly helpful
to the PET neophyte. Their approach
features several technical advance-
ments, including a three-dimensional
sampling and surface display of myo-
cardial activity similar to more recent
SPECT approaches (9, 10) but without
the need to generate oblique angle
images. The approach reported by
Laubenbacher et al. (5) uses a normal
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