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Purpose: To characterize ordered-subset expectation maximization algorithm with a fixed 3D
Gauss post-reconstruction filtering (OSEM) in *™Tc SPECT as for noise, contrast and spatial
resolution with varying number of subset and iteration and to compare OSEM with an optimized
set of parameters, with filtered backprojection (FBP) with filter parameters typical of brain and
myocardial SPECT, both with and without Chang’s method of attenuation correction (AC).
Methods: SPECT images of a Jaszczak phantom with cold rod inserts, hot and cold spheres and
capillary line sources were acquired. Different background activity concentrations of the phantom
were simulated as well as different lesion-to-background activity ratios. OSEM reconstructions
were halted after 5, 10 and 15 iterations using 4, 8 and 16 subsets. Results: The effect of subset and
iteration number over noise is additive: thus, it is possible to define an EM-equivalent iteration
number that indicates the product between the subset and the iteration numbers. Noise increases
linearly with increasing EM-equivalent iteration number. For each level of nominal contrast, the
measured contrast after OSEM shows a little increase with increasing iteration number and saturates
after 80 EM-equivalent iterations. The application of AC leads to diminished contrast values both
in FBP and OSEM. The contrast of cold lesions after OSEM increases with increasing number of
EM-equivalent iteration number: after 80 iterations the contrast values with OSEM overtake the
ones obtained with FBP; contrast values diminished as background concentration raised. Resolu-
tion values did not change with increasing EM-equivalent iteration number and were higher than
those obtained with FBP. Conclusion: The major findings of the present work are the demonstration
of additivity of subset and iteration in OSEM over noise, with the possibility of defining an EM
equivalent iteration number, and the superiority of OSEM with respect to FBP in terms of spatial
resolution.
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INTRODUCTION

ITERATIVE RECONSTRUCTION ALGORITHMS are finding
widespread use in commercial software because of in-
crease in computer power and are becoming a clinically
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practical alternative to filtered backprojection (FBP). Maxi-
mum-likelihood expectation maximization (MLEM) al-
gorithm has been widely investigated, so that its noise and
convergence properties are well known.! In particular
MLEM has improved noise properties over FBP and
eliminates streaking artifacts, which are common in
noisy FBP studies. Unfortunately, convergence requires
too many iterations to be practical for use in clinical rou-
tine.?

Ordered-subset expectation maximization (OSEM)
algorithm,5 which is related to but much faster than
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MLEM, has become the dominant iterative reconstruc-
tion procedure in SPECT. Both MLEM and OSEM have
the ability to model Poisson noise and the exact photon
transport. Even scatter and distance dependent camera
response can be modeled in detail resulting in truly
quantitative images and in better noise contrast trade-
off.5-19 Nevertheless, as pointed out by Lalush et al.!! to
date the only way to prove that these algorithms are accu-
rate and effective is through careful empiric studies.

The performances of OSEM and FBP have been
compared in a number of experimental and clinical
studies'?>~1 with a variety of reconstruction parameters
employed with OSEM, including number of subset,
number of iteration and the type and amount of post-
reconstruction smoothing to reduce noise with increasing
number of iterations: Blocklet et al.!> compared FBP and
OSEM (8 subsets and 2 iterations without post filtering) in
bone SPECT reconstruction; Case et al.!3 compared
attenuation correction techniques in bone SPECT of
the spine using OSEM (12 subsets and 3 iterations, 3D
Wiener filter); Kauppinen et al.'# compared FBP and
OSEM (6 subsets and 4—12 iterations, Butterworth post
filtering) in brain perfusion SPECT with scatter and non
uniform attenuation correction; Vanhove et al.!s imple-
mented OSEM algorithm for data acquired with a pinhole
collimator in phantom studies: using OSEM different
iterations were used in combination with 1-32 subsets.
Wells et al.'® compared FBP and OSEM (8 subsets and 1
iteration, 3D Gauss) for small-lesion detection and local-
ization in 9’Ga SPECT.

The choice of which parameters to employ in OSEM
algorithm during image reconstruction is not entirely
obvious. The problem is intrinsically multifactorial: OSEM
results depend not only on subset and iteration number
but also on pixel size and amount of post reconstruction
filtering. According to OSEM theory, in noiseless situa-
tion the effect of subset and iteration number should be
additive over noise. It has to be demonstrated that the
same holds true in noisy situations. In the present work
OSEM performances were characterized with respect to
subset and iteration number, having fixed the pixel size
and the amount of post reconstruction filtering. OSEM
performances were expressed in terms of noise, resolution
and contrast in simulated hot and cold lesions.

The OSEM algorithm in **Tc SPECT with an opti-
mized set of parameters, was compared with filtered
backprojection (FBP) with filter parameters typical of
brain and myocardial SPECT studies, both with and
without Chang’s method of attenuation correction (AC).

MATERIALS AND METHODS

Phantom study

The phantom used was a Jaszczak phantom (Deluxe ECT
Data Spectrum Corporation, Chapel Hill, USA), depicted
in Figure 1. The phantom was a standardized diameter

76 Marco Brambilla, Barbara Cannillo, Marco Dominietto, et al

Fig. 1 Jaszczak phantom with cold rod inserts, hot and cold
spheres.

cylinder with an assortment of inserts. The inserts in-
cluded six solid and six void spheres (diameters: 9.5, 12.7,
15.9, 19.1, 25.4, 31.8 mm), a cold rod insert (diameters:
4.8,6.4,7.9,9.5,11.1, 12.7 mm) and capillary line sources
(inner diameter: < 1 mm). In order to simulate different
background activity concentrations the phantom was filled
with uniform **™Tc¢ solution of 37 kBg/m/ and 12.3 kBg/
m/, hereafter referred as high and low background. To
introduce some variability, 5 hot lesions were created
(filling the void spheres) with lesion-to-background ac-
tivity ratios of 2:1, 5:1, 8:1 and 3:1, 30:1 in the case of high
and low background activity concentration, respectively.
Hereafter, they will be referred to as nominal contrast
Crom, where Crom =29 [(30 - 1)/1] and 2 [(3 - 1)/1]
represent the low background activity , while Chom =7, 4
and 1 (following the same notation) represent the high
background activity. It must be acknowledged that there
are relative uncertainties in these assays, which we be-
lieve are on the order of £5%. The hot sphere contrast
ratio depends on the relative accuracy of these assays and
thus will exhibit corresponding uncertainties on the order
of £10%.

SPECT imaging

Image acquisition was performed with a Siemens E-Cam
dual-head scintillation camera equipped with a low en-
ergy high resolution collimator (Siemens Medical Sys-
tems, Inc., Hoffman Estates, I1l., USA). SPECT acquisi-
tions were performed using a 180° non circular orbit for
each detector, with 128 projection angles, 128 x 128
matrix size, zoom = 1 and pixel size of 4.75 mm. A
symmetrical 15% wide energy window for the acquisition
was centered at 140 keV. The phantom studies were
acquired for 30 sec per projection angle. A total of 8
tomographic acquisitions were performed: 5 with hot
sphere inserts with different lesion-to-background activ-
ity ratios and background activity; 2 with cold sphere
inserts and different background activity; 1 with capillary
line sources imbedded in water to assess tomographic
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resolution with scatter. Acquisitions were taken within
two hours of phantom preparation.

Image processing
The scintillation camera was connected to a Siemens E-
Soft acquisition and processing computer (Siemens Medi-
cal Systems, Inc., Hoffman Estates, Ill., USA). The re-
construction algorithms considered in this study were
FBP and OSEM. The images reconstructed with FBP
were pre filtered with 2 dimensional Butterworth filter!”
of order 5 and a cutoff of 0.7 and 0.5 Nyquist (0.74 and
0.53 cycles/cm) in the case of high and low count density
of images. The first choice is typical of brain studies'#
while the second is typical of that used in clinical *™Tc-
sestamibi myocardial SPECT studies.'®2° The standard
first-order Chang attenuation correction! was applied to
reconstructed slices. Briefly, an attenuation map, based on
patient (or phantom) boundary determination and an
approximate constant linear attenuation coefficient of the
medium w, is generated and applied to the reconstruction
transverse slice. This method will only work well when u
is, in fact, approximately constant (e.g. brain or abdomen).
The linear attenuation correction was set to u=0.11 cm™'.
Iterative reconstruction program OSEM (Siemens
Medical Systems, Inc., Hoffman Estates, Ill., USA) in-
stalled in the E-Soft system was used for iterative recon-
struction. The images reconstructed with OSEM were
filtered with a symmetric 3-D Gaussian function?? having
a full width at half maximum of 1 pixel (4.75 mm). Iter-
ative reconstruction of these images was halted after 5, 10
and 15 iterations using 4, 8 and 16 subsets. Each combi-
nation of subsets and iterations was applied to the same set
of noisy projection data.

Data analysis
Data were analyzed according to the guidelines for the
quality controls of SPECT systems, elaborated by the
Italian Association of Nuclear Medicine,?? as follows:
Noise: One transverse slice was reconstructed through
the center of the uniform portion of the phantom using
reconstruction techniques detailed in Table 1. Two addi-
tional transverse slices were also reconstructed and cen-
tered about + 20 mm from the center along the axis of
rotation. Quantitative noise assessment was obtained from
slices having at least 2 x 10° counts statistics. A circular
region of interest of 50 mm diameter was positioned in the

center of the slice. Noise was assessed as percentage root
mean square % rms = 100 x o/M, being M and o'the mean
and the standard deviation of pixel counts in the region of
interest.

Contrast:  For each lesion in a single reconstructed
slice, the signal S was defined as the average pixel value
in a region of interest, centered over the lesion and with a
diameter of about half the lesion diameter. For the 10 mm
diameter lesion, a ROI of two pixels covering the entire
area of the lesion was employed. The background B was
defined as the average pixel value in a circular ROI
(diameter = 50 mm) positioned in the uniform region of
the phantom.

Contrast C was defined as:

_IB-SI
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Quantitative assessment of contrast was obtained from
slices having at least 2 x 10° counts statistics. Measured
contrast values were plotted as the percentage of the
nominal contrast value versus EM-equivalent iteration
number and versus lesion diameter, with and without AC.

Spatial resolution with scatter: One transverse slice,
2 pixels in thickness, was reconstructed through the center
of the phantom using reconstruction techniques detailed
in Table 1. Two additional transverse slices of the same
thickness were also reconstructed and centered about +20
mm from the center along the axis of rotation. The three
reconstructed points in each of the three reconstructed
slices were analyzed individually with a square region of
interest. Each region of interest was centered on the
maximum count pixel. The size of the square region of
interest was at least four times the anticipated FWHM of
the count profile to be analyzed. For each point in the
images, the FWHM in X and Y was determined. The
average FWHM radial value of the six radial measure-
ments on the three slice images of the two peripheral
sources was calculated. Likewise, the average tangential
FWHM value of the six tangential measurements on the
images of the two peripheral sources was calculated. Also
the average of the six measurements (three in the X
direction and three in the Y direction) for the three images
of the center source was calculated. Measured resolution
values were plotted as FWHM (mm) values versus itera-
tion number.

Table 1 ANOVA table for the factorial model referring to the influence of subset and iteration number on % rms noise.
Background activity concentration = 37 kBqg/m/

Source of variation Degrees of freedom Sum of squares Mean square Variance ratio (F) P value
Subset (A) 2 187.53 93.76 37.46 <0.0001
Iteration (B) 2 108.42 54.21 21.67 <0.0001
AB 4 8.46 2.11 0.85 0.515
Error 18 45.06 2.50
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Table 2 ANOVA table for the factorial model referring to the influence of subset and iteration number on % rms noise.
Background activity concentration = 12.3 kBq/m/

Source of variation Degrees of freedom

Sum of squares

Mean square Variance ratio (F) P value

Subset (A) 2
Iteration (B)

Error

108.88
2 57.23
AB 4 10.21
9 5.98

54.44 82.00 < 0.0001
28.62 43.11 < 0.0001
2.55 3.96 0.043

0.64
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Fig. 2 Noise (% rms) with varying number of subset and
iteration in OSEM. S = subset number; IT = iteration number.

Statistical analysis
Continuous variables were expressed as mean and stan-
dard deviation.

Noise analysis in iterative reconstruction with varying
numbers of subsets and iterations was performed by
means of a two factor factorial ANOVA, non repeated
measures, balanced model.?* The factorial model allows
the simultaneous assessment of the influence of factors
over the dependent variable, also keeping into account the
interaction between factors. The two factors were subsets
(three levels of 4, 8, 16 subsets) and iterations (three levels
of 5, 10, 15 iterations). The dependent variable was noise.
There were two and three identical experimental phantom
data with low and high background concentration, respec-
tively.

The influence of different reconstruction strategies
(OSEM, OSEM with AC, FBP, FBP with AC) over “hot”
lesion contrast was assessed by single factor repeated
measures ANOVA for each level of lesion-to-background
activity ratios. The statistical significance of differences
in contrast between different methods of reconstruction
was assessed by Fisher’s protected least significant differ-
ence (PLSD) method. Statistical significance was set at
p=0.01.

RESULTS

Noise increases with increasing number of subsets and
iteration, as shown in Figure 2. This increase is statisti-
cally significant (p < 10~#). No significant interaction was
evidenced between subsets and iterations (p = 0.04 and p
= 0.53 for low and high background). That is, the effect of
subset and iteration number over noise is additive. In
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Fig. 3 a: Linear regression with 95% confidence intervals
between % rms noise and EM-equivalent iteration number, in a
low background activity concentration. b: Linear regression
with 95% confidence intervals between % rms noise and EM-
equivalent iteration number, in a high background activity
concentration.

Table 1 and 2 are reported ANOVA tables for the two
factor factorial model referring to the influence of subset
and iteration number on % rms noise, with low and high
background.

Since no interaction is present, the EM-equivalent
iteration number may be considered as the independent
variable in a linear regression study, being the % rms noise
the dependent variable. The regression lines together with
12 correlation coefficients are shown in Figures 3a and 3b
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Fig. 4 The measured contrast in a hot lesion of 19.1 mm
diameter, for different Chom, versus EM-equivalent iteration
number. FBP values correspond to iteration zero.
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Fig. 5 Measured contrast in hot lesion with Cyom = 7 versus
lesion diameters, with four different reconstruction strategies
(OSEM.: 8 subset; 10 iteration; FBP: Butterworth order 5; Fc =
0.7 Nyquist).

Table 3 Post-hoc comparison among reconstruction methods means of measured contrast values for different Chom

CompariSOH Cnom =29 Cnom =7 Cnom =4 Cnom =2 Cnom =1
FBP vs. FBP-AC 1.9 14.9% 4.6 6.2% 13.0*
FBP vs. OSEM -6.3*% -5.3 -8.0% -9% -6.0%*
FBP vs. OSEM-AC —6.1% -0.7 -2.1 -0.3 8.3%*
FBP-AC vs. OSEM -8.2% -20.2% -12.7%* -15.2% -19*
FBP-AC vs. OSEM-AC -7.9% -15.6* -6.6* -6.5% -4.7
OSEM vs. OSEM-AC 0.3 4.6 5.9% 8.7% 14.3%*
Fisher PLSD 3.3 7.5 4.8 3.0 6.0

*Statistically significant differences

for low and high background, respectively. The slope of
the two regression lines is nearly identical (0.047 vs.
0.050), while the noise at zero iterations is different (7.5%
vs. 4.7%) for low and high background. The correlation is
almost perfect with high 12 values.

In Figure 4 measured contrast in a “hot” lesion of 19.1
mm diameter, expressed as a percentage of Cnom, 18
reported for different levels of Chom and with respect to the
EM-equivalent iteration number. Corresponding to a zero
abscissa is reported the contrast measured with FBP. For
each level of Chom, the measured contrast after OSEM
shows a little increase with increasing number of itera-
tions. Contrast enhancement stops after 80 EM-equiva-
lent iteration, approximately. A further increase in itera-
tions brings no additional gain in contrast. At this level of
EM-equivalent iteration number, the maximum gain in
contrast (16.4%) between OSEM and FBP is obtained for
Crom = 29. There is no clear dependence of contrast from
Cnom-

In Figure 5 measured contrast for each lesion diameter
(with Chom = 7) is reported with four reconstruction
strategies: FBP, FBP with AC, OSEM and OSEM with
AC. The numbers of subsets and iterations in OSEM were
fixed at 8 and 10, respectively (in the region of contrast
saturation). A similar trend was observed when the re-
maining Cnom Were examined.

The minimum lesion diameter visually detectable was
independent of the reconstruction method but dependent
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on Cnom, as expected: lesions with a diameter of 9.5 mm
or less were detectable with Cnhom = 8; only lesions with a
diameter = 12.7 mm were detectable with 5 < Cpom < 8;
only lesions with a diameter = 19.1 mm were detectable
with 2 < Chom < 5.

Repeated measures ANOVA analysis demonstrated
the presence of significant differences (p < 10~#) among
reconstruction methods with respect to measured contrast
values, for each level of Chom. Post-hoc comparisons
between reconstruction method are provided in Table 3,
for each level of Chom. For each treatment comparison the
following information is provided: difference between
the contrast means and Fisher’s PLSD test. If the Fisher’s
test is significant an asterisk appears by the comparison
value. Table 3 indicates that the application of Chang’s
attenuation correction leads to diminished contrast values
both in FBP and OSEM. The smaller values of contrast are
obtained with FBP-AC, intermediate values are obtained
with FBP and OSEM-AC; highest values are obtained
with OSEM. It is worth noting that for some level of Cyom,
statistical significance might not be attained due to the
small statistical power of the tests, due in turn to the small
sample size.

In Figure 6 the measured contrast in a “cold” lesion of
19.1 mm diameter, expressed as a percentage of nominal
contrast, is reported for two different levels of back-
ground activity concentration and with respect to the EM-
equivalent iteration number. Corresponding to a zero
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Fig. 6 Measured contrast in a cold lesion of 19.1 mm diameter
versus EM-equivalent iteration number. FBP values correspond
to iteration zero.
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Fig.7 Measured contrast in cold lesions with a high background
activity concentration versus lesion diameters, with four differ-
ent reconstruction strategies (OSEM: 8 subset; 10 iteration;
FBP: Butterworth order 5; Fc = 0.7 Nyquist).

abscissa is reported the contrast measured with FBP. For
each level of background, the measured contrast after
OSEM shows an increase with increasing EM-equivalent
iteration number. Approximately after 80 iterations the
contrast values with OSEM surpass the corresponding
values obtained with FBP. Contrast values diminish as
background concentration increases.

In Figure 7 measured contrast for high background con-
centration was reported with four reconstruction strate-
gies: FBP, FBP with AC, OSEM and OSEM with AC. The
numbers of subsets and iterations in OSEM were fixed at
8 and 10. These figures indicate that contrast values
overlap with FBP and OSEM and the application of AC
leads to a slight increase in contrast both with FBP and
OSEM. A similar trend was observed for low background
concentration.

In Figure 8a the tomographic spatial resolution with
scatter, expressed as axial, radial and tangential FWHM
in mm, is reported with respect to the EM-equivalent it-
eration number. Resolution values did not change with
increasing number of subsets and iterations. In Figure 8b
the values of spatial resolution obtained with OSEM are
compared with the values obtained with FBP, with a ramp
filter and with a high resolution filter used in clinical
practice.

DISCUSSION

In this work OSEM performances were characterized
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Fig. 8 a: Spatial resolution with scatter versus EM-equivalent
iteration number. b: Spatial resolution with scatter in OSEM and
FBP with ramp filter and Butterworth (order 5, cutoff 0.7
Nyquist) filter.

with respect to subset and iteration number, having fixed
the pixel size and the amount of post reconstruction
filtering. The pixel size was set according to the one used
in our laboratory for brain studies. The type of post recon-
struction filtering (Gaussian 3D) is the only available
choice in the software employed. The FWHM of 1 pixel
was chosen on the basis of qualitative judgments per-
formed over clinical images reconstructed both with OSEM
and FBP, as the one that provided images of comparable
texture and quality with respect to conventional FBP.

In studies reconstructed using EM, in the absence of
regularization, as iteration number increases, noise in-
creases.? The same is true for studies reconstructed with
OSEM and a fixed amount of 3D post-reconstruction
Gauss filtering. According to OSEM theory, in the noise-
less situation the effect of subset and iteration number
should be additive over noise (e.g. 8 subsets and 10 itera-
tions produce the same amount of noise as 5 subset and
16 iterations). The present study demonstrated that the
same is true also with noise and different background
levels.

The linear relationship between noise and subset times
iteration number leads to a predictable (at least in the
range explored) and accurate characterization of this
increase: % rms increases at a rate of 1% every 20 itera-
tions approximately, both with low and high activity back-
ground. Noise equivalence between FBP and OSEM is
reached at 23 and 55 iterations with low and high back-
ground. Above these thresholds noise is higher in OSEM
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than in FBP.

Sphere contrast in simulated “hot” lesions saturates
after about 80 iterations in OSEM reconstruction. The
finding of contrast saturation at increasing number of
iterations after Gaussian regularization was previously
reported by Wallis et al.?® for ML and a number of
iterative-weighted methods with and without attenuation
correction. This is a typical behavior of OSEM and does
not arise from a termination of contrast increasing but
from noise increasing; the real behavior of OSEM is
covered by the 3D Gauss filter and the number 80 is due
to the filter, not to iterative reconstruction. The contrast at
80 iterations is higher in OSEM than in FBP for every
level of lesion-to-background activity ratio, both with
high and low background. The contrast gain using OSEM
ranges from 6.7% to 16.4% for different Crom.

The use of first order Chang’s AC leads to diminished
contrast values both in FBP and OSEM; again contrast
values for OSEM-AC were higher than the ones obtained
with FBP-AC. Kauppinen et al.!* reported a contrast gain
ranging from 7.1% to 12.5%, using a brain phantom with
a gray-to-white matter activity ratio of 4:1, reconstructed
with OSEM + variable 3D Gauss (72 iterations) and FBP
(Butterworth: order 6, cutoff = 0.6 cm™!), both with
attenuation correction.

This situation is different when taking into account
sphere contrast in “cold” lesions: contrast increases in
OSEM reconstruction as iteration number increases,
without reaching saturation. The equivalence between
contrast in OSEM and FBP is reached at 80 iterations.
Contrast values are dependent on background activity
concentration, being smaller with high background. More-
over, the application of AC leads to a slight increase in
contrast both with OSEM and FBP.

The tomographic spatial resolution with scatter ex-
pressed as axial, radial and tangential FWHM did not vary
with increasing EM-equivalent iteration number. This
finding was expected since resolution mainly depends on
the collimator characteristics. The values obtained are
significantly lower than the ones obtained with FBP with
a high-resolution filter of clinical use. Also FBP with
ramp filter shows FWHM values slightly higher than
OSEM.

It must be acknowledged that conclusions are strongly
affected by the adopted 3D Gauss filter of OSEM; a
different filter would likely lead to other conclusions, at
least from a quantitative point of view: without the 3D
Gauss filter, OSEM optimization should be found more
rapidly than after 80 iterations. Moreover OSEM should
have better spatial resolution and contrast than FBP, both
in hot and cold lesions, but with notable increase of noise
with increasing EM-equivalent iteration number.

To devise the best performing image reconstruction
algorithm with an optimal set of parameters in clinical use
is an issue that cannot be addressed fully by the present
work. First of all, this is because a geometric phantom is
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used that cannot reflect many of the subtle features of real
clinical images. The analyses are based on computer
measurements of quantities without interaction with hu-
man observers. Thus, the detailed quantitative results and
conclusions are likely correct for the specific phantom
imaging conditions, but the reader may wonder whether
the conclusions are applicable to the real word of clinical
images. Moreover, the problem of algorithm selection is
intrinsically multi parametric and a simple recipe that
holds for every situation cannot be devised. The optimal
set of parameters depends on clinical task. For instance,
if we are looking for hot lesions, then OSEM with the
suggested threshold of 80 EM equivalent iteration and
without AC correction will lead to an increase in contrast,
a better spatial resolution and only a slight increase of
noise that, in a study with a high count statistic, may be
disregarded. On the other hand, if the study count statistic
is low the increase of noise could be harmful and then we
could better switch to FBP or OSEM with a smaller
number of iterations to reach noise equivalence (for
instance at 23 EM equivalent iterations in low background
studies). In this case we still have better resolution with
OSEM, but contrast for hot lesions will be worse than with
FBP. If we are looking for cold lesions, the equivalence of
contrast between OSEM and FBP is reached at 80 EM
equivalent iterations, but noise is higher for OSEM than
for FBP; the application of AC in this context will provide
better contrast both for OSEM and FBP.
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