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Abstract. Left ventricular ejection fraction (LVEF) can
be derived from gated single-photon emission tomo-
graphic (SPET) myocardial perfusion studies using ei-
ther manual or edge detection techniques. In the pres-
ence of severe perfusion defects, however, difficulties
may be encountered. In this article a method based on
the assumption that the average position of the myocar-
dial wall can be localized by means of statistical analysis
of the distribution count density, and not on edge detec-
tion, is used to measure LVEF. SPET myocardial perfu-
sion images, gated in eight time bins, were recorded in
50 patients 60 min after the injection of 925 MBq tech-
netium-99m tetrofosmin. Masking of non-myocardial
structures and thresholding resulted in images in which
only myocardial walls had significant non-zero values.
The distance of the wall relative to the centre of the cavi-
ty was calculated in the three-dimentional space as the
first moment of the count rate distribution along radii
originating in the centre of the cavity. LVEF was calcu-
lated using, for each time bin, the sum of the cube of all
distances as an estimate of the cavity volume. The meth-
od required minimal operator interventions and was suc-
cessful in all patients, including those with severe perfu-
sion defects. Intraobserver and interobserver variability
was excellent, with regression coefficients of 0.97 and
standard deviations of 4.5% and 4.7%, respectively. For
30 patients, the measurements were validated against
planar equilibrium radionuclide angiography (ERNA)
that was obtained within an interval of 1 week. LVEF
ranged from 12% to 88%. Agreement between the two
methods was excellent (LVEFpy,=1.05+0.92 LVEF ;¢ppr
r=0.93, P=0.023, SEE=7.06). The Bland-Altman analy-
sis did not show any apparent trend in the differences be-
tween ERNA and gated SPET over a wide range of ejec-
tion fractions. The standard deviation of the differences
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was 3.1%. In addition no relationship was found be-
tween the two methods and the severity of perfusion de-
fects. In conclusion, accurate measurements of LVEF are
obtained from gated SPET perfusion images using a
method based on statistical analysis of the count rate
density. This method did not deteriorate even in the pres-
ence of severe perfusion defects and could therefore be
used in following patients after myocardial infarction.
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Introduction

Several recent studies have shown that left ventricular
ejection fraction (LVEF) can be measured with reason-
able precision from gated single-photon emission tomo-
graphic (SPET) myocardial perfusion images [1--5]. In
these studies, the limits of the left ventricular cavity
were outlined either manually following arbitrary thresh-
olds [1] or by using edge [2, 4] or surface [5] detection
algorithms. Although these techniques provide satisfac-
tory results in many cases, difficulties may be encoun-
tered in the presence of severe perfusion defects where
the myocardial contours cannot be identified accurately.
In addition, estimation of the cavity volume requires ad-
ditional geometric approximations.

A new approach to characterize myocardial wall ki-
netics from gated perfusion SPET studies has recently
been developed at Stanford University [6]. In this meth-
od the location of the myocardial wall is defined by sta-
tistical parameters and not by edge detection. The algo-
rithm operates in the three-dimensional space, radially
from the centre of the left ventricular cavity. The sum of
the cube of all distances to the myocardial wall is used
to calculate the volume of the cavity.
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The aim of this work was to determine the feasibility,
reproducibility and accuracy of this method for measur-
ing global LVEF in patients with coronary artery dis-
ease. The results were validated against LVEF measured
on conventional planar equilibrium radionuclide angio-
cardiography (ERNA).

Materials and methods

Patient population

Included in this study were 30 consecutive patients with known or
suspected coronary artery disease who underwent, for clinical pur-
poses, both myocardial SPET imaging and radionuclide angiocar-
diography within an interval of 1 week. All patients were in a
clinically stable condition and were in sinus rhythm at the time of
the investigation. There were 13 men and 17 women with a mean
age of 69.1x11.5 years. Twenty-one patients (70%) had a history
of previous myocardial infarction. There were ten patients with
anterior infarction and 11 with inferior infarction. Eighteen pa-
tients showed evidence of transmural (Q waves) infarction on
standard 12-lead ECG.

Gated SPET myocardial perfusion studies from 20 patients
with a less than 5% likelihood of coronary artery disease were
also analysed [7]. These patients comprised seven men and 13
women with a mean age of 47.0+9.9 years. All of them had nor-
mal rest and exercise ECG, normal chest X-rays and normal 2D-
echocardiographic studies.

Measurement of LVEF from gated SPET perfusion images

Gated SPET acquisition. Patients received 925 MBq of techne-
tium-99m tetrofosmin intavenously at rest. Studies were acquired
60 min after tracer administrationon a triple-head gamma camera
(MultiSpect3, Siemens, Inc., Hoffman Estates, Il.) equipped with
low-energy high-resolution collimators. Acquisition parameters
were 360° rotation, 32 views per head (96 angles), 64x64 format,
zoom 1.23 (pixel size: 4.96 mmx4.96 mm), stop and go, 40 s per
stop, 8 time bins, forward/backward framing by 75% and beat ac-
ceptance window at 20% of the average RR interval calculated
just before starting the acquisition. Patients with more than 15%
rejected beats were not included in the study.

Image preprocessing. Gated projections were first normalized to
the one containing the largest number of accepted beats. Trans-
verse slices were then reconstructed by using the filtered backpro-
jection method (Butterworth filter, cut-off frequency 0.4 cy-
cles/pixel, order 5) and reoriented with respect to the left ventricu-
lar long axis. For each time bin, the images were then interpolated
in the three-dimensional space by a factor 4 and displayed in the
three orthogonal planes with the apex pointing downwards.

Masking and thresholding. Gated images were masked and thresh-
olded in order to obtain data in which only the left ventricular
wall had significant non-zero values. The right ventricle and non-
cardiac structures were masked out by using a three-dimensional
ellipsoidal mask fitted manually around the left ventricle. Thresh-
olding was performed by subtracting from each pixel the average
count density measured in a small region of interest (5x5 pixels)
drawn at the base of the left ventricular cavity on the end-diastolic
bin.
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Fig. 1. Iliustration of the way in which the myocardial wall is
sampled. (For abbreviations see text)

Centering the images. The images in the eight time bins were then
re-registered automatically upward or downward, so that the posi-
tion of the valve plane was the same for all time bins [6]. The cen-
tre of the left ventricular cavity in the end-systolic time bin was
then identified as the intersection of the diagonals of rectangles
fitted around the left ventricle wall on short- and long-axis views.
The coordinates of this point were used to measure all distances
for each time bin.

Calculating the ejection fraction. The theoretical bases of the
method used in this study have been previously described in detail
[4]. For each time bin the myocardial wall was sampled in three-
dimensional coordinates along radii originating in the centre of
the left ventricular cavity (Fig. 1). The first moment of the count
rate distribution along each radius was used to calculate the aver-
age position of the wall (Fig. 2). If the distribution of count rate
densities along radius R is C(R), the average position of the wall
D is given:

D=2r-C(r)-dr ! 2.C(r)-dr. (1)

The longitudinal angle of the radii originating in the centre of the
cavity varied from 0° to 360° and the latitudinal angle from 0°
(apex) to 135° in 32 steps. The sampling arc did not go beyond
135° to avoid sampling the left ventricular outflow tract where
myocardium is absent. Along each radius, the average position of
the wall (D) was calculated using Eq. 1. For each time bin, the
sum of the cube of all D values was used as an estimate of the
cavity volume (V'):

V'=Y.D3. )

The largest and the smallest V' values were considered to be the
end-diastolic (ED) and the end-systolic (ES) estimates of the cavi-
ty volume and used to calculate LVEF:

LVEF=(V'gp~V 5o/ VEp)x 100. 3

Quantification of myocardial perfusion defects

Myocardial perfusion defects were identified on the end-diastolic
images and quantified on distance-weighted polar maps using the
20 patients with low likelihood of coronary artery disease as nor-
mal references. An index of the severity of perfusion defect was
calculated as the sum of the differences between the normal mean
minus 2 standard deviations polar map and the patient polar map.
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Fig. 2. Count rate distribution along a radi-
us O-R. In this example, the distance D
was calculated after applying a threshold

ERNA

ERNA was performed using in vivo labelled red blood cells ob-
tained by the intravenous administration of stannous pyrophos-
phate followed 20 min later by 750 MBq of #>mTc-pertechnetate.
Sixteen ECG gated frames were obtained in the left anterior
oblique projection (best septal view) using a large field of view
gamma camera (Orbiter 76, Siemens, Inc., Hoffman Estates, I11.).
Data were acquired in 64x64 format, zoom 2 (pixel size: 3.13.
mmx3.13 mm) for at least 400 Kilo counts per frame. Images
were transferred on a Sophy NXT (P) computer (Sopha Medical)
and processed using a commercially available program used to
calculate LVEF in daily practice (Sophy NXT, software revision
2.01).

Analysis of data

The operator-dependent variability in LVEF using gated SPET
myocardial perfusion images was determined by comparing the
measurements obtained either by two independent observers (in-
terobserver reproducibility) or by two measurements separated by
an interval of 2 months (intraobserver reproducibility) in the 30
patients with known or suspected coronary artery disease. System-
atic error in respect of LVEF and the degree of agreement between
measurements were assessed using Bland-Altman plots [8]. The
standard deviation of the summed positive and negative differ-
ences between successive measurements was used as the index of
operator-dependent variability.

Comparison of LVEF on gated SPET myocardial perfusion
and on ERNA was done by linear regression analysis, determina-
tion of the standard error of the estimates (SEE) and analysis of
the Bland-Altman plot. Paired 7-test was applied to the data to de-
termine whether LVEFs were significantly different.

Errors due to thresholding and centering gated SPET myocar-
dial perfusion images were also evaluated. LVEFs obtained after
applying increasing levels of threshold (up to 40% of the maximal
activity in the gated study) were compared in ten patients with the
LVEFs measured with ERNA. The variability due to centering
gated data was taken to be the meantSD of the absolute differ-
ence between measurements made by two independent observers
using the same preprocessed, masked and thresholded data sets.

Statistical significance was defined as P<0.05.

of 15%. (For abbreviatons see text)

Results

The method was successful in all patients, including
those with severe perfusion abnormalities, and over a
wide range of LVEF values. LVEF averaged
65.5%=5.5% for the 20 patients with a low likelihood of
CAD, and ranged from 12% to 88% for the 30 patients
with known or suspected CAD.

Intra- and interobserver reproducibility

The linear regression coefficient between two measure-
ments performed by the same observer at an interval of 2
months was 0.97 (LVEFyp,¢ =0.78+0.97 LVEF g 2)
(Fig. 3a). The Bland-Altman plot (Fig. 3b), which ex-
presses the difference between the two measurements as
a function of the mean value, demonstrated no relation
between this difference and the LVEF value. The stan-
dard deviation of differences between the two measure-
ments was 4.5%. The absolute difference averaged 3.2%.

The linear regression coefficient between measure-
ments performed by two independent observers was 0.97
(LVEF 56 ;=3.55+0.88 LVEF g5 ») (Fig. 4a). The Bland-
Altman plot showed a good reproducibility even in pa-
tients with low LVEF values. The standard deviation of
the differences between the two observers was 4.7%
(Fig. 4b). The absolute difference averaged 3.5%.

Comparison with ERNA

The linear regression coefficient between the LVEF de-
termined on gated SPET perfusion images and LVEF de-
termined by ERNA was 0.93, with the LVEF;qppr
=1.05+0.92 LVEFggns and an SEE of 7.06% (Fig. 5a).
The Bland-Altman plot, showing the difference in
ejection fraction as a function of the averaged ejection
fraction measured between LVEF gy, and LVEFg ¢ppr,
demonstrated that no apparent trend existed over a wide
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differences between LVEF determined from gated SPET
perfusion images and from ERNA was 3.1% (Fig. 5b).
Interestingly, these differences were similar for all de-
grees of perfusion defect severity (Fig. 6).

Effect of centering

The linear regression coefficient between measurements
performed by two independent observers using the same
preprocessed, masked and thresholded data sets was 0.97
(LVEFgg (=3.83+0.90 LVEF 554 »). The standard devia-
tion of the differences was 4.9%.

The average count density measured at the basis of the
left ventricle to determine the percent threshold averaged
9.37%+3.65% (range 4%-20%) of the maximal myocar-
dial activity in the gated study. The influence of thresh-
olding on the LVEF measurement was evaluated in ten
representative patients using LVEF measured with ER-
NA as a reference. The largest differences between the
two methods were observed when no threshold was ap-
plied on the gated SPET studies. On the other hand, in-
creasing levels of threshold from 5% up to 40% had only
a modest influence on the LVEF values (Fig. 7). The
minimal differences between the two methods were ob-
served for a 20% threshold. The correlation between
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Fig. 7. Mean absolute difference between LVEFggy, and LVEF,.
sper (SEM) as a function of increasing levels of threshold. Data
were obtained in a group of ten patients

LVEFg gpgr and LVEF gy, however, was not influenced
when the threshold was fixed at 20% for all patients.

Discussion

LVEF computed on gated SPET perfusion studies using
simple statistical parameters correlates closely with
LVEF obtained with ERNA. This correlation remains ex-
cellent over a wide range of LVEF values, even for pa-
tients with myocardial infarction associated with exten-
sive and severe perfusion defects. The method runs with
minimal operator intervention, and guarantees a very
high intra- and interobserver reproducibility.

Several attempts have been made to derive LVEF
from gated SPET perfusion studies. DePuey et al. [1] de-
veloped a method whereby LVEF was derived from end-
diastolic and end-systolic endocardial borders that were

outlined manually on gated mid-ventricular vertical
long-axis and horizontal long-axis slices. Volumes were
estimated using an elliptical version of the Simpson’s
rules. Although the method predicted with reasonable
accuracy LVEF calculated from ERNA, intra- and inter-
observer reproducibility was suboptimal (r=0.75). The
major source of imprecision was the drawing of endo-
cardial borders in patients with infarcts and associated
extensive, severe perfusion defects. A modification of
the method was proposed in which the endocardial bor-
der was determined semi-automatically after digital ma-
trix inversion to improve edge detection [2]. The method
correlated well with bi-plane contrast ventriculography
(r=0.93) and with first-pass radionuclide angiocardiogra-
phy (r=0.87). However, in patients with severe perfusion
defects, the edge detection algorithm utilized a manually
drawn region of interest as the outer border of the seg-
ment. For practical processing considerations these
methods utilized only a bi-planar portion of the full
three-dimensional tomographic data set. As a conse-
quence, dysfunctional areas occurring in segments locat-
ed predominantly out of the horizontal and vertical plane
might be undersampled. Nuyts ctal. [9] proposed a
three-dimensional model for quantitative analysis of
myocardial perfusion SPET. Although the model could
be used to calculate cavity volume it has not yet been ap-
plied to gated studies. Faber et al. [5] described a three-
dimensional surface detector algorithm that identified
sets of endocardial and/or epicardial points from gated
SPET radionuclide ventriculography and from sestamibi
images. The method has not yet been validated clinically
and it is not known how the algorithm behaves in pa-
tients with severe perfusion defects. Germano et al. [3]
also described a technique for three-dimensional edge
detection of gated perfusion images using an asymmetri-
cal gaussian fit of the myocardial count distribution pro-
file. Preliminary results indicated a high correlation
(r=0.91) with first-pass determined LVEF over a wide
range of LVEF values.

The method used in this study differs from previously
described methods in several respects. First, in contra-
distinction to other methods, sampling is truly three-di-
mensional. Sampling is radial not only within planes but
also between planes. Since wall motion is not restricted
to motion within the planes, and more 10 towards the
apex, comparison of regions at different times of the car-
diac cycle becomes uncertain when using algorithms
which are radial in planes but Cartesian between planes.
Second, the position of the myocardial wall is defined by
statistical analysis of the distribution of count rate densi-
ties,and not by edge detection. The average position of
the wall is given by the first moment of the count rate
distribution along radii originating in the centre of the
cavity. The algorithm operates well, even at extremely
low count rates, provided that only left ventricular myo-
cardial structures have significant non-zero count rate
density values. This was achieved by masking out the
right ventricular free wall and the non-cardiac structures,
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and by thresholding. Threshold level was determined by
measuring the average count density in a small region of
interest located at the base of the left ventricular cavity.
Threshold varied from 4% to 20% of the maximal myo-
cardial activity in the gated SPET study. Applying high-
er threshold levels (up to 40% of the maximal activity)
had only a modest influence on LVEF measurements.
Accordingly, a fixed threshold could be used for all pa-
tients provided that even underperfused myocardial seg-
ments maintain non-zero values. Using a fixed 20%
threshold for all patients had no significant influence on
the correlation between LVEFgzy, and LVEF; ¢ppy us-
ing variable thresholds.

LVEFs measured with gated SPET myocardial perfu-
sion studies correlated closely with ERNA-determined
LVEFs. A small but systematic difference was observed:
LVEFs measured with gated SPET perfusion were, on
average, 3.1% lower (mean absolute difference) than the
LVEFs measured with ERNA, This difference was not
related to the ejection fraction value or to the presence or
the severity of myocardial perfusion defects. The differ-
ence may have been due to several factors. First, we
used cight-interval gating SPET while ERNA was ac-
quired with 16 intervals. The reduction in the number of
time intervals is equivalent to a smoothing of the time-
activity curve. Germano et al. [3] found that compacting
16-interval gated SPET data into eight intervals led to
lower ejection fractions: the reduction averaged 3.7%
(absolute difference) and was essentially constant over a
wide range of ejection fractions. The use of 12- or 16-in-
terval gated SPET perfusion data would have taken a
much longer time since the counts generated by the in-
jected dose must be distributed over a larger number of
image sets. This may influence the statistical quality of
the images in a negative way. Secondly, the first moment
of the count rate distribution identifies the mid point of
the myocardial thickness and not the endocardial border.
This might tend to cause a slight overestimation of the
left ventricular volumes compared to ERNA and hence a
slight underestimation of the LVEF values. Other factors
included the planar nature of ERNA, background correc-
tion and delineation of regions of interest.
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Conclusion

We have validated a method to calculate global LVEF
from gated SPET myocardial perfusion studies. The al-
gorithm operates in the three-dimenstional space, re-
quires minimal operator interventions and produces re-
sults in good agreement with ERNA over a wide range
of ejection fraction values. Because of its high intra- and
wterobserver reproducibility, even in patients with se-
vere perfusion defects, the method could be used in fol-
lowing patients after myocardial infarction, providing di-
agnostic and prognostic information complementary to
myocardial perfusion studies.
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