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A crucial method for investigating patients with coronary artery
disease (CAD) is the calculation of the left ventricular ejection
fraction (LVEF). It is, consequently, imperative to precisely
estimate the value of LVEF—a process that can be done with
myocardial perfusion scintigraphy. Therefore, the present study
aimed to establish and compare the estimation performance of
the quantitative parameters of the reconstruction methods fil-
tered backprojection (FBP) and ordered-subset expectation
maximization (OSEM). Methods: A beating-heart phantom with
known values of end-diastolic volume, end-systolic volume,
and LVEF was used. Quantitative gated SPECT/quantitative
perfusion SPECT software was used to obtain these quantita-
tive parameters in a semiautomatic mode. The Butterworth filter
was used in FBP, with the cutoff frequencies between 0.2 and
0.8 cycles per pixel combined with the orders of 5, 10, 15, and
20. Sixty-three reconstructions were performed using 2, 4, 6, 8,
10, 12, and 16 OSEM subsets, combined with several iterations:
2, 4, 6, 8, 10, 12, 16, 32, and 64. Results: With FBP, the values
of end-diastolic, end-systolic, and the stroke volumes rise as
the cutoff frequency increases, whereas the value of LVEF
diminishes. This same pattern is verified with the OSEM re-
construction. However, with OSEM there is a more precise es-
timation of the quantitative parameters, especially with the
combinations 2 iterations · 10 subsets and 2 iterations · 12
subsets. Conclusion: The OSEM reconstruction presents bet-
ter estimations of the quantitative parameters than does FBP.
This study recommends the use of 2 iterations with 10 or 12
subsets for OSEM and a cutoff frequency of 0.5 cycles per pixel
with the orders 5, 10, or 15 for FBP as the best estimations for
the left ventricular volumes and ejection fraction quantification
in myocardial perfusion scintigraphy.
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A primary cause of mortality in the Western world is
coronary artery disease (CAD) (1). An important parameter
for the prognosis and follow-up in patients with CAD is the
estimation of the left ventricular (LV) ejection fraction
(LVEF) (1). Many techniques can estimate this parameter
and thus predict CAD. Nevertheless, because of its acces-
sibility and low cost, the most common method used is
echocardiography (1,2). However, echocardiography may
not achieve a satisfactory estimation of LVEF, especially
in cases of left main or triple-vessel CAD, which is not
detectable by this technique (1,2), or echocardiography
may not be feasible because of patient morphology (poor
window). An overestimation of the LVEF value in patients
with an LVEF greater than 70% and an underestimation in
patients with a LVEF less than 70% has been also reported,
suggesting that echocardiography may be less reliable (3).
On the other hand, nuclear cardiology techniques such as
gated SPECT have been proved to be accurate and highly
reproducible for the measurement of LV volumes and
LVEF, thus making it a reliable technique (1). Gated
SPECT provides additional information such as the myo-
cardial mass and temporal evaluation of the wall thickness
(4,5) and allows the calculation of end-diastolic volume
(EDV) and end-systolic volume (ESV) and, through these,
the measurement of LVEF (5–9).

Gated SPECT permits, in fact, the determination of
global and regional function of the left ventricle (4,6,10–
12); however, the measurement of LV quantitative param-
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eters is dependent on endocardial surface detection by the
reconstruction algorithms (4,5,9,11,13).
The reconstruction of gated SPECT data is mostly made

by algorithms of filtered backprojection (FBP) (14–18).
This method is fast, linear, and robust and produces reliable
results (19). However, the use of FBP can result in poor
image quality, with high noise and low contrast (15,17).
Because of these disadvantages, the methods of iterative
reconstruction are frequently introduced as feasible alter-
natives to the reconstruction by FBP (17,19,20). Within
these iterative methods, ordered-subset expectation maxi-
mization (OSEM) presents superior image quality and a
higher signal-to-noise ratio (13–15,20,21).
Nonetheless, both of these reconstruction methods are

affected by their own reconstruction parameters, such as the
cutoff frequency and order in FBP and the number of
iterations (I) and subsets (S) in OSEM (15,20,22–24). Hence,
the use of different reconstruction parameters in each algo-
rithm can influence the quantification of physiologic indices
such as LVEF (20).
In this respect, the literature is limited, and there is no

accordance in the selection of reconstruction parameters for
the quantification of cardiac volumes and thus for LVEF.
Furthermore, the existing European and American guidelines
do not provide precise recommendations on choosing these
parameters. Although the European Association of Nuclear
Medicine states that for FBP “cutoff frequencies as per the
manufacturer’s recommendations, for example, 0.5 cycles/
cm (order 5 or 10) and 0.75 cycles/cm, respectively, can
be chosen” (25) and for OSEM “. . .the rule of thumb of

about. . .2 iterations for OSEM can be applied. . .” (26), the
American Society of Nuclear Cardiology and the American
College of Radiology and the Society of Nuclear Medicine
simply do not provide information on this matter.

The aim of the present study was, therefore, to establish
optimized values for the quantification of the cardiac
volumes and LVEF by changing the reconstruction param-
eters of each algorithm. For this purpose, a beating-heart
phantom with known volumes was used. In addition,
a comparison of the estimation performance of the LV
function quantitative parameters of both FBP and OSEM
reconstruction methods was made. Finally, we also tried to
see if we could make a recommendation based on our study
of the best protocol to use for measuring LV function.

MATERIALS AND METHODS

Phantom

A dynamic heart phantom (BS Industrieelektronik & Med-
izintechnik), as illustrated in Figure 1, was used in this study.
The phantom comprises a torso anthropomorphic phantom
with a pump and control unit. This phantom has a double-
chamber membrane that represents the interior heart and the
heart wall, allowing a simulation of the left ventricle. The
compression and decompression of the interior membrane,
simulating the cardiac cycle, is ensured by the pump and
control unit, which also generates a trigger signal according
to the diastolic or systolic end-phase. As specified by the
manufacturer, this beating-heart phantom produces an ESV
of 33.5 mL, an EDVof 108.5 mL, and an LVEF of 69% (27).

FIGURE 1. Scheme of beating-heart phantom: LV of heart is simulated by double-elastic membrane forming inner cavity filled
with distilled water and outer cavity filled with air. Interior compartment represents ventricular cavity, and inside of double
membrane represents cardiac wall and is filled with radioactive solution. Pumping unit guarantees periodic expansion of interior
compartment, allowing volume changes of this cavity simulating cardiac cycle.
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Image Acquisition

Gated SPECT images were acquired on an E-CAM dual-
head g-camera (Siemens Medical Systems Inc.) with a low-
energy high-resolution collimator at the Nuclear Medicine
Department of the Centre Hospitalier Universitaire Vaudois
at Lausanne, Switzerland. The phantom was filled with 30 MBq
of 99mTc and positioned so that the heart was centered within the
field of view; this activity was chosen to represent the estimated
activity from the heart in a healthy patient from the first injection
in a 1-d study. The image acquisition parameters were the same
as the ones used in clinical application, with a rotation angle of
90.0�, 64 · 64 matrix, and zoom of 1.45 (pixel size, 6.59 mm).
The acquisition arc consisted of 64 projections of 40 s/projec-
tion. A single 20% energy window was used at 140 keV. The
electrocardiographic gated SPECT image was acquired with 8
frames per cardiac cycle with a heartbeat frequency of 60 beats
per minute and an end-systolic trigger signal.

Gated SPECT Analysis

To reduce interoperator variability, images were processed
by only 1 user. A Xeleris (GE Healthcare) workstation was
used with quantitative gated SPECT (QGS) software in a
semiautomatic mode (version 2007-0.0.6.5.9; Cedars-Sinai
Medical Center). Prefiltering was performed by FBP with a
Butterworth filter of the 10th order, with a cutoff frequency
of 0.5 cycles per pixel. After reorientation of the recon-
structed data, the QGS analysis was applied to automatically
calculate the volumes and LVEF.
Afterward, all the data were reconstructed with the

parameters selected for both FBP and OSEM. No attenu-
ation correction was applied.

FBP Reconstruction

FBP reconstructions were performed with a Butterworth
filter. Four different orders were selected (5, 10, 15, and 20)
and combined with 7 cutoff frequencies of 0.2, 0.3, 0.4, 0.5,
0.6, 0.7, and 0.8 cycles per pixel. For each cutoff frequency
and order, the quantitative parameters (EDV, ESV, and
LVEF) and images were registered. The stroke volume (SV)
value was manually calculated.

OSEM Reconstruction

Sixty-three OSEM reconstructions were performed with 2,
4, 6, 8, 10, 12, and 16 subsets. For each subset, 2, 4, 6, 8, 10,
12, 16, 32, and 64 iterations were chosen. In every expectation
maximization (EM) equivalent iteration, defined as the
product of iterations multiplied by subsets (I · S), the EDV,
ESV, and LVEF values were registered. After the analysis of
these results, it was decided that another reconstruction with
OSEM using the EM equivalent iteration values of 12, 14, 16,
18, 20, 22, 24, 26, 28, 30, and 32 would be performed. Once
more, all quantitative parameters were registered.
The SV was, as with the FBP reconstruction, calculated

manually.

Contrast

A contrast evaluation was performed during OSEM
reconstructions for the following combinations: 8I · 2S,

4I · 4S, 4I · 6S, 2I · 10S, and 2I · 12S. Frame 10 was
chosen from the same midventricular end-diastolic short-
axis slice to draw 5 regions of interest (ROIs) with 2 · 2
pixels. The background ROI was drawn at the center of the
cavity, whereas the 4 remaining ROIs were drawn at the
septal, inferior, lateral, and anterior walls. Contrast was de-
fined as (signal – background)/background, where the signal is
the average count of the 4 myocardial ROIs and the back-
ground is the average count of the background ROI.

Statistical Analysis

The values presented are expressed in absolute ejection
fraction units and in milliliters for the volumes. These
results are quoted as mean 6 SD.

All statistical analyses were performed using the Stata
9.2 statistical data program (StataCorp LP). The signifi-
cance of the difference between 2 groups of data was
assessed by a nonparametric Spearman test. A P value of
0.05 or less was considered significant.

To understand the difference between the values mea-
sured and the true values given by the phantom, the relative
error (%) was calculated as the difference between the
measured and true value divided by the true value.

RESULTS

FBP

Table 1 shows the range of volume and LVEF when re-
construction was performed with FBP obtained with the 4
orders used in each frequency (5, 10, 15, and 20). The mean
presented is the mean of the quantitative values of the
orders, and the r-value is the Spearman coefficient that
expresses the correlation between the orders of the cutoff
frequency and each quantitative parameter. The values of
EDV, ESV, and SV tend to augment with higher cutoff
frequencies, although they are always lower than the vol-
umes given by the phantom. These values stabilize with
a cutoff frequency of 0.6 cycles per pixel. On the other
hand, the value of the LVEF tends to diminish as the cutoff
frequency increases, also stabilizing with a cutoff frequency
of 0.6 cycles per pixel. However, all values are higher than
the LVEF of the beating-heart phantom (69%).

Figure 2 reports the influence of the order, as the cutoff
frequency increases, on the difference between the measured
value and the true value, given by the relative error (%). The
figure shows that the major error is seen with a cutoff fre-
quency of 0.2 cycles per pixel whereas the trends in the curves
are the same with a cutoff frequency of 0.6 cycles per pixel.

OSEM

Table 2 indicates the range of volume and LVEF when
reconstruction was performed with OSEM using the 9 dif-
ferent iterations and the various numbers of subsets. The
calculated mean is the mean of the quantitative values of
the number of iterations, and the r-value is the Spearman
coefficient that expresses the correlation between the num-
bers of iterations and the quantitative parameters in each
subset number. As seen with FBP reconstruction, also with
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OSEM the volumes increase with an increase in the number
of subsets. This means that the LVEF decreases as the
number of subsets increases. Nevertheless, the LVEF values
obtained with OSEM reconstruction are much closer to the
true value than the values acquired with FBP. In fact, there
were 6 different combinations of subsets and iterations that
provided an LVEF value of exactly 69%, the value consid-
ered the true value. These combinations were 8I · 2S, 4I ·
4S, 4I · 6S, 2I · 8S, 2I · 10S, and 2I · 12S, resulting in 16,
16, 24, 16, 20, and 24 EM equivalent iterations, respec-
tively.

Figure 3 demonstrates the relative error in LVEF mea-
sured with OSEM as the number of iterations and subsets
varies and shows a trend to stabilization of all subsets after
12 iterations and a slight underestimation of the LVEF in
most combinations. The main error seen is when 2 subsets
are combined with fewer than 6 iterations.

EM Equivalent Iterations

Because of the results obtained in a previous study, we
decided to perform a small study about EM equivalent
iterations. Studying EM equivalent iterations from 12 to 32
in intervals of 2 iterations, as seen in Table 3, we saw
a small variation between the volumes and LVEFs as the
number of EM equivalent iterations increased. In addition,
as shown in Figure 4, the relative error in LVEF is small.

DISCUSSION

Ejection fraction, a parameter that is accurately and
reliably estimated using myocardial perfusion imaging
(12), has become extremely important for reaching a funda-
mental diagnosis and predicting prognosis, especially of
CAD (5,28–30).

The most common technique to measure ejection
fraction is echocardiography because it is easily accessed
and inexpensive. However, this technique is not easily
reproducible; calculation of its volumes is operator-
dependent, and after myocardial infarction the LV shape
can be changed, making it difficult to achieve a good
estimation of cardiac volumes (1).
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FIGURE 2. Effect of order on difference from true value of
LVEF and value measured (%) and cutoff frequency in FBP
reconstruction.
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In contrast, myocardial gated SPECT is an accurate,
operator-independent, repeatable, and reproducible tech-
nique for the assessment of global LV function (1,12). Be-
sides, it allows a simultaneous acquisition of quantitative
and function perfusion in the same image (1,12).

To achieve these results with gated SPECT, an optimal
reconstruction technique is needed. The traditional re-
construction method, FBP, is still the most frequently used
reconstruction method because of its speed and the fact that
it is relatively computationally nonintensive (26,31,32).

However, although reconstruction with OSEM is not
widespread in nuclear cardiology, application of this
method has been growing because it reduces noise and
may include correction of physical effects such as attenu-
ation and scatter (14,24–26).

The parameters of both these reconstruction methods can
modify the quantitative results of myocardial perfusion
imaging (e.g., the LVEF) (4,7,10,11,29).

The Butterworth filter has been established as the best
filter for nuclear cardiology applications (7,25,31) because
it offers good parametric variability for defining sharp
edges and smoothing (33). However, regarding its parame-
ters, the European (25) and American guidelines (26) are
not explicit and there is no accordance between authors con-
cerning the best cutoff frequency or order for the Butter-
worth application in nuclear cardiology. For example,
Sankaran et al. (34) determined that the best cutoff frequency
for nuclear cardiology was 0.32 cycles/cm, whereas Wright
et al. (11) reported a cutoff frequency of 0.14 cycles/cm
using an eighth-order Butterworth filter.

Also, for OSEM, there is no agreement in the parameters
used. Ceriani et al. (35) reported 8 subsets and 10 iterations
as performing best in nuclear cardiology, whereas Seret (20)
considered 8 subsets and 2 iterations the best. In addition, the
American guidelines do not mention OSEM parameters, and
the information in the European guidelines is limited.

For determination of a phantom’s volumes and LVEF
after reconstruction, QGS software has been shown to be
fast (8) and reproducible (10,12) and gives LVEF values
that compare well with those obtained by other reliable
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FIGURE 3. Effect of number of subsets on difference from
true value of LVEF and value measured (error) and number of
iterations in OSEM reconstruction.
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techniques (1,5,6,8,10). Nevertheless, it has been shown
that QGS underestimates LV volumes (4,12,29,35), result-
ing in an overestimation of LVEF (29).
The results achieved in this study demonstrate larger

volumes, as the cutoff frequency is increased using FBP. On
the other hand, the LVEF decreases with higher frequen-
cies. These results have been confirmed by other authors,
who reached the same conclusions while studying QGS
performance with FBP reconstruction (10,33,35).
With the lowest frequency studied, 0.2 cycles per pixel,

small volumes were obtained, resulting in a large value for
LVEF, an average of 91%. These results, with a relative
error of up to –90% for ESV and 40% for LVEF, as seen in
Figure 2, are due to the vast smoothing of the image (33).
This smoothing constitutes a hindrance for the definition of
wall limits by the algorithm, causing the calculation of the
volumes and consequently of the LVEF to be incorrect.
With higher frequencies, that is, higher than 0.6 cycles

per pixel, the difference between the volumes and LVEF
obtained with these 3 different cutoff frequencies is almost
nonexistent. Higher frequencies, coupled with the fact that
there is a nonsignificant correlation (r 5 –0.15, P 5 0.43)
between the LVEF and the orders as seen in Table 1, reveals
the minor influence of the surrounding data point on a ma-
trix point in the final reconstruction (33).
Analyzing the influence of order number on LVEF

calculation in Figure 3, we found that the highest influence
occurs at lower frequencies, for which there is a large dis-
crepancy mainly in the lowest frequency studied. This find-
ing is explained by the fact that the order allows for
optimization and control of the smoothness–sharpness pro-
portion of the image (33), showing a higher influence on the
smoother images that are obtained with a low cutoff fre-
quency. Therefore, the curves show a trend toward a de-
crease in the relative error, lowering it below 5%, and are
the same if a cutoff frequency of 0.6 cycles per pixel is

used. Although this is a good approximation of the true
value given by the phantom, the quality of the quantitative
information given by these higher frequencies is unreliable
because there is a suppression of information (33).

Because of these findings, it is generally agreed that the
best cutoff frequency to study LV quantitative parameters
with FBP reconstruction would be 0.5 cycles per pixel (24).
As for the orders, the results of this study suggest that
orders of 10, 15, or 20 be used because there is no major
difference in their influence on the cutoff frequency of 0.5
cycles per pixel or above.

Overall, with the FBP reconstruction, LVEFs are over-
estimated and volumes underestimated. The overestimation
of LVEF is close to 3% above the true value (using a cutoff
frequency of 0.5 cycles/pixel).

As for OSEM reconstruction, Table 2 verifies that with
an increase in the number of subsets and iterations, all
volumes tend to diminish whereas LVEF values increase.

TABLE 3
Results from EM Equivalent Iterations

EM equivalent

iterations (I · S) EDV (mL) ESV (mL) SV (mL) LVEF (%)

12 78 23 55 71
14 81 24 57 70
16 83 26 57 69
18 79 22 57 71
20 83 26 57 69
22 83 26 57 69
24 88 29 59 67
26 83 26 57 69
28 90 30 60 67
30 86 28 58 67
32 90 30 60 67
Mean 84.00 26.36 57.64 68.73
SD 4.07 2.69 1.50 1.56
r 0.867* 0.839* 0.835* 20.860*

*Correlations are significant when P # 0.05.

FIGURE 4. Effect of number of EM equivalent iterations on
difference from true value of volumes and ejection fraction of
LV and value measured (error) in OSEM reconstruction.
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When establishing a correlation between the numbers of
subsets and LVEF, we saw a moderate negative correlation
(r 5 – 0.45, P 5 0.0002; 95% confidence interval, –0.63 to
–0.23), whereas between the numbers of iterations and
LVEF, there was a substantial negative correlation (r 5
–0.64; P 5 0.0001; 95% confidence interval, –0.76 to –0.46).
Because these correlation values were within the confidence
interval, this might mean that the LVEF was more influenced
by the number of subsets than by the number of iterations.
Moreover, the lower the number of subsets is, the higher is
the rate of influence of the number of iterations, which is
reflected by a strongly significant correlation. This signifi-
cant correlation means that a small change in the number of
iterations within a low subset value can result in a large
disparity within the obtained volumes and LVEF.
As can be seen in Figure 3, with higher numbers of

subsets the volumes and LVEF tend to stabilize into values
under a relative error of 5%. In fact, the reconstruction with
the OSEM algorithm shows values with a small relative
error (,5%), with the exception of 4 or 6 subsets, with
several iterations lower than 4, and 2 subsets, with an iter-
ation number lower than 8.
For the best estimation of LVEF by OSEM, as also seen

in Figure 3, there are 6 different combinations of iterations
and subsets that lead to an LVEF of 69%. These combina-
tions result in values of EM equivalent iterations that are
close, expressly 16, 20, and 24.
To enhance and guarantee that these results were, in fact,

the best possible estimation, we performed another study to
analyze the variation of the volumes and LVEF according to
a small range of EM equivalent iterations. This range, in
agreement with the EM equivalent iterations previously
obtained for an LVEF closer to the true value, varied from
12 to 32 EM equivalent iterations.
Within this range, as seen in Table 3, the maximum

variation is only 1.56% on the LVEF value. The maximum
relative error obtained was 3%, considerably lower than the
results obtained with other combinations for OSEM.
As confirmed by Figure 4, there is a permanent underes-

timation of the volumes with these numbers of EM equiv-
alent iterations. As a small increase of the EM equivalent
iterations occurs, for example, from 20 to 32 EM equivalent
iterations, there is a significant augmentation of all the
volume values and a decrease in the LVEF values.
Figure 4 shows that the ESV values obtained with 18, 24,

and 32 EM equivalent iterations oscillate from the normal
trend to an increase as the number of iterations augments.
The results were tested twice with another reconstruction
made by the same operator to confirm the findings, and
identical values were obtained. These findings might be
explained by the inability of the reconstruction algorithm
to establish the contour limits of the small (33.5 mL) sys-
tolic volume because of poor resolution (27).
Although the results achieved with the numbers of EM

equivalent iterations are good for an estimation of quanti-
tative parameters, qualitative parameters should also be

considered when dealing with patients with heart defects.
For this reason, as well as to restrict a smaller interval of EM
equivalent iterations, it was decided to measure image
contrast. The images, chosen on the basis of the best
estimation for the quantitative parameters, had different
combinations of subsets and iterations—specifically 8I ·
2S, 4I · 4S, 4I · 6S, 2I · 10S, and 2I · 12S—to study image
contrast with low iterations and with a low number of subsets.

Contrast values were 5.57 for 2I · 10S and 2I · 12S, 5.50
for 4I · 4S and 4I · 6S, and 5.45 for 8I · 2S. Although the
difference between these values is small, as expected be-
cause these are already the best estimations achieved for the
calculation of LVEF and associated volumes, the best con-
trast result would be obtained with larger subsets values and
lower iteration numbers.

On the basis of these findings and the observations in
Table 3 and Figure 4, the best iteration or subset combina-
tion for the OSEM method to estimate the quantitative
parameters of myocardial perfusion SPECT was 2I · 10S,
although 2I · 12S also had good results. In fact, this last
combination has been proved the best combination for
OSEM that gives the most consistent results with angiog-
raphy, according to Bitarafan and Rajabi (5).

Finally, when FBP reconstruction was compared with the
OSEM method in this study, we noted that although FBP
overestimates the LVEF value, OSEM estimates it pre-
cisely, with just a slight underestimation.

In addition, taking into account the noise reduction and
better image quality given by the OSEM reconstruction in
nuclear cardiology, this study suggests the use of this
iterative method to reconstruct images from myocardial
perfusion scintigraphy.

As a limitation of this study, the reconstructions made
with OSEM and FBP were performed with only 1 phantom
acquisition and not with real patients. Nevertheless, be-
cause a phantom with exactly known values was used and
the QGS software presents high reproducibility, this
limitation was acceptable.

As a future approach—a possible complement to this
study—a dedicated study to confirm the suggested param-
eters obtained in our results for OSEM with other standard
techniques, such as the MRI, in patients with CAD should
be performed. In addition, a study with a model with re-
gional wall motion abnormalities using a region-indepen-
dent phantom is recommended, employing the method
described in this study. Also, for validation of OSEM as
the recommended reconstruction method for gated SPECT
in nuclear cardiology, a comparative study between differ-
ent processing software is proposed.

CONCLUSION

Myocardial gated SPECT provides precise diagnostic
and prognostic information for patients with CAD. It is
a technique that is accurate and reproducible for the
measurement of cardiac volume and LVEF. As demon-
strated with the present study, myocardial gated SPECT
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allows a precise LVEF estimation if the optimal recon-
struction parameters are used.
Although the FBP method is faster and still is the most

frequently used in daily practice, the best results in this
study were achieved with the iterative reconstruction
method. In general, OSEM provides a slight underestima-
tion of the LVEF true value. However, this estimation is
more precise than the overestimation seen with FBP. In our
attempt to select the combinations of 2I · 10S or 2I · 12S,
our findings suggest several EM equivalent iterations within
12–32 for OSEM.
Thus, we recommend the use of the iterative reconstruc-

tion method with these parameters, when available, even if
FBP was initially set up for historical reasons. For nuclear
medicine departments in which OSEM would not be avail-
able, we would advise the use of the FBP reconstruction
method with the Butterworth filter, with a cutoff frequency of
0.5 cycles per pixel and an order of 10, 15, and 20.
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