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Abstract. Electrocardiographic (ECG) gated single-
photon emission tomography (SPET) allows for simulta-
neous assessment of myocardial perfusion and left ven-
tricular (LV) function. Presently 8-frame per cardiac cy-
cle ECG gating of SPET images is standard. The aim of
this study was to compare the effect of 8-frame and 16-
frame gated SPET on measurements of LV volumes and
to evaluate the effects of the presence of myocardial per-
fusion defects and of radiotracer dose administered on
the calculation of LV volumes. A total of 86 patients un-
derwent technetium-99m SPET myocardial perfusion
imaging using 16-frame per cardiac cycle acquisition.
Eight-frame gated SPET images were generated by sum-
mation of contiguous frames. Left ventricular end-dia-
stolic volume (EDV), end-systolic volume (ESV) and
ejection fraction (EF) were calculated from the 16-frame
and 8-frame data sets. The patients were divided into
groups according to the administered dose of the radio-
tracer and the size of the perfusion defect. Results. Six-
teen frame per cardiac cycle acquisition resulted in sig-
nificantly larger EDV (122±72 ml vs 115±68 ml,
P<0.0001), smaller ESV (64±58.6 ml vs 67.6±59.5 ml,
P<0.0001), and higher LVEF (55.3%±18% vs
49%±17.4%, P<0.0001) as compared to 8-frame SPET
imaging. This effect was seen regardless of whether a
high or a low dose was administered and whether or not
significant perfusion defects were present. This study

shows that EDV, ESV and LVEF determined by 16-
frame gated SPET are significantly different from those
determined by 8-frame gated SPET. The radiotracer dose
and perfusion defects do not affect estimation of LV pa-
rameters by 16-frame gated SPET.
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Introduction

State of the art single-photon emission tomography
(SPET) imaging provides combined information about
myocardial perfusion and function, from the same image
data. This became feasible after the introduction of tech-
netium-99m labeled agents and acquisition with electro-
cardiographic (ECG) gating. Numerous studies have val-
idated the use of ECG-gated SPET for the assessment of
global and regional left ventricular function [1, 2, 3, 4, 5,
6, 7]. Both geometry-based [1, 2, 3] and count-based [5,
6] methods have been developed for computation of the
left ventricular ejection fraction (LVEF) and for assess-
ment of wall motion and thickening [8, 9, 10]. More re-
cently, estimation of LV volumes by gated SPET has
also been validated against magnetic resonance imaging
(MRI) [11, 12, 13], thermodilution [14, 15], ventriculog-
raphy [11, 15, 16], and echocardiography [17]. In gener-
al, LV volumes obtained from 8-frame gated SPET im-
aging have been noted to be smaller than those obtained
by standard techniques [12, 16, 18].

For gated SPET imaging, image data are acquired in
synchrony with the ECG signal using a specific number
of intervals, from R wave to R wave. Counts accumulat-
ed during each of these intervals generate individual im-
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Image acquisition. SPET imaging was performed using a triple-
head gamma camera (Prism 3000XP: Philips, Cleveland, Ohio)
equipped with low-energy high-resolution parallel-hole collima-
tors. A 15% energy window was centered over the 140-keV photo-
peak of 99mTc. Images were obtained by using 360° orbit and a
step-and-shoot acquisition (20 stops, 20–40 s per stop). Sixty pro-
jections were acquired for each patient. The image matrix size was
64×64 pixels, with a pixel size of 5.25×5.25 mm. ECG gated im-
ages were acquired with 16 frames per cardiac cycle with a beat
acceptance window of 30% of average R-R interval. Uniformity
correction was applied to all acquired images.

Generation of 8-frame images from 16-frame gated raw images.
All studies were acquired as 16-frame gated SPET images. To
generate a set of 8-frame gated SPET images, two contiguous
frames of 16-frame gated raw projection data were summed (1+2,
3+4, 5+6, etc.) prior to filtered back-projection.

Reconstruction. The original 16-frame image data and summed 8-
frame image data were reconstructed using conventional filtered
back-projection. Each set of images was reconstructed in two
ways: (a) all frames were summed and processed as a single un-
gated SPET study, and (b) the frames were processed individually
as separate gated SPET images. A three-dimensional (3-D) Butter-
worth filter, with an order of 4.0 and a cut-off frequency of 0.23 ×
Nyquist frequency for ungated SPET images and an order of 2.6
and a cut-off frequency of 0.19 × Nyquist frequency for gated
SPET images, was used to smooth the reconstructed images. No
photon scatter or attenuation correction was applied. The recon-
structed transverse images were reoriented according to the ana-
tomical axes of the left ventricle. Reconstructed slices were dis-
played in a standard manner as short axis, vertical long axis and
horizontal long axis slices.

Generation of circumferential profiles and determination of LV
contours. Quantification of ungated SPET images was performed
using the Wackers-Liu circumferential quantification method
(WL-CQ method, Eclipse Systems, Branford, Conn.). This method
has been described and validated previously [20, 21, 22, 23, 24].
In brief, the region of the left ventricle in the ungated SPET slices
was determined using the K-means algorithms [25]. Each of the
automatically determined short axis slices from the apex to the
base of the LV was divided into 128 radial sectors, and the “apex
cap” defined by the horizontal long axis slices was divided into 
64 sectors. Circumferential count profiles were derived from max-
imal pixel values in each of the radial sectors. The “mid-wall” of
the LV myocardium was determined by a set of concentric circles
using a median search algorithm, in which each radius of the cir-
cles was calculated as the distance between the center of the corre-
sponding slice and the location of the maximal count detected. A
uniform myocardial thickness of 12 mm was assumed. The endo-
cardial contours were determined by the mid-wall of the LV minus
one-half of the assumed thickness inward, while the epicardial
edges were defined by the mid-wall of the LV plus one-half of the
thickness outward.

Calculation of myocardial perfusion defect size. The set of the ra-
dii determining the LV contours was linearly extrapolated into 36
sets to standardize the LV myocardial mass for calculation of
myocardial perfusion defect size. Each of the derived circumferen-
tial count profiles was normalized to the sector with maximal
counts in the corresponding profile. The normalized count profiles
were also extrapolated in the same way into 36 counts profiles.
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ages. Each individual image is subsequently recon-
structed into a tomographic set. At present, using com-
mercially available software it is standard to acquire 8
frames per cardiac cycle. Using standard imaging times,
there is an inverse relationship between the temporal
resolution (i.e., number of frames per cardiac cycle) of
gated images and the count density in each gated frame.
State of the art multi-headed cameras have made it pos-
sible to obtain high-count density images without pro-
longing the acquisition time, which in turn makes the
acquisition of more frames per cardiac cycle attractive.
Theoretically the acquisition of 16 frames instead of 8
frames per cycle should improve the temporal resolution
of the cardiac contraction and consequently allow more
accurate determination of LV systolic function. Howev-
er, the lower count density in each frame with 16-frame
acquisition, as compared to 8-frame acquisition, may
cause inferior image quality and suboptimal LV edge
definition.

Two previous studies have shown systematic underes-
timation of LVEF when measured by 8-frame gated
SPET as opposed to 16-frame gated SPET [1, 19]. One
study comparing assessment of LV function by gated
SPET and by first-pass ventriculography found that even
though LVEF was higher with gated SPET, volumes
were smaller [16]. Another study showed that gated
SPET resulted in smaller end-diastolic volumes (EDV)
and larger end-systolic volumes (ESV), when compared
with thermodilution [14]. Hence the effect of 16-frame
acquisition on LV volume calculation remains unclear.
The aim of this study was to compare the effect of 8-
frame and 16-frame gated SPET imaging on measure-
ments of LV volumes and in addition to evaluate the ef-
fects of radiopharmaceutical dose and myocardial perfu-
sion defects on estimation of LV volumes.

Materials and methods

Patient data. Data from 86 patients who underwent 99mTc SPET
myocardial perfusion imaging for various indications at the Yale
University Cardiovascular Nuclear Imaging Laboratory were used
in this study. Of the 86 patients, 53 were males and 33 females
with a mean age of 61.7±13.5 (mean±SD) years, ranging from 
29 to 92 years.

Imaging protocol. Gated SPET images were acquired using either
a 1-day protocol (either stress first or rest first) or a 2-day proto-
col. Only stress studies were used in this study since only stress
studies were acquired in the 16-frame/cycle format. Depending on
our laboratory protocol, either a low dose or high dose of 99mTc-
sestamibi was injected. Sestamibi was injected either at peak
treadmill exercise, at 4 min after completion of dipyridamole infu-
sion, or at 1.5 min into adenosine infusion. Of 86 patients, 30 un-
derwent treadmill exercise, 49 had adenosine vasodilation, 5 had
dobutamine adrenergic stress and 2 had dipyridamole vasodilation.
Fifty-six patients had high-dose studies (27.5±2.72 mCi, range
23.5–37 mCi) and 30 had low-dose studies (15.9±0.48 mCi, range
14.9–16.5 mCi).



A normal database was generated from patients with a low
(<3%) likelihood of coronary disease. The lower limits of normal
were calculated as mean minus two standard deviations (mean−
2SD) of the normal quantitative profiles. The myocardial perfu-
sion defect size was thus defined as the area between the patient
circumferential count profile described above and the lower limit
of normal circumferential profile, divided by the sum of that area
and the area below the patient count profile [20]. The total defect
size was calculated as the sum of defects in all 36 linearly extrapo-
lated short axis slices and eight long axis slices containing the
apex cap in the 3-D space, weighted for the LV myocardial mass
of each slice. The total defect size was expressed as percent of the
entire left ventricle (% LV).

Quantification of LV volumes and ejection fraction. The LV con-
tour detection algorithms described earlier were also applied to
gated SPET images for estimation of LV volumes and ejection
fraction. The extrapolation scheme for the radii and the count pro-
files was not used for the gated SPET, since absolute LV volumes
had to be calculated. The LV volumes for the cardiac cycle were
derived as follows. First the volume of LV cavity, represented by a
stack of short axis slices, was calculated as:

(1)

where n represents the number of short axis slices, Ri is the radius
of slice i, and h denotes the slice thickness. The apex cap was de-
fined by a semi-sphere and the volume of the apex was calculated
by:

(2)

where Rapex represents the radius of the semi-sphere. Consequent-
ly, the total LV volume (EDV and ESV) was computed as a sum-
mation of V1 and V2, and LVEF was calculated as:

(3)

Statistical analysis. Left ventricular parameters derived from 
8-frame and 16-frame images were first compared in the entire
study group, and then in patients with high- and low-dose studies,
and in patients with and without myocardial perfusion defects.
Linear regression and Bland-Altman analysis [26] were used to
compare LV volumes and ejection fraction. Two-tailed paired Stu-
dent’s t test was used to determine the significance of difference in
calculations of EDV, ESV and LVEF from the 8-frame and 
16-frame gated SPET. Data are presented as mean ± standard de-
viation (mean±SD), and P<0.05 in the analysis was considered
statistically significant.

Results

Left ventricular volumes

Results of volume measurements of all patient studies
are summarized in Table 1. The correlation for EDV cal-
culation by 16-frame and 8-frame method was excellent
(r=0.98, SEE=12, P<0.0001, Fig. 1A). However, the
mean EDV measured by 16-frame gated SPET
(122±72 ml) was larger by 7.0 ml (95% C.I. 4.2–9.7 ml)
than that obtained from 8-frame gated SPET studies
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(115±68 ml). The difference was statistically significant
(P<0.0001). Bland-Altman analysis of limits of agree-
ment indicated a larger difference for larger volumes
(Fig. 1B).

Similarly, the correlation for ESV calculation by 
16-frame and 8-frame method was excellent (r=0.99,
SEE=6.7, P<0.0001, Fig. 2A). However, the ESV mea-
sured by 16-frame gated SPET (64±58.6 ml) was smaller
by 3.6 ml (95% C.I. 5.3 to −2 ml) than that obtained
from 8-frame gated SPET studies (67.6±59.5 ml). The
difference was statistically significant (P<0.0001).
Bland-Altman plots showed excellent agreement over a
wide range of volumes (Fig. 2B).

Table 1. Comparison of LV volumes and LVEF (mean±SD) ob-
tained by 16-frame gated SPET imaging with those obtained by 8-
frame gated SPET imaging (n=86)

16 frames 8 frames P

EDV 122±72 ml 115±68 ml <0.0001
ESV 64±58.6 ml 67.6±59.5 ml <0.0001
LVEF 55.3%±18% 49%±17.4% <0.0001

Fig. 1A, B. EDV derived by 16-frame gated SPET and 8-frame
gated SPET in 86 patients. A Linear regression analysis. B Bland-
Altman analysis of agreement. The dashed line represents the line
of identity. 16F, 16-frame gated SPET; 8F, 8-frame gated SPET
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Left ventricular ejection fraction

There was good overall correlation between the two gat-
ed framing methods (r=0.94, SEE=5.7, P<0.0001,
Fig. 3A) for calculation of LVEF. However, as shown in
Table 1, mean ejection fraction measured by 16-frame
gated SPET (55.3%±18%) was 6.3% (95% C.I. of
5.1%–7.5%) higher than that obtained from 8-frame gat-
ed SPET (49%±17.4%) studies. The difference was sta-
tistically significant (P<0.0001). Bland-Altman analysis
showed excellent agreement, with no apparent trend over
a wide range of ejection fractions (Fig. 3B).

Effect of 99mTc dose on estimation of LV parameters

The effect of image count density on the estimation of
LV volumes was evaluated by comparing 16-frame im-
ages and 8-frame images in high-dose and low-dose
SPET studies. Fifty-six patients had high-dose studies
(27.5±2.72 mCi) and 30 patients had low-dose studies
(15.9±0.48 mCi). Results of comparisons are shown 
in Fig. 4. In high-dose studies, 16-frame gated SPET

studies resulted in larger EDV (116.5±66.4 ml vs
109.7±63.8 ml, P=0.0002), smaller ESV (60.5±54.3 ml
vs 64.3±56.2 ml, P<0.0001), and a higher ejection frac-
tion (56.3%±19% vs 50.1%±18.4%, P<0.0001) as com-
pared to 8-frame gated SPET studies. A similar trend
was noted in the low-dose studies—a larger EDV
(132.4±81.7 ml vs 125±75.4 ml, P=0.004), a smaller
ESV (70.5±66.5 ml vs 74±65.7 ml, P=0.013), and a
higher ejection fraction (53.6%±16.3% vs 46.9%±15.5%,
P<0.0001). The magnitude of the difference in the esti-
mation of LV parameters was similar in both groups, as
shown in Fig. 4.

Effect of defect size

To evaluate the differential effect of myocardial perfu-
sion defects on calculation of LV volumes by 16-frame
gating, the patients were divided into two groups based
on the quantified perfusion defect size. Group A consist-
ed of 51 SPET studies with no, or very small defects
(≤5% LV), whereas group B consisted of 35 SPET stud-
ies with large defects (>10% LV). The average size of

Fig. 2A, B. ESV derived by 16-frame gated SPET and 8-frame
gated SPET in 86 patients. A Linear regression analysis. B Bland-
Altman analysis of agreement

Fig. 3. A Correlation between the LVEF obtained from 16-frame
gated SPET and from 8-frame gated SPET in 86 patients.
B Bland-Altman plot shows excellent agreement
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Fig. 4A–C. Comparison of LV parameters in relation to the dose
of 99mTc. A EDV, B ESV and C EF

Table 2. Comparison of LV volumes and LVEF (mean ± SD) ob-
tained by 16-frame gated SPET imaging with those obtained by 8-
frame gated SPET imaging in patients with a small defect size
(≤5% LV) (n=51)

16 frames 8 frames P

EDV 88±41.7 ml 81.8±39.4 ml <0.0001
ESV 36.2±31.7 ml 40.1±32.8 ml <0.0001
LVEF 63.4%±15.7% 56%±15.3% <0.0001

Table 3. Comparison of LV volumes and LVEF (mean ± SD) ob-
tained by 16-frame gated SPET imaging with those obtained by 8-
frame gated SPET imaging in patients with a large defect size
(>10% LV) (n=35)

16 frames 8 frames P

EDV 171.5±78.6 ml 163.3±72.3 ml 0.005
ESV 104.4±65.4 ml 107.8±66.8 ml 0.02
LVEF 43.5%±14.4% 38.8%±15.3% <0.0001

the defects in patients in group B was 18%±6% LV
(range 11%–33% LV).

Comparisons of LV volumes for groups A and B are
shown in Tables 2 and 3. For both groups, the mean
EDV obtained from 16-frame gated SPET studies was
significantly larger than that obtained from 8-frame gat-
ed SPET studies. However, the mean ESV measured by
16-frame gated SPET studies was significantly smaller
than that derived from 8-frame gated SPET studies. The
correlation between 16-frame gating and 8-frame gating
for estimation of LV volumes was excellent in both

Fig. 5A–D. Correlation be-
tween LV volumes estimated
by 16-frame gated SPET and 
8-frame gated SPET in groups
A and B. Group A consisted of
51 patients with perfusion de-
fect ≤5% LV: A EDV and 
B ESV. Group B comprised 
35 patients with perfusion de-
fect >10% LV: C EDV and 
D ESV
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groups (Fig. 5). Also, Bland-Altman analysis showed ex-
cellent agreement over a wide range of volumes in both
groups (Fig. 6) and a trend towards larger difference for
larger EDVs (Fig. 6A, C).

In comparisons of LVEF for both groups (Tables 2
and 3), the ejection fractions obtained from 16-frame
gated SPET studies were again significantly higher than
those obtained from 8-frame gated SPET studies
(63.4%±15.7% vs 56%±15.3% for group A, P<0.0001;
43.5%±14.4% vs 38.8%±15.3% for group B, P<0.0001),
regardless of whether the defect was small (group A) or
large (group B). This was consistent with the pattern of
LVEF for all patients, as demonstrated in Fig. 3.

In Fig. 7, the difference between the 16-frame gated
SPET data and 8-frame gated SPET data for LV volumes
and LVEF is plotted against the defect size. As can be
seen, the magnitude of perfusion defects did not affect
the difference in estimation of LV parameters (EDV,
ESV, LVEF) by the two gating methods (8-frame and 16-
frame). There is no apparent trend in the magnitude of
the difference over a wide range of defect sizes.

Reproducibility of 16-frame studies

To assess whether the accuracy of processing was signif-
icantly affected by the dose of radiotracer administered,
20 randomly selected high-dose studies and 20 low-dose
studies were processed twice by two experienced nuclear
medicine technologists. The correlation coefficients for
EDV, ESV, and LVEF were excellent for both low-dose
and high-dose studies (low dose: r=0.98, r=0.99, and
r=0.97, respectively; high dose: r=0.95, r=0.96, and
r=0.91, respectively).

Fig. 6A–D. Bland-Altman
analysis of agreement between
LV volumes estimated by 16-
frame gated SPET and 8-frame
gated SPET in groups A and B.
Group A consisted of 51 pa-
tients with perfusion defect
≤5% LV: A EDV and B ESV.
Group B comprised 35 patients
with perfusion defect >10%
LV: C EDV and D ESV

Fig. 7A–C. Scatter plots of differences in A EDV, B ESV and C
LVEF derived from 16-frame and 8-frame gated SPET, against
perfusion defect sizes



Discussion

The present study shows that the LV volumes calculated
from 16-frame imaging data differ significantly from
those calculated from 8-frame imaging data. Sixteen-
frame studies result in larger EDVs and smaller ESVs as
compared to 8-frame studies. These findings are consis-
tent with those of other studies [19].

The differences in LV volumes mentioned can be ex-
plained by the superior temporal resolution of 16-frame
studies as compared with 8-frame studies. The end-sys-
tolic frame in an 8-frame study contains residual volume
from systole/diastole on either side and hence is larger
than that in a 16-frame study. Higher temporal resolution
of SPET should result in more accurate determination of
end-systolic and end-diastolic frames and hence more
accurate assessment of ventricular volumes.

The results were consistent even in patients receiving
lower doses of 99mTc. There appear to be no grounds for
concern that lower count density may result in inferior
image quality and impair estimation of LV parameters.
Thus the implementation of a 16-frame protocol will not
necessitate the use of higher doses of radiotracer to
achieve “higher count densities”.

We used stress studies for our analysis since only stress
studies are routinely obtained by the 16-frame method in
our laboratory. However, these results can be easily ex-
trapolated to rest studies. Typically rest studies use lower
doses of radiotracer (in the range of 10–15 mCi). We have
shown in the present study that the results are independent
of the dose of the radiotracer and that the differences in
LV volumes are seen even with the lower doses.

The presence of myocardial perfusion defects may
present a particular problem for 16-frame gating due to
low or absent counts. There have been a number of re-
ports regarding the effect of perfusion defect on the esti-
mation of LV function. Vallejo et al. reported overestima-
tion of volumes due to perfusion defects [27], while Ever-
aert et al. [28] and Chua et al. [29] reported no effect of
perfusion defects on estimation of volumes. Manrique et
al. reported that both thallium-201 and 99mTc-MIBI gated
SPET underestimated LVEF in patients with significant
perfusion defects [30]. Using the same raw patient data,
our study shows that the effect of 16-frame gated imaging
on estimation of LV volumes, as compared to 8-frame
gated imaging, was consistent and similar whether signif-
icant perfusion defects were present or not.

The large amount of computer storage space and longer
acquisition and processing times required for 16-frame
gated SPET studies may result in an increase in costs as
compared to 8-frame gated SPET. The cost of storage me-
dia was a major concern a few years ago. Now this is no
longer an issue owing to their decreasing cost. The use of
newer data compression technologies may further reduce
the storage requirements. The availability of faster and
more sophisticated computers equipped with multiple pro-
cessors and multi-tasking capability allows for fast and si-

multaneous acquisition and processing of multiple pro-
grams. This compensates for the longer acquisition and
processing times necessary for 16-frame gated SPET.

Study limitations

A limitation of the present study is that LV volumes and
ejection fractions, derived from 16-frame and 8-frame
gated SPET, were not compared with an independent
gold standard. Hence there is no direct proof that the
larger EDV, higher LVEF and lower ESV from 16-frame
gated SPET are indeed more accurate. However, prior
studies with 8-frame gating have shown that calculated
LV EDV and LVEF are lower as compared to a “gold
standard” such as angiography or cine MRI [12, 16, 18].
Thus the change in LV volumes and ejection fraction
with 16-frame gating is in the direction that makes them
more comparable with established standards.

Another limitation of our study was the exclusion of
the portion of the ventricular cavity bordered by the
membranous septum in the calculation of LV volumes.
This limitation is inherent to the technique of gated
SPET, as the membranous septum does not accumulate
radiotracer. This could potentially lead to underestima-
tion of absolute LV volumes by gated SPET.

Clinical implications and conclusions

Measurement of LV volumes may have an important im-
pact on the management of patients with variety of cardi-
ac disorders, such as coronary artery disease and valvular
heart disease. ESV has been shown to be a powerful pre-
dictor of mortality in patients after myocardial infarction
[31] and coronary artery bypass surgery [32]. Sharir et al.
showed that ESV derived by gated SPET had an incre-
mental prognostic value in patients with coronary artery
disease [33]. Our study shows that 16-frame gated SPET
provides volume measurements that are significantly dif-
ferent than those provided by 8-frame gated SPET. Six-
teen-frame gating provides better temporal resolution
than 8-frame gating in the estimation of LV volumes and
ejection fraction. Thus the acquisition of 16 frames per
cycle may be the preferred mode for gated SPET studies.
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