
cols, several perfusion image sets (typically 8 or 16)
corresponding to different phases (intervals, frames, gates)
of the cardiac cycle are acquired (3â€”4).Image sets corre
sponding to the diastolic portion of the cardiac cycle may be
summedtogether to create systole-deletedimages,thereby
avoiding the blurring inherent in combining systolic and
diastolic data (4), as well as artifacts resulting from seg
mental contraction heterogeneity (5). Summing all the pro
jection images corresponding to the individual intervals
before reconstruction is equivalent to acquiring a static
perfusion SPECT study and results in what are generally
referred to as ungated or summed images.

Reconstructing each interval of a gated perfusion
SPECT study into a tomographic image set allows visual (6)
or quantitative (7â€”11) estimation of functional parameters
such as myocardial motion and thickening, as is also done
with gated PET (12,13). In addition, gating helps identify
artifacts caused by tissue attenuation (14, 15). Assessment
of the variation of the left ventricular cavity volume be
tween diastole and systole is extremely important, as it
allows calculation of the left ventricular ejection fraction
(LVEF), a fundamental diagnostic and prognostic predic
tor of coronary artery disease (16â€”20).Ejection fractions
have been traditionally estimated from either planar (21â€”
24) or SPECT (10,25â€”28) gated blood-pool studies; how

ever, blood-pool studies cannot provide simultaneous in
formation on myocardial function and perfusion and
therefore cannot obviate the need for a separate rest study
in patients without prior myocardial infarction (6). Unlike
myocardial motion and thickening, LVEFs are difficult to
estimate visually because they are derived quantities. In
gated blood-pool studies, ejection fractions are derived as
ratios of left ventricular cavity counts or volumes at end
diastole and end-systole. In gated perfusion studies, there is
no activity in the blood pool, and ejection fractions can only
be derived from the left ventricular cavity volumes EDV (at
end-diastole) and ESV (at end-systole)

EDV -
EF =@@

We have developed a completely automatic algorithmto quan
titativelymeasureleft ventricularejectionfraction(LVEF)from
gated @rTc@sestamibimyocardial perfusion SPECT images.
Methods: The algorithmoperates in the three-dimensional
space and uses gated short-axis image volumes. It segments
the left ventricle(LV),estimates and displays endocardial and
epicardial surfaces for all gating intervalsin the cardiac cycle,
calculatesthe relativeleft ventricularcavity volumesand derives
the global EF from the end-diastolic and end-systolic volume, all
withoutoperator interaction.The algorithmfor measuring LVEF
was tested in 65 clinicalpatients undergoing 16-intervaland
8-interval rest-gated SPECT and validated against &st-pass
radionuclide ventnculography. Results: Automatic segmenta
tion and contouring of the LV was successful in 65/65 (100%) of

the studies. Agreement between EFs measured from 8-interval
gated SPECTand EFscalculated from first-pass data was high
(y = 2.44 + 1.03x, r = 0.909, p < 0.001, s.e.e. = 6.87).Agree
ment between EF values measured from 16-interval and 8-in
tervalgated SPECTwas excellent(y = â€”2.7+ 0.97x, r = 0.988,
p < 0.001, s.e.e. = 2.65), the latter being on average lower by
3.71percentagepoints.Conclusion:Ourautomaticmethodis
rapid and highly agrees with conventional radionuclide mea
surementsofEF,thusprovidingclinicallyusefuladditionalinfor
mation to complement myocardial perfusionstudies.

Key Words: automaticejectionfractionquantitation;techne
tium-99m-sestamibi;myocardialperfusionimaging;single-pho
ton emissioncomputedtomography

J NucI Med 1995;36:2138-2147

echnetium-99m-sestamibi is widely used in myocardial
perfusion SPECT imaging, as it offers the advantages of
higher photon energyand higher injectabledosecompared

@t)1 . . . . 99mto - TI (1â€”2).The high counting statistics of Tc-sesta
mibi have favored its use in connection with electrocardio
graphic (EKG) gating. In gated perfusion SPECT proto
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Determination of the left ventricular cavity volume (also
referred to as endocardial volume) implies outlining of the
corresponding endocardial surface. It has been suggested
that endocardial contours could be manually traced on a
midventricular horizontal long-axisand vertical long-axis
slice of the left ventricle using a threshold equal to 34% of
the maximal myocardial counts, and the global endocardial
volume can be estimated from geometric considerations
usingthe Sandlerand Dodge assumption(15,22). Sincethis
method is manual, it is susceptible to error and poor repro
ducibility, especially when severe perfusion defects are
present. In addition, practical processing considerations
require the drawing of contours in only two images per
phase, imposingthe constraintthat the endocardialgeom
etry be perfectly ellipsoidal and utilizing only a bi-planar
portion of the full three-dimensional tomographic image. A
modification of this technique has been proposed in which
the endocardial borders would be determined semi-auto
matically from a larger number of long-axis slices (29),
although the algorithm has not yet been applied to gated
studies. Automatic determination of the endocardial sun
face of the left ventricle has been sought by Faber et al.
using a combination of: (a) image intensity gradientscal
culation for the initial estimate of the surface and (b)
iterative relaxationlabelingfor surfacerefinement(10). In
this implementation, the long-axis of the left ventricle must
be manually drawn on a user-selected midmyocardial im
age. The location and length of the long-axis specifies the
location and orientation of the valve plane as well as the
parametersof the coordinatesystemusedin the analysis.In
addition, if the method'sassumptionthat the myocardium
has higher counts than the surrounding structures is con
rect, accurate tracement of the long-axis is key to isolating
the left ventricle for surface extraction purposes. Draw
backs of this method include the dependence on a manual
operator for segmentation, valve plane and search limits
definition, its unknown efficacywhen spurioushot struc
tures, such as the liver, spleen or intestine, are present in
the proximity of the heart and the possibility that the
relaxation labeling process may not converge (10,30â€”31).

We have developed a totally automatic method to deter
mine global ejection fractions from gated myocardialper
fusion SPECT, optimized its parameters using phantom
data and validated it in a large (n = 65) patient population
againstthe standardrestingfirst-passplanar technique.The
method requires as input the gated short-axis image sets
and accomplishes the tasks of left ventricle segmentation,
valve plane, endocardial and epicardial surfaces determina
tion and ejection fraction calculation entirely without op
erator interaction. Its easeof use,fast execution(<30 sec)
and portability throughout the Unix environment without

need for proprietary hardware make this method a substan
tial improvement on previous approaches and has the po
tential to further promote the use of gated SPECT in the
clinical practice of nuclear cardiology.

FiGURE 1. Automaticsegmentationof leftventricularmyocar
dium. The initial thresholdused in the clusterificationprocess is
based on the maximal count activity in the upper half of the
transaxial image volume, i.e., the area that should contain at least
part of the heart ifthe study has been correctty reconstructed and
reoriented. When present, hepatic activity is generally confined to
the lower leftquadrant of the short-axis image volume, whilesplenic
or intestinalaCtivityis likelyto appearin the lowerrightquadrant.

ThEORY

Left Ventilcular Segmentabon
The gated SPECF ejection fraction quantification algorithm

startsby segmentingthe left ventricle.The maximalvoxel count
value Cm@,,in the upper half (Fig. 1) of the ungated 64 X 64 X L
(L < 64) short-axisimagevolumeis calculated.If the study has
been correctly acquired and reconstructed, that regional maximum
is likely to correspondto the myocardium.Since the transaxial
reconstruction process is limited to the portion of the projection
image set that contains the left ventricle, the uppermost (4) and
lowermost (Z1)portion of the short-axis image volume will consist
of zeroed pixels (Fig. 1). The segmentation algorithm sets all Z1
pixels to Cm@to connect and increase the apparent size of trun
cated structures below the left ventricle. The entire image volume
is then thresholded to 50% of Cm@,binarized and the binary
clusters in the volume determined. Each cluster, or set of con
nected voxels, is constructed by depth-first search (32) from a seed
voxel (the first nonzero voxel encountered while scanning the
short-axis volume from one of its corners). Once a cluster has been
identified its location is marked, its voxels are zeroed and the
algorithm continues. When all clusters have been determined,
those physiologically too small (<50 ml) to represent the left
ventricular myocardium are eliminated. For each remaining clus
ter, the smallest rectangle that circumscribes it in every short-axis
slice is determined. If only one cluster remains and the absolute
length difference between the sides of its bounding rectangle is less
than 1 cm, the cluster is assumed to correctly identify the left
ventricular myocardium. If two or more clusters remain (suggest

ing that thresholding was successful in separating the left ventricle
from other hot structures), the one closest to the center of the
upper right quadrant of the short-axis image volume is chosen.

In either case,if the absolutelength difference betweenthe
sides of its bounding rectangle is more than 1 cm (suggesting that
spurious hepatic or intestinal activity is still connected to that in
the left ventricle, erosion of the cluster is performed by raising the
threshold in 5% steps from the original value of Cmax/2until the
cluster is broken into two or more pieces. The two larger subclus
ters are selected and assigned to the liver and the LV myocardium
(again, based on likely location considerations). Then, dilation of
both clusters is performed by iteratively adding 1-voxelwide layers
of voxels, checking every voxel in each layer to ensure that its
addition will not reconnect the clusters or make the absolute
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Generation of Myocardial Surfaces and
Volume/EF Measurement

The center of mass (COM) of the three-dimensional binary
mask segmenting the left ventricular myocardium is chosen as the
originof the samplingcoordinatesystem.If segmentationof the
left ventricle was successful, the COM will be located within the
left ventricular cavity, even in the presence of large perfusion
defects. Radial count profiles originating from the COM are gen
erated to achieve spherical sampling of the product of the binary
mask and the short-axis image volume. The locus of the profiles'
first maxima identifies the maximal count myocardial surface,
which is an acceptable proxy for the midmyocardial surface. Sam
pling is done every 10Â°longitudinally (18 total) and every 10Â°
latitudinally (36 total), resulting in 684 count profiles. It should be
noted that a variable, potentially large number of these profiles is
uniformly zero. In fact, both the basal portion of the myocardium
at the valve plane and all perfusion defects willcorrespond to holes
in the mask for which no maxima are returned. A fit of the
midmyocardial surface to an ellipsoid is performed as reported by
Germano et al. (34). The surface extraction process is then re
peated using a new origin for the sampling coordinate system,
which is determined as the projection of the original COM onto
the ellipsoid'slong-axis.This approachseeks to obviateerrors in
midmyocardial surface extraction, especially in cases where the
original COM is close to the wall due to extensive perfusion
defects. The process is iterated until the long-axisangular variation
is less than 0.5Â°,which generally requires two to three iterations.

We now have an estimate of the midmyocardialsurfacecon
taming perfusion holes, plus the ellipsoid that best fits it. To
incorporate perfusion data from underperfused areas into the fit
(fill the holes), a set of myocardial likelihood profiles (32 longitu
dinally and 24 latitudinally) is generated by extracting, from the
unmasked and nonthresholded image, count profiles normal to the
ellipsoid and convolving them with a feature detector consisting of
the double derivative of a Gaussian with a s.d. r = 10 mm.

x2
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0 0 0 ()
FIGURE 2. Thresholding,clustetificationandn.ile-basedcluster
selectionand refinementby eroding/dilatingtechniquesgeneratea
binary mask from the original short-axis image volume (top two
rows). Multiplyingthe mask by the original image isolates the left
ventricularmyocardium(bottomtwo rows).

length difference between the sides of the bounding rectangle
larger than 1 cm. Dilation is continued until the original Cm@/2
threshold is reached. The binary cluster representing the left yen
tricle is used as a mask in the subsequent phases of the algorithm.
An exampleof the segmentationfor a patient studywith consid
erable hepatic and intestinal uptake is shown in Figure 2.

The aforementionedsegmentationalgorithmis enhancedfur
ther by the use of a Hough transform extension when any of the
following conditions is true: (a) segmentation returns a null clus
ter, (b) the liver cluster's axial coordinate is superior to that of the
left ventricular cluster or (c) the volume of the smallest parallel
piped circumscribing the left ventricular cluster is much larger
(>1000 ml) thantheexpectedvolumeof the left ventricle.In those
cases, all the short-axis slices, S,, are multiplied by a weight factor
and summed to produce a single slice S. The weight for slice S is
defined as:

Wi = 1 â€” 2 â€”@â€”
Eq. 3

The local maxima of these profiles are extracted (there is generally
at least one local maximum per profile). The final summed mid
myocardial surface is then defined as that set of surface points, one
per profile,whichminimizesthe sum of the cost of each surface
point. The cost of each surface point is defined as a weighted sum
of: (a) the deviation between its surface normal and corresponding
ellipsoidal normal and (b) a nonlinear function of its distance
from, and the magnitude of, each of the local maxima of the
likelihood profile. An ellipsoid is finally fitted to this myocardial
surface and will provide a sampling basis for processing the
individual intervals. The sampling grid from which the ellipsoi
dal normals subtend is defined as the intersections of the 24
latitudes coplanar with and the 32 longitudes perpendicular to
its long-axis.

For each interval (unmasked,unthresholded images), count
profiles normal to the ellipsoid (24 latitudinally, 32 longitudinally)
are extracted as done for the summed image. Then, as for the
summed image, the profiles are convolved with the feature detec
tor in Equation 3, the local maxima labeled and the myocardial
surfaces corresponding to each interval defined. Temporal conti
nuity is imposed as an additional constraint (i.e., homologous

Eq. 2

where N is the total number of short-axis slices. In other words,
middle slices have a greater weight because they are more likely to
contain the left ventricle. The local maxima in the summed slice S
are identified as pixels containing counts above a certain threshold
and greater than their four immediately neighboring pixels
(NSEW).

The classical Hough transform is applied to detect contiguous
local maxima forming approximatecircles (33). Each circle is
assigned a score proportional to the average count value along its
circumference and the ratio of that value to the average count at
the center, so as to favor doughnut-like count distributions. The
circle with the highest score is deemed the most likely to represent
the left ventricle and is expanded by 2 pixels outwards. For three
dimensional short-axis volumes, all voxelsoutside the cylinder with
that circle for section are discarded. A 50% threshold is applied to
voxels inside the cylinder, and voxels above the threshold are
returned as the left ventricular mask. All parameters, rules and
criteria used by the segmentation algorithm had been empirically
determined previously from 40 static SPECT studies involving
patients other than those described in this work.
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Age(yr)64Â±13(31-83)Sex
(M/945/20Weight

Qb)185 Â±42(116-300)PriorMI25Anterior8

(4large)Inferior12
(2large)Combined3
(3large)Undetermined2

points in adjacent intervals are penalized in proportion to their
separation).

Having found the midmyocardial surfaces for every interval, we
used the geometry of the end-diastolic surface, onto which is
mapped the count distribution averaged over all intervals, to de
termine the valve plane. We took a 25% threshold of those counts,
then fit a plane to the set of surface points lying on the boundary
of the largest and most basal contiguous subthreshold area. This fit
minimizes a cost equal to the weighted sum of the plane normal's
deviation from a preferred direction and the sum of the distances
from the plane to each boundary point, with distances from points
apical to the plane constrained to @20mm. The area of the surface
points belowthresholdand basalto the valveplane is calculated;
if lower than 10% of the total midmyocardial surface area, the

threshold is iteratively raised and the process repeated. The valve
plane in the end-diastole interval defmes the myocardium as the
collection of surface points derived from the ellipsoidal sampling
normals apical to the plane; the same normals are assumed to
define the myocardium in all other intervals. As the boundary
points move, the valve plane also moves throughout the cardiac
cycle.

For each interval,additionalcount profilesnormal to and ex
tending 20 mm in both directions from the midmyocardial surface
are extracted. An asymmetric Gaussian is fitted to each profile and
the inner (s.d.@) and outer (s.d.0@@)standard deviations of the
Gaussian noted (35). The s.d.s measured from count profiles with
peaks falling below 50% of the maximal myocardial count in that
intervalarelabeledasinvalidandreplacedwith s.d.sthat minimize
the sum of the absolute differences between each invalid s.d. and
the s.d. of each of its four spatial neighbors. For each profile, an
endocardial and an epicardial surface point are defined as those
points lying a given percent of s.d.,, inward and a given percent of
s.d.0@,outward from the midmyocardial surface along its normal,
respectively. Since the s.d.'s are expected to be greater in systole
than in diastole if thickening occurs (36), the use of the same
fractions of@ and@ for all intervals causes the endocardial
and epicardial surface to thicken in a physiologicway from diastole
to systole. To correct for partial volume, the effect of background
activity and other sources of error, the endocardial and epicardial

surfaces obtained for all intervals but end-diastole are further
refined by imposing the anatomic constraint of the constant myo
cardial volume throughout the cardiac cycle. The myocardial vol
ume is calculated as the difference between the epicardial volume
(bound by the epicardial surface and the valve plane) and the
endocardial volume (bound by the epicardial surface and the valve
plane). The endocardial volumes, EDV (at end-diastole) and ESV
(at end-systole), are also used to calculate the global LVEF, as in
Equation 1.

The entire process, from left ventricular segmentation to ejec
tion fraction calculation, requires less than 30 sec per 8-interval
study on a Sun SPARC IPX computer using a X-Windows-based
graphical user interface. When applied to nongated images, the
algorithm returns endocardial and epicardial surfaces and their
associated volumes in less than 4 sec.

METhODS

Phantom Experiments

To evaluate the influence of s.d.@on the endocardial volumes
used in the automatic algorithm's ejection fraction calculation, a
chest phantom was imaged with a triple-detector camera. The
phantom's myocardium (125 ml) contained 400 @tCi @mTcand

TABLE I
Patient Characteristics

bounded a known endocardial volume (63 ml). The acquisition was
performed with LEHR collimation, continuous detector rotation,
30 projections and 20 sec of data collection per projection. The

projection data were prefiltered with the standard two-dimen
sional Butterworth filter used in clinical practice for static @mTc@
sestamibi SPECT (order = 2.5, critical frequency = 0.31 cycles!
pixel, pixel size = 0.53 cm for our system setup). Then, the
projection dataset was reconstructed over 180Â°(45Â°RAO to LPO)
with filtered backprojection (ramp filter) and no attenuation cor
rection and the transaxial images reoriented into short-axis im
ages. Application of the quantitative gated SPED' algorithm to
ungated tomographic images produces an EF = 0, but it never
theless results in the calculation of epicardial and endocardial
volumes. We applied the algorithm to the phantom images 10
times, varying between 10% and 80% the percentage of s.d.1@that
determines where the epicardial boundary is located. The relative
endocardial volumes were graphed and interpolated to determine
the percentage of s.d.1@corresponding to the correct value of 63 ml.

After setting the percentage of s.d.1@to the value thus deter
mined, the projection data were prefiltered with 40 different two
dimensional Butterworth filters (order = 5 and critical frequencies
varyingfrom 0.1to 0.5cycles/pixelin 0.01steps)to fully encompass
any filtering need required by different system resolutions and/or
different counting statistics.The data were reconstructed and
reoriented as previously described. Application of the quantitative
gated SPEC!' algorithm to all datasets allowed investigation of the
influence of pre-reconstruction filtering on the endocardial vol
umes and therefore on the ejection fractions measured.

Patient Studies: Gated Technabum-99m-Sestamibi
SPECT

The quantitative algorithm was applied to short-axis images
from 65 patients undergoing rest gated w@@Tc@sestamibiSPECT.
The patient population comprised 45 men and 20 women with
(n = 25) and without (n = 40) prior myocardial infarction. Prior
infarcts were localized in the anterior myocardium (n = 8), the
inferior myocardium (n = 12) or both regions (n = 3), with two
cases undetermined. In nine patients, the infarct was large. Patient
demographics are described in Table 1. All studies were acquired
on the sametriple-detectorcamerapreviouslydescribed1hr after
the injection of 25â€”30mCi @mTc@sestamibi.The camera used
LEHR collimation, continuous detector rotation, 3Â°projections
and 40 sec of data collectionper projection,distributedover 16
cardiac frames. There was no bad beat rejection; i.e., the accep
tance window was set at 100%. Immediately after acquisition, the
16 intervals at each projection angle were compacted into 8 (by
summation of intervals 1 + 2, 3 + 4, etc.), as well as into 1
(summed or ungated projection dataset). The projection datasets
were prefilteredwith a two-dimensionalButterworthfilter (order
= 2.5 and critical frequency = 0.22 cycles/pixel for the 16- and the
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8-intervals sets, 0.31 cycles/pixel for the ungated set, pixel size =
0.53 cm), reconstructedover 180Â°(45Â°RAO to LPO) with filtered
backprojection (ramp filter) and no attenuation correction. The
resulting transaxial image sets were reoriented into short-axis sets,
after which the 16- and the 8-intervals sets were transferred to a
stand-alone workstation (Sun SPARC IPX, 32 MB RAM) running
the automatic ejection fraction quantification software and pro
cessed in batch mode. The ungated set was used for routine
rest-perfusion assessment as part of a two-day stress/rest @mTc@
sestamibi protocol.

Patient Studies: Technetium-99m-Sestamibi
Radionuclide Angiogram (RNA)

In allpatients,rest-gatedSPECTwasprecededbyrest first-pass
RNA. First-pass data were collected during the 25â€”30mCi 99mTc@
sestamibi injection, with the patient in the upright position (ante
nor view). Images were obtained with a multicrystal, high count
rate, small field of view gamma camera and a high sensitivity
collimator. The acquisition protocol consisted of 1000 temporal
framesat 25 msec/frameand a 20% windowcenteredon the
140-keV photopeak of @mTc.Processing utilized commercially
available algorithms that sequentially performed deadtime and
uniformity correction, temporal smoothing, creation of a prelimi
nary left ventricular representative cycle,background modification
and creation of a final representative cycle from which end-dias
tole and end-systole left ventricular regions of interest were as
signed manually (37). The left ventricular ejection fraction was
then calculated automatically. In this implementation of the quan
titative algorithms, the position of the valve plane was assumed
constant throughout the cardiac cycle.

RESULTS

Phantom Experiments
Figure 3 shows the different endocardial volumes mea

sured by the quantitative gated SPECT algorithm in the
cardiac phantom. As explained earlier, the nonuniform
distance (from the midmyocardial surface) defining the
endocardial surface, expressed as the percent s.d.1@for the
Gaussian fit to each count profile through the myocardium,
varied from 10% to 80%. Figure 3 illustrates, as expected,
that there is an inverse linear relationship (y = 104.06 â€”
0.62x, r = 0.996, s.e.e. = 1.61) between the percentage of
s.d.1@used and the measured endocardial volumes. The
actual left ventricular cavity volume of 63 ml was measured
in correspondance to 65% of s.d.1@and, consequently, this
parameter value was adopted for all subsequent analyses
(phantom and clinical studies).

Figure 4 shows the endocardial volumes measured by the
quantitative gated SPECU algorithm in the cardiac phan
tom in correspondence to 40 different pre-reconstruction
smoothings of the projection data. The critical frequency of
the pre-reconstruction filter (Butterworth, order = 2.5)
varied from 0.1 to 0.5 cycles/pixel in 0.01 steps. Figure 4
demonstrates that volumes are within Â±10% of the real
value (63 ml) as long as the critical frequency of the filter is
above 0.17 cycles/pixel, a value far lower than that used in
clinical practice.

It is appropriate to note at this point that the validation
of volumesobtained with our algorithm wasnot within the

y=I 04.06-O.62x r=O.996
S.E.E.=1.61
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FIGURE 3. Endocardialvolumesmeasuredby the quantitative
gated SPECTalgorithmin a cardiacphantomas a functionof the
percentageof s.d.,,,chosento representthe endocardialsurface.
Actual leftventricularcavity volume (63 m@was measured in corre
spondanceof 65% of s.d.@.

scopeof thispaper, and that the previousexperimentswere
performed solely to fine-tune the parameters to be used in
calculatingLVEF. Since the ejection fraction is essentially
a ratio of volumes, it is reasonable to assume that any error
made in the estimation of the endocardial surface (volume)
would be in the same direction at end-systole and end
diastole, and therefore would be at least partially canceled
out during the derivation of the ejection fraction.

Clinical Studies
Segmentation and contouring of the LV was successful in

65/65 (100%) of the studies. Success is defined as the
selection of slices and generation of endocardial and epi
cardial contours that match the contours visually apparent
in the images. An example of the algorithm's output is
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FIGURE4. Endocardialvolumesmeasuredby the quantitative
gatedSPECTalgorithminthe cardiacphantom,incorrespondence
to 40differentpre-reconstructionsmoothingsof theprojectiondata.
Volumesare within Â±10%of the realvalue(63ml)as long as the
critical frequency of the order 2.5 Butterworth filter is above 0.17
cycles/pixel,a valuefar lowerthanthat usedin clinicalpractice.
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algorithm would only operate within the mask's domain. In
addition to the two-dimensional slice display of Figure 5,
the softwareprovidesfor three-dimensionaldisplayof the
epicardial and endocardial surfaces (Fig. 6). Both the slice
and the surface display can present the images in cinematic
fashion,endlesslylooping throughthe eightgatingintervals
at a user-determined speed. This allows visual evaluation of
wall motion and thickening to be employed in conjunction
with automated techniques under development at this lab
oratory. An example of the final report is displayed in
Figure 7. The endocardial volume curve as a function of the
gating interval is accompanied by patient data along with
the measuredglobal ejection fraction valueand a synthetic
comparison of the five images in Figure 5 at end-diastole
and end-systole. Figures 5â€”7refer to the same normal
patient, with an ejection fraction of 64%. Figure 8 demon
strates how, in a patient with coronary artery disease, the
algorithm returns visually correct contours even when large
and severe perfusion defects are present. This patient had
severe and extensive anterior and apical perfusion defects
and a global ejection fraction of 20% (Fig. 9).

Figure 10 plots the 8-interval ejection fractions versus the
16-interval ejection fractions, as measured by the quantita
tive gated SPEC!' algorithm, in all 65 clinical patients. The
two sets show high linear agreement (y = â€”2.7+ 0.97x, r =
0.988, p < 0.001, s.e.e. = 2.65). As expected, compacting
the 16-intervaldatasetsinto 8 intervalsleadsto lower ejec
tion fractions, because this is equivalent to smoothing the
time-volume curve. The Bland-Altman plot in Figure 11
expressesthe absolute reduction in ejection fraction as a
function of the measured ejection fraction (averaged be
tween 16 and 8 intervals) and demonstrates that no relevant
trend exists over a wide ejection fraction range. The aver
age reduction in ejection fraction by using 8-interval gating
is 3.71 percentage points.

Figure 12 shows the relationship between the 8-interval

FIGURE 6. Three-dimensionaldisplayof
the endocardial(solid)and epicardial(grid)
surfacescalculatedby the automatic algo
rithmfor the samepatientin Figure5 at end
diastoleQeft)and end-systole(right).

FIGURE 5. Myocardialcontoursoveriayedby the quantitative
gatedSPECTalgorithmontothreeshort-axis(toprow,leftto right=
apical, mid and basal) images, a midhorizontal and a midvertical
long-axisimage(bottomrow)of a normalpatientat end-diastole.
Contour display provides visual evaluation of the algorithm's suc
cessful completion. Images corresponding to any of the 8 or 16
gatingintervalscan be displayed,or cineloopingthroughoutall
intervalscan be performedinrealtime.

shown in Figure 5, which displays three short-axis (top row,
left to right = apical to basal), a horizontal and a vertical
long-axis image (bottom row) for a normal patient at end
diastole,with endocardialand epicardialcontourssupenim
posed onto all images. We have developed a display of
apical, mid and basal short-axis slices and midventricular
vertical long-axisand horizontal long-axisslicesas the au
tomatic default of the algorithm. If segmentation should
fail, the software enable manual definition of a three-di
mensional mask encompassing the left ventricle, so that the
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FiGURE 9. QuantitaThiegatedSPECTalgorithmresultsfor the
patient in Figure 8. Global LVEF(20%) and dynamic range of the
endocardialtime-volumecurveare lowercomparedto the normal
patient in Figure 7.
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FiGURE 10. Comparisonbetween 16-intervaland 8-interval
ejectionfractions.Reducingthe numberofgatingintervalsresultsin
lowerejectionfractions,butthelinearagreementbetweenejection
fraction values for these two gating strategiesis excellent (r =
0.988).

FiGURE 7. QuantitativegatedSPECTalgorithmresultsfor the
patient in Figures5 and 6. The endocardialtime-volumecurve is
displayedand the globalLVEF(64%)is calculatedand reported
along with patient data and representativeshort- and long-axis
imagesat end-diastoleand end-systole.

FiGURE 8 Myocardialcontoursoverlayedby the quantftath,e
gated SPECT algorithm onto the end-diastolic, short-axis (top row)
andlong-axisimagesof a patientwithsevereandextensiveanterior
and apicalperfusiondefects.Contoursare generatedeven in the
apparentabsenceof perfusionby usingsmoothing,the isocontours
ofthe coordinate system and the geometry ofthe defect boundaries
asconstraints.ZoomisthesameasinFigure5, suggestinga larger
heartfor this patientcomparedto the patientin Figure5.

ejection fraction measured by the automatic algorithm on
the gated SPEC!' images and the first-pass ejection frac
tions. The two sets show high linear agreement (y = 2.44 +
1.03x, r = 0.909, p < 0.001, s.e.e. = 6.87), with the gated
SPECT derived ejection fractions being slightly higher than
the first-pass ejection fractions on average. If 8-interval
gated SPEC!' further underestimates measured ejection
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Gated SPECT Acquisition Duration
It is commonly believed that the duration of a gated

SPED.' acquisition must be longer than that of a standard
SPECT acquisition since the counts generated by the same
injected dose must be distributed over 8 or 16 image sets. In
this view, the lower the number of intervals the better the
statistical quality of each image set, and therefore the
shorter the global acquisition time required. One of the
goals of this study has been to prove that although the use
of 8 gating intervals somewhat depresses ejection fractions
values, compared to 16 intervals, this decrease is predict
able and, in fact, essentiallyconstantover a wide range of
ejection fractions, so that the appropriate corrections can
be readily implemented. Consequently, we can now recom
mend on quantitative grounds the use of 8-interval gated
myocardial perfusion SPECT, which is already generally
preferred to 16-interval gating. A more provocative thought
is that it is not truly necessary for gated acquisition to be
longer than standard nongated acquisition. The perfusion
data derived from a summed gated SPEC].' study is the
same as that from a standard SPEC!' study of the same
duration if, as in our protocol, no data are rejected because
of irregular cardiac beats. Functional parameters are mea
sured from individual intervals' images, and would be ex
pected to be affected most by shorter acquisitions. Prelim
mary results from our laboratory, however, indicate that
fast (6.7 mm) gated SPECT, in conjunction with our auto
mated quantification software, produces quantitative ejec
tion fraction values that agree extremely well with those
from standard gated SPECf and that visual determinations
of wall motion and thickening are virtually identical be
tween fast and standard gated SPECT (38). It is conceiv
able that the total duration of gated SPEC!' studiescould
be shorter than that currently used for standard SPEC!'
studies and this may encourage future investigation in the
routine gating of 2oâ€•flSPEC!' studies. A key factor in
reducing the duration of gated SPEC!' studies will be the
performance of such acquisition in conjunction with con
tinuous detector rotation so as to eliminate the deadtime
intrinsic to the step-and-shoot technique (39).

Storageof GatedSPECTDatasets
The dimension of gated SPEC!' studies is substantially

greater (by a factor roughly equal to the number of intervals
used) compared to regular SPEC!'. This is, however, a
situation analogous to the acquisition of dynamic (sequen
tial) SPEC!' studies using wmTc@teboroxime, or of dynamic
PET studies using â€˜3N,â€˜â€˜C,â€˜@Oor 82Rb. A possible strategy
to minimize storage and archival requirements is to save
only the projection data (â€”4Mbytes for 60 projections) and
the short-axisdata (â€”2Mbytes for 30 slices), discarding
filtered projections, transaxial images and reoriented long
axis images immediately after reconstruction. If desired,
compression of the data can be implemented using stan
dard techniques. Compression will likely be preferred in
teleradiologyapplicationsinvolvingrapid transfer of gated
SPEC!' data, although the most popular image format in
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FIGURE II. Bland-PJtmanplotshowsthe absolutedifference
betweenejection fractkn valuesmeasuredfrom 16-intervaland
8-interval gated data. The average reduction in ejection fraction by
using8-intervalgatingis 3.71percentagepoints,with no apparent
trendovera wide rangeof ejectionfractions.

fractions compared to 16-interval gating, then gated
SPECT ejection fractions are measured as being approxi
mately 10% greater than first-pass ejection fractions. This
bias would likely be compensated by abandoning the con
straint of a fixed valve plane in the first-pass ejection frac
tion calculation, as confirmed by preliminary results from
our laboratory.

DISCUSSION

There are several perceived impediments to the wide
diffusion of gated SPECT in clinical nuclear cardiology.
The major concerns are the length of the gated acquisition,
the large body of data generated and the lack of automated
methodsfor quantificationof functionalparameterssuchas
LVEF.
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FiGURE I2@ Relationshipbetween8-intervalejecbonfractkns
measuredby the automaticquantitativegated SPECTalgorithm
andfirst-passejectionfractions.Notethe highlinearagreement(r=
0.909) between the two sets of values.
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nuclear medicine does not handle four-dimensional data
structures yet (40).

Are Planar Techniques an Adequate Gold Standard for
Ejection Fraction Measurement?

We have described our development of automated tools
to allow quantification of LVEF from gated SPEC!' stud
ies. Previous approaches to this problem had been either
subjective (15) or partially automatic (10,29). We have
validated the ejection fractions calculated by our auto
mated algorithm against those calculated from planar first
pass RNA. Although the agreement between the two tech
niques is high (r = 0.909), there is reason to believe that the
first-pass RNA gold standard may be inferior to this quan
titative gated SPEC!' technique. Limitations of the planar
technique include manual region of interest drawing and
uncertainty regarding the valve plane location. Moreover,
when geometric methods for estimating endocardial vol
ume are applied to two-dimensional images, assumptions
must be made as to the shape of the left ventricular cavity.
The left ventricular cavity is usually assumed to have the
shape of an ellipsoid or a prolate spheroid, and its volume
is estimated from its area and long-axis in the specific
projection acquired (21,23â€”24).To the extent that the left
ventricle deviates from the postulated model, the results
will be incorrect (41 ). The error in determining end-dia
stolic and end-systolic volumes is propagated in the com
putation of the ejection fraction, resulting in larger errors
for this derived quantity. The accuracy of count-based
methods to estimate left ventricular cavity volumes from
planar images is also far from high (42â€”43).One advantage
the first-pass technique has over gated SPEC!' is the greatly
reduced influence of partial volume effects due to the fact
that the left ventricular cavity has a diameter larger than the
myocardial wall thickness (44). The modeling and compen
sation of partial volume effects in the estimation of myo
cardial wall thickness from gated tomographic data, how
ever, is possible, as demonstrated by other investigators
(45). We have shown that our choice of the endocardial
surface is relatively independent of the level of pre-recon
struction image filtering or the statistical quality of the data.
Even if systematic errors in border estimation occurred due
to imperfect handling of the partial volume effect, these
errors would similarly affect the end-diastolic and the end
systolic volume and, thus, at least partially cancel each
other in calculating ejection fraction values. In another
example of volume ratios, application of the method de
scribed in this article to calculate the ratio of stress-to-rest
endocardial volumes in nongated SPECT has proven effec
tive in measuring transient ischemic dilation of the left
ventricle (46), a marker of severe and extensive coronary
artery disease (47).

Future Directions
Future extensions of our automated, quantitative gated

SPED' algorithm will involve validating the endocardial
volumes (not just their derived quantity, ejection fraction)
using gated cardiac MRI. In addition, measurement, vali

dation and display of regional motion, thickening and ejec
tion fraction data will have to be obtained from a large
population of patients. Once this is done, the generation of
normal limits for regional functional parameters can be
implemented, as is already available for perfusion data
(48), and parametric polar maps combining perfusion and
function information can be developed.

CONCLUSION

We have developed a completely automatic algorithm to
measure quantitatively LVEFs from gated 99mTc@sestamibi
myocardialperfusion SPEC!'. The algorithm was applied
successfully to 100% of 65 clinical patient studies acquired
with 16- and 8-interval gating, was perfectly reproducible
and produced results in good agreementwith first-pass
RNA data. The automatic ejection fraction quantification
algorithm consists of three steps: segmenting the left yen
tricular myocardium, extracting the left ventricle's midmyo
cardial surface and determining the endocardial and epi
cardial surfaces based on asymmetric Gaussian fitting of the
count profiles across the midmyocardial surface. In its cur
rent implementation on a relatively inexpensive (<$5000)
off-the-shelf computer, the algorithm is fast, portable and
does not require any proprietary hardware or special pre
processing. Quantitative measurement of LVEF from gated
myocardialperfusionSPEC!' mayprovidea catalystfor the
clinical diffusion of gated SPEC!' protocols.
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