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Clinical Validation of Automatic Quantitative Defect
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We examined the relationships of automatic quantitative perfusion
defect size and defect severity to rest left ventricular ejection fraction
and semiquantitative visual sestamibi defect size in rest ™ Tc-
sestamibi SPECT in 40 consecutive patients with a history of
myocardial infarction more than 30 days prior to testing. The
purpose of this investigation was to validate the use of automatic
quantitative rest sestamibi SPECT as a clinical measure of assessing
relative infarction size. Methods: All patients received 20-30 mCi of
S9mTc-sestamibi followed by SPECT imaging. Quantitative defect
analysis used previously developed resting normal limits and an
automatic version of a commercially available quantitative program
(CEqual). Semiquantitative visual defect interpretation used a 20
segment/scan and five-point scoring analysis. First-pass (FP) radio-
nuclide ventriculography (RVG) and gated sestamibi perfusion
SPECT were each performed in 31 patients. Results: LVEF as-
sessed by FP RVG was 37% * 15% (range 14%—-62%) and 37% *
16% (range 12%-63%) by gated perfusion SPECT with high linear
correlation (r = 0.96, n = 22) between the two methods. Myocardial
perfusion defect size was 24% *+ 15% of LV (range 0%-50%) and
defect severity was 1103 *+ 864 (range 0 to 2825) by automatic
quantitative rest sestamibi. Perfusion defect size and defect severity
both had close correlations with LVEF by FP RVG (r = —0.78,r =
—0.86) and by gated perfusion SPECT (r = —0.75, r = —0.79). High
linear correlations were observed between quantitative defect size
and summed visual score of segments with score =2 (r = 0.82) and
the number of visually abnormal segments (r = 0.77), as well as
between defect severity and visual summed rest score (r = 0.86)
and the number of visually abnormal segments (r = 0.76).
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Conclusion: Quantitation of rest sestamibi SPECT defect extent
and severity using automatic CEqual correlates well with rest LVEF
and with semiquantitative expert visual analysis. Results of this
study define a strong relationship between measurements of ®™Tc-
sestamibi perfusion defect as measured by an automatic software
program and global left ventricular function. The automatic quanti-
tative program appears to be a useful measure of assessing infarct
size in patients with remote myocardial infarction.

Key Words. technetium-99m-sestamibi; myocardial perfusion;
myocardial infarction; left ventricular function; SPECT
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’Ene extent of left ventricular (LV) perfusion defect on rest
99mTc-sestamibi SPECT has been shown to reflect the size of
myocardial infarction (/-3). The size of myocardial infarction
has been shown to be a strong predictor of long-term survival
(4). Therefore, a readily available, accurate method for the
noninvasive measurement of infarct size could provide impor-
tant prognostic information. In clinical practice, assessment of
perfusion defect size is most widely performed with subjective
visual analysis (5). We have previously developed normal
limits and criteria of abnormality for quantitative analysis of
rest sestamibi perfusion SPECT, resulting in an automatic
quantitative approach which could provide an objective repro-
ducible way to assess perfusion defect size. Since left ventric-
ular ejection fraction (LVEF) has been shown to be inversely
proportional to infarction size (6,7), we sought to validate the
automatic quantitative defect size in rest sestamibi myocardial
perfusion SPECT as a clinical measure of assessing infarct size
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by comparing it with rest LVEF and with semiquantitative
visual defect size in patients with prior myocardial infarction.

METHODS
Patients

The study group consisted of 40 consecutive patients with a
history of documented myocardial infarction more than 30 days (25
patients more than 6 mos) prior to testing who were referred for
rest sestamibi SPECT imaging. There were 31 men and 9 women
with a mean age of 67 yr (range 40-87 yr). Patients with
cardiomyopathy, valvular heart disease or atrial fibrillation were
excluded, the latter because of potential inaccuracy of measure-
ment of LVEF, as were patients with recent (less than 90 days)
coronary artery bypass grafting (CABG) or percutaneous translu-
minal coronary angioplasty (PTCA). History of remote prior
CABG was present in 17 patients (42.5%) and remote PTCA in 14
patients (35.0%).

Myocardial Perfusion SPECT

Resting sestamibi SPECT was performed with patients supine 1
hr after injection of 20-30 mCi of sestamibi. All SPECT studies
utilized a scintillation camera/computer system equipped with a
high resolution collimator. Images were acquired over 180° in 3°
steps, commencing in the 45° right anterior oblique position and
ending in the 45° left posterior oblique position. Image acquisition
was performed with a 20% energy window on the 140 keV peak of
sestamibi, using 64 X 64 image matrices, as previously described
(5.8). The raw projection data were automatically reconstructed
using a previously developed algorithm (9,/0) which consists of
three software modules. These modules determine the reconstruc-
tion limits for the projection data, reconstruct the raw projection
data into 6-mm thick transaxial tomograms, and reorient the
transaxial data into short-axis, vertical and horizontal long axis
tomograms without operator intervention. No attenuation or scatter
correction was used.

Computer Quantification of Myocardial Perfusion SPECT
Resting sestamibi tomograms were quantified automatically
using a modification of the Cedars-Sinai computerized two-dimen-
sional polar maps software (CEqual). Analysis begins by automat-
ically identifying the left ventricle using the algorithm described by
Germano et al. (/7). This identification is based on a clustering
algorithm applied to short axis reconstructed tomograms. By
applying adaptive thresholding to iteratively define clusters corre-
sponding to expected ventricular volumes, the algorithm separates
myocardium from potential extracardiac structures reflecting he-
patic, splenic or gut activity. If the results of the clustering
approach fails to meet certain criteria the algorithm is enhanced by
application of a Hough transform and a scoring function weighted
to favor a doughnut-like configuration. The remaining portions of
the algorithm are those originally described by Garcia (/2). The
left ventricle is described by an apex and base location, with a
center coordinate and average radius. Maximal count circumferen-
tial profiles are generated using a spherical search for the apex and
a cylindrical search of the remaining LV. The pixel locations
corresponding to the maximal myocardial counts, as well as the
count values, are used to improve the descriptive values. The LV
radius is reset to the average radius in the circumferential profiles,
and the basal slice is limited to the slice with a maximum count of
50% or less than that of the hottest myocardial slice. The final
sampling of the myocardium is made using these values. Myocar-
dial sampling consists of generation of maximum count circumfer-
ential profiles using a spherical search for the apical and a
cylindrical search for the remainder of the short-axis tomograms.
The rest profiles are normalized to the most normal wall of the
patient’s entire rest study prior to comparison to the resting normal
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FIGURE 1. Defect extent represents the number of pixels which fell below

the normal limit (% abnormal) and defect severity represents the degree of
abnormality within the defined defect zone measured by the area between
the patients profile and the normal limit profile.

limits (/3). These high dose resting normal limits were derived
from a 20-mCi **™Tc-sestamibi injection as part of a two-day,
rest-stress protocol (/4). A quality control report is generated to
allow operator verification of the performance of the automatic
algorithm, or to manually correct any sub-optimal values. Then the
values are plotted in a two-dimensional polar map representing the
entire left ventricular myocardium. The criteria for abnormality
used for this evaluation were determined by receiver operating
characteristic (ROC) curve analysis of the regional standard devi-
ations from the mean that best separated visually normal from
abnormal resting myocardial perfusion. These optimal standard
deviations were used as thresholds of abnormality for the total and
three major regions (LAD, LCX and RCA) of the myocardium.
Quantitative defect extent was defined by summation of the
number of profile points falling below the normal limit expressed
as percentage of perfusion defect, and quantitative defect “severi-
ty” (actually a measure of defect extent and severity) was defined
by the sum of the product of all profile points below the normal
limits multiplied by their respective standard deviation below the
normal mean count (Fig. 1). The defect extent is initially deter-
mined then the severity is calculated by examining the pixels
confined to the area defined by the defect extent.

Visual Analysis of Myocardial Perfusion SPECT

Visual interpretation of SPECT perfusion images used short-axis
and vertical long-axis tomograms divided into 20 segments for
each patient (5). These segments were assigned to six evenly
spaced regions in apical, midventricular and basal slices of the
short-axis views and two apical segments on the midventricular
long-axis slice. Segments were scored by an expert using a
five-point scoring system (0 = normal; 1 = equivocal; 2 =
moderate; 3 = severe reduction of radioisotope uptake; 4 =
absence of detectable radiotracer in the segment). Apparent perfu-
sion defects which were considered to be caused by soft tissue
attenuation were assigned a score of 1. The observer was unaware
of the patient’s clinical history. Segments with score of =2 were
defined as abnormal segments. The summed rest score was then
obtained by adding the rest scores of the abnormal segments. The
summed rest score and the number of abnormal segments were
compared to the quantitative sestamibi defect measurements.
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First-pass Radionuclide Ventriculography (RVG)

A rest first-pass RVG was recorded using a bolus injection of
20-30 mCi sestamibi. As the bolus passed through the heart and
lungs, images were acquired in the anterior projection using a
multicrystal gamma camera. Forty scintigraphic frames per second
for a total of 25 sec were obtained using a high-sensitivity
collimator and an 18% window centered over the 140-keV photo-
peak of **"Tc. The RVGs were processed with a commercial
software package. Briefly, the algorithms sequentially perform the
following: dead time and uniformity correction, temporal smooth-
ing, creation of a preliminary LV representative cycle, background
modification, and creation of a final representative cycle (15,16).
LVEF was calculated from the counts change of the background-
corrected representative cycle using a dual region of interest
algorithm.

Gated Sestamibi Perfusion SPECT

Sestamibi gated perfusion SPECT images were acquired on a
triple-detector camera (Prism 3000, Picker, OH) with 25 sec of data
collection per projection, distributed over eight frames per cardiac
cycle, and no arrhythmia rejection. The cardiac beat length accep-
tance window was set at 100%. LVEF was calculated by using a
completely automatic algorithm which operates in the three-
dimensional space. It segments the LV, estimates and displays
endocardial and epicardial surfaces for all gating intervals in the
cardiac cycle, calculates the relative LV cavity volumes, and
derives the global EF from the end-diastolic and end systolic
volume (/7). For perfusion defect amount the gated data were
summed to form an ungated SPECT dataset.
Statistical Analysis

Data are expressed as means *1 s.d. Simple linear regression
analysis was used to correlate quantitative rest sestamibi perfusion
defects and severity to LVEF, visual summed rest score, number of
abnormal segments and correlate LVEF from FP to LVEF from
gated perfusion SPECT. Comparison of the relationships between
quantitative defect size and LVEF in the anterior MI and inferior
MI groups was evaluated by analysis of covariance. A value of p <
0.05 was considered statistically significant.

RESULTS

LVEF from First-pass RVG and Gated Perfusion SPECT
Mean LVEEF assessed from FP RVG in 31 patients was 37% =+
15% (range 14%—62%) and from gated perfusion SPECT in 31
patients was 37% * 16% (range 12%—63%). Twenty-two patients
underwent both FP RVG and gated perfusion SPECT. There was a
high correlation between LVEF assessed by these two methods
(r = 0.96, s.e.e. = 3.61, p < 0.001).
Relationship between Quantitative Sestamibi
Defect and LVEF
Myocardial perfusion defect size by automatic quantitative rest
sestamibi was 24% = 15% of LV (range 0%-50%) and defect
severity was 1103 = 864 (range 0%—2825). Quantitative defect
size correlated closely with LVEF from FP RVG and from gated
SPECT (r = —0.78 and r = —0.75, n = 31, Fig. 2). Quantitative
defect severity correlated even better with LVEF from FP and from
gated SPECT (r = —0.86 and r = —0.79, n = 31, Fig. 3).

Correlations of Anterior and Inferior Wall Perfusion
Defects with LVEF

The location of a perfusion defect was in the anterior wall in 15
patients and in the inferior wall in 22 patients. Correlation between
quantitative rest sestamibi defect size and LVEF tended to be
higher in patients with anterior wall defects than in those with
inferior wall defects in both FP and gated SPECT groups (r =
—094 and r = —0.77 versus r = —0.71 and r = —0.61,
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FIGURE 2. Correlation between quantitative rest ®™Tc-sestamibi perfusion
defect size and LVEF estimated by first-pass RVG (top) and by gated SPECT
(bottom). FP = first-pass; LVEF = left ventricular ejection fraction; and
RVG = radionuclide ventriculography.

respectively). However, probably due to the small numbers of
patients in each group, the differences of the two regression
relationships by analysis of covariance were not statistically
significant (p > 0.05).

Comparison of Quantitative Sestamibi Defect and
Visual Analysis

Quantitative rest sestamibi defect size correlated closely with
semiquantitative visual summed rest score of segments with score
=2 and the numbers of abnormal segments (score =2) (r = 0.82
and r = 0.77, n = 35, Fig. 4). Similarly, quantitative defect severity
correlated well with visual summed rest score and with the
numbers of abnormal segments (r = 0.86 and r = 0.76, n = 35,
Fig. 5).

DISCUSSION

Acute myocardial infarction results from decreased myocar-
dial blood flow, which is readily visualized as a perfusion defect
on myocardial perfusion imaging (/7). In the chronic phase,
myocardial infarction with subsequent fibrosis still demon-
strates a resting perfusion defect because of loss of myocardial
mass and the lower tissue blood flow to fibrotic myocardium.
Global contractile performance as assessed by ejection fraction
declines acutely in direct relation to the extent of the histolog-
ical damage (/8) and in the absence of reperfusion remains
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FIGURE 3. Correlation between quantitative rest ®®™Tc-sestamibi perfusion
defect severity and LVEF estimated by first-pass RVG (top) and by gated
SPECT (bottom). FP = first-pass; LVEF = left ventricular ejection fraction;
and RVG = radionuclide ventriculography.

depressed over time (/9). In other animal studies, Pfeffer and
Braunwald found an r value of —0.79 between EF and histo-
logically determined myocardial infarct size in rats with healed
(>2 wk) myocardial infarction (20). The results of the present
study in patients with remote prior myocardial infarction
indicate that quantitation of rest sestamibi SPECT defect extent
and severity by using the automatic CEqual program correlates
well with rest LVEF and with semiquantitative expert visual
defect analysis. These findings, in conjunction with prior
experimental data (/—4), suggest that quantitative rest ™Tc-
sestamibi can accurately measure infarct size.
Technetium-99m-sestamibi perfusion imaging has been
shown previously to be valuable for assessing myocardium at
risk and final infarct size using tomographic imaging, and to
correlate closely with ejection fraction measurements (21,22).
Using a different quantitative technique, Christian et al. (2)
demonstrated a close correlation between perfusion defect size
and ejection fraction at discharge (r = —0.87), 6 wk (r =
—0.81) and 1 yr (r = —0.78) after MI. Similar but somewhat
lower correlation with an r value of —0.63 between total
perfusion defect size and LVEF during transient coronary
occlusion was observed in a study by Gallik et al. (23).
However, in patients undergoing reperfusion therapy, the ejec-
tion fraction at discharge can be significantly lower than that

FIGURE 4. Correlation between quantitative rest ®™Tc-sestamibi perfusion
defect size and visual summed rest score of abnormal segments (top) and
the number of abnormal segments (bottom).

predicted on the basis of perfusion defect size (22,24), princi-
pally due to stunned myocardium. Conversely, due to early
compensatory hyperkinesis and subsequent late remodeling,
ejection fraction at discharge maybe higher than at 6 wk (22). In
fact, a study by Chareonthaitawee et al. (25) from the same
laboratory noting excellent correlation between perfusion defect
size and ejection fractions at discharge (2) demonstrated that
the correlation of rest perfusion defect size to ejection fraction
rose from r = —0.39 at discharge tor = —0.84 at 1 yr. In the
second article, Chareonthaitawee et al. (25) also noted that
ejection fraction tended to be lower at the delayed measurement
with the fall attributed to ventricular remodeling. The degree of
LV remodeling after myocardial infarction is linearly related to
infarct size. The major discrepancy in the ejection fraction
correlations at the time of discharge and the perfusion defect
size in these two articles were explained by the use of different
methods (25). In the present study, to avoid the potential effect
of myocardial stunning early after acute myocardial infarction
as well as the problem of compensatory hyperkinesis, all
patients were studied at least 30 days following myocardial
infarction.

This study used automatic quantitative analysis of perfusion
defect magnitude. Based on optimized acquisition, processing
and quantitative protocols for *>™Tc-sestamibi myocardial per-
fusion SPECT, Van Train et al. (/3) previously developed
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normal limits and criteria for abnormality for quantitative
analysis of rest and stress *™Tc-sestamibi SPECT. The present
study used the further development of high-dose **™Tc-sesta-
mibi normal limits and an automatic quantitative program to
measure perfusion defect extent and severity. The automatic
program avoids potential problems of intra- and interobserver
variability, which may arise from semi-automatic operation
(26). We have previously demonstrated that even this semi-
automatic quantitative analysis is highly reproducible when
performed with exercise studies, a protocol that adds greater
challenge to repeated measurements than the serial resting
studies, showing r = 0.97 for global extent and r = 0.99 for
global severity (27).

Previous studies have demonstrated that quantitative defect
extent in exercise *™Tc-sestamibi myocardial perfusion has a
high degree of accuracy for detection and localization of
coronary artery disease (28) and correlates well with expert
visual analysis (/3,28). Using 2°'T1, we have also demon-
strated that quantitative defect severity predicted the severity of
the underlying coronary stenoses on coronary angiography
(29). The current study showed that both quantitative defect
extent and severity by rest sestamibi SPECT correlated closely
with expert visual interpretation of the summed rest score and
the number of abnormal segments. Higher correlations for
quantitative defect severity were found with the summed rest

score than with the number of abnormal segments. This is not
surprising because quantitative defect severity and the summed
rest score take into account both defect extent and defect
severity, whereas the number of abnormal segments reflects
only defect extent. Similarly, the highest correlations with
LVEF and perfusion measurements were found with quantita-
tive defect severity. This is also not unexpected since LVEF is
affected by both extent and severity of contractile impairment.

The correlation between quantitative rest sestamibi defect
size and LVEF tended to be higher in patients with anterior wall
defects than in those with inferior wall defects. Inferior myo-
cardial infarctions have been shown to generally have less
hypoperfused myocardium than anterior infarctions (2/), and
the inferior wall of the LV of both men and women normally
exhibits a greater variation in the normal range of apparent
uptake due to the variable attenuation artifact. Further assess-
ment of the regional variations and the potential gender differ-
ences should be accomplished by validation in greater numbers
of patients. As a group, the patients in this study had relative
low ejection fractions. The reason is related to the clinical
indications for resting sestamibi studies which are often per-
formed as a part of myocardial viability assessment in patients
with large perfusion defects on stress sestamibi imaging or
extensive functional abnormalities by contrast ventriculography
or echocardiography.

First-pass radionuclide ventriculography is well established
for the noninvasive assessment of cardiac performance. Close
correlation (r = 0.84) has been shown for LVEF in comparison
between FP RVG and contrast left ventriculography (30).
Agreement between LVEF measured from rest-gated SPECT
and FP RVG was high in a previous study from our group (r =
0.91, (/1)) and in the present study (r = 0.96).

Study Limitations

The present study was performed in a relatively small group.
Assessments of regional function in an attempt to estimate infarct
size were not performed in this study since validated objective
measurements of regional function are not available. Although
global LV function is clinically more important, it is affected by the
compensatory hyperkinesis of myocardial regions not involved by
infarction. This limitation may well be responsible for the corre-
lation between perfusion defect size and ejection fraction being
high, in our and other studies, as opposed to very high. There was
no attempt to compensate for image attenuation correction or
scatter. Failure to make these corrections in women with large
breasts or obese patients can result in artifactual perfusion defects,
a cause of mismatch between defect size and LV function, and also
has the effect of widening the normal limit for quantitative
perfusion defect assessment. Furthermore, direct clinical quantita-
tion of infarct size was not possible in this study. To confirm the
accuracy of the quantitative program, experimental animal or
autopsy studies may be important. The study employed a modifi-
cation of the commercially available CEqual program which makes
it automatic. The results of this modified program correlate well
with those of the standard program when run by an experienced
computer operator (26), providing the appropriate high dose
resting normal limits are employed.

CONCLUSION

The results of this study define a strong relationship between
measurements of ™ Tc-sestamibi perfusion defect as measured
by an automatic software program and global left ventricular
function. The automatic quantitative program appears to be a
useful measure of assessing infarct size in patients with remote
myocardial infarction.
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