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Abstract. Filtered back-projection (FBP) is generally
used as the reconstruction method for single-photon emis-
sion tomography although it produces noisy images with
apparent streak artefacts. It is possible to improve the im-
age quality by using an algorithm with iterative correction
steps. The iterative reconstruction technique also has an
additional benefit in that computation of attenuation cor-
rection can be included in the process. A commonly used
iterative method, maximum-likelihood expectation max-
imisation (ML-EM), can be accelerated using ordered sub-
sets (OS-EM). We have applied to the OS-EM algorithm a
Bayesian one-step late correction method utilising median
root prior (MRP). Methodological comparison was per-
formed by means of measurements obtained with a brain
perfusion phantom and using patient data. The aim of this
work was to quantitate the accuracy of iterative recon-
struction with scatter and non-uniform attenuation correc-
tions and post-filtering in SPET brain perfusion imaging.
SPET imaging was performed using a triple-head gamma
camera with fan-beam collimators. Transmission and
emission scans were acquired simultaneously. The brain
phantom used was a high-resolution three-dimensional an-
thropomorphic JB003 phantom. Patient studies were per-
formed in ten chronic pain syndrome patients. The images
were reconstructed using conventional FBP and iterative
OS-EM and MRP techniques including scatter and non-
uniform attenuation corrections. Iterative reconstructions
were individually post-filtered. The quantitative results
obtained with the brain perfusion phantom were compared
with the known actual contrast ratios. The calculated dif-
ference from the true values was largest with the FBP
method; iteratively reconstructed images proved closer to
the reality. Similar findings were obtained in the patient
studies. The plain OS-EM method improved the contrast

whereas in the case of the MRP technique the improve-
ment in contrast was not so evident with post-filtering.
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Introduction

The conventional, and still the most extensively used, re-
construction technique for single-photon emission to-
mography (SPET) imaging is filtered back-projection
(FBP) [1, 2, 3, 4]. This popularity is attributable to the
short computation times, but the technique produces un-
wanted streak artefacts and has the further disadvantage
that the final result is an approximation, and therefore
not very accurate. The result is better if a set of correc-
tive steps is performed iteratively during the reconstruc-
tion. In this context iteration is a repeated computation
process during which the algorithm calculates all the
projection data a number of times. The iterations contin-
ue until errors reach a prescribed limit or the maximum
number of iteration steps is reached [5]. There are many
different iterative algorithms for SPET reconstruction
depending on how the correction step is performed.

The maximum-likelihood expectation maximisation
(ML-EM) algorithm [6, 7] has proved an effective recon-
struction technique in SPET imaging, but is unfortunate-
ly too slow in clinical use. The most widely used accel-
erating technique is the ordered subsets (OS) algorithm.
It was introduced by Hudson and Larkin in 1994 and was
added to the EM algorithm, yielding the ordered subsets
expectation maximization (OS-EM) algorithm [8].
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The overall accuracy is better when many iterative
computation steps are performed, but random noise is in-
creasing in repetitive computations. Some kind of noise
reduction method is therefore always needed. A new
type of reconstruction algorithm, called median root pri-
or (MRP), is designed especially for noise reduction.
This method is not sensitive to the number of iterations
[9]. When a new value for a pixel is computed, the prior
computes a penalty factor that is applied together with
the data-fitting ML-EM coefficient. Certain kinds of im-
ages are penalised less than other images. MRP favours
images consisting of small neighbourhoods of locally
monotonic regions of radioactivity concentrations. This
applies well to emission images in general. During the it-
eration, any deviation of the current pixel value from the
median of the pixels in the neighbourhood is penalised.
The spatial size of the preserved detail can be adjusted
beforehand by the neighbourhood size. The algorithm is
called MRP, because a signal that passes the median fil-
ter unaltered is a root signal of the median filter [10].
The OS accelerating procedure can also be applied to the
MRP algorithm [11].

Quantitative brain SPET imaging has been shown to
require scatter and attenuation correction as well as par-
tial volume correction [12]. Scatter correction can be
performed iteratively using transmission data [13],
where the scatter component is estimated from the pho-
topeak projection data followed by calculation of the
convolution of the scatter function [14, 15]. Non-uni-
form attenuation correction has been shown to be more
accurate than uniform attenuating medium approxima-
tion [16]. Not only attenuation but also scatter correction
can be performed after simultaneous transmission and
emission acquisition. Iterative reconstruction algorithms
permit use of these corrections during the image recon-
struction process. For quantitative purposes, the recovery
coefficients can be measured and an appropriate partial
volume correction subsequently performed [12].

The aim of this study was to evaluate critically the
quantitative accuracy of iterative reconstruction with
scatter and non-uniform attenuation correction in SPET
brain perfusion imaging. Assessment of the accuracy of
the reconstruction methods was performed by comparing
organ-like phantom measurements with actual activity
values, and also by means of patient perfusion studies.
Whereas the reality of the phantom is known, enabling
validation, in the patient studies the reality is unknown
and these studies consequently represent characterisation
of the methods used.

Materials and methods

Phantom study. The phantom used was a high-resolution three-di-
mensional anthropomorphic JB003 phantom (Nuclemed N.V./S.A.,
Roeselare, Belgium). This brain phantom is composed of 40 
3-mm-thick round polycarbonate plates, which are arranged in a
stacked cylinder. The brain structure is mimicked by carving cavi-

ties into the plastic plates. For the grey matter, the entire thickness
of plate is cut away, whereas for the white matter only a quarter of
it is removed. This yields a grey-to-white matter ratio of 4:1, as
advised by the manufacturer. These plates form an anatomical rep-
resentation of the human brain, each plate corresponding to a
transaxial slice. The size of the brain phantom is 120×122
×168 mm and its volume is 705 ml when filled with radioactive
water. In this study the phantom was used to simulate a “normal”
brain. The phantom was filled with 300 MBq of technetium-99m
solution and 39 Mcounts (approximately 10 times the patient
study) were acquired from SPET acquisition.

Patient studies and radiopharmaceutical. The patient studies were
performed on ten patients with chronic pain syndromes, such as fi-
bromyalgia and chronic low back pain. The patients were a sub-
group of a larger clinical trial approved by the Ethics Committee
of Kuopio University Hospital, and participated in the study after
giving informed oral consent. The patient group consisted of eight
female and two male patients with a mean age of 44 years (range
36–51). The brain perfusion studies were done using 99mTc-ethyl
cysteinate dimer (ECD) as the tracer (99mTc-Neurolite, DuPont
Pharma, Hertfordshire, UK). The acquired count statistics in each
patient varied but on average 3.5 Mcounts were acquired (range
2.0–4.3 Mcounts). The patient dose was 500–600 MBq of 99mTc-
ECD and in the line source, 550–700 MBq.

SPET imaging. Image acquisition was carried out with a Siemens
MultiSPECT3 triple-headed gamma camera with fan-beam collima-
tors (Siemens Medical Systems, Inc., Hoffman Estates, Ill., USA).
The fan-beam focus of the collimator was 545 mm and the radius of
rotation was 180 mm. SPET acquisitions were performed using a
360° orbit for each detector. Transmission and emission scans were
acquired simultaneously using one detector, with two detectors being
used only for emission scans. For the transmission acquisition, the
narrow line source was placed on the focus line of the fan-beam colli-
mator and the object was positioned at the centre of the rotation. The
line source for the transmission scan was a 20-cm-long glass tube,
with an inner diameter of 4 mm and an outer diameter of 6 mm [17].

A symmetrical 15% wide energy window for the acquisition
was centred at 140 keV. SPET imaging was carried out with a
128×128 matrix size using 90 projection angles. The phantom
studies were acquired at 75 s per projection angle, and patient
studies at 30 s per view. Both transmission and emission acquisi-
tions and blank scan were measured using the same matrix size,
radionuclide (99mTc) and acquisition time. Transmission and emis-
sion scans were acquired simultaneously, and after acquisition the
emission part was subtracted from the transmission data set [17].

MR imaging. The brain phantom was also scanned using a 1.5-T
magnetic resonance (MR) scanner (Siemens Vision 1.5 T, Erlan-
gen, Germany) and MP-RAGE sequence (T1-weighted sequence,
TR 9.7 ms, TE 4.0 ms and flip angle 12°). The phantom was filled
with water, containing 38 mg MnCl2. By using MR images the re-
constructed SPET images and calculated contrast (grey-to-white)
ratios can be compared with the absolute values. Hence MR imag-
es are a good reference for the contrast ratio calculations, repre-
senting another imaging modality that permits measurement of the
anatomical distribution of the volume.

Image processing. The gamma camera was connected to a Siemens
ICON acquisition computer (Siemens Medical Systems, Inc., Hoff-
man Estates, Ill., USA). The data were transferred to a HERMES
software system (Nuclear Diagnostics AB, Hägersten, Sweden). It-
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erative reconstruction programs OS-EM (v 5.201) by R. Larkin
(Macquarie University, Sydney, Australia) and MRP by S. Alenius
(Tampere University of Technology, Tampere, Finland) were in-
stalled in the Unix system. Both of them were used simultaneously
with the HERMES processing system. The OS-EM and MRP algo-
rithms were used for iterative reconstruction. They demand post-
filtering, and the amount of this post-filtering was equalised be-
tween FBP and iterative reconstruction. The number of subsets was
chosen to be six for the OS-EM algorithm. The number of itera-
tions varied: for the transmission reconstruction four iterations
were used, while for the emission reconstruction 12 iterations were
used for the phantom and eight iterations for the patient study. The
phantom study was reconstructed using more iterations because of
higher count statistics. In the MRP calculations 35 iterations were
used for transmission and 75 for emission reconstruction. The se-
lected value of the β-parameter (a penalising weighting factor) was
0.3, based on previous experiments [18]. MRP calculates the medi-
an in a small local 5×5 mask. A larger 256×256 matrix size was
chosen for the gamma images to keep the actual dimensions of the
local median mask as small as possible.

The original acquisition file and blank scan were required for
the transmission-dependent scatter correction (TDSC). Scatter es-
timation was based on the point source measurement as previously
described [17, 19]. Non-uniform attenuation correction requires
patient-specific attenuation maps (AMAPs), which are based on
the count ratio between the image-represented transmitted count
rate through the subject and the blank scan. AMAPs can be per-
formed in iterative reconstruction programs [16]. Both TDSC and
non-uniform attenuation corrections were done after SPET imag-
ing as well as in phantom and patient studies.

FBP images were scatter corrected based on the TDSC tech-
nique [19]. Attenuation correction was applied to the reconstructed
slices using Chang’s first-order approximation, because attenuation
correction based on the transmission acquisition is not available in
the FBP reconstruction method. The linear attenuation correction
was µ=0.12 cm–1 for the phantom study and µ=0.10 cm–1 for the
patient studies. In the FBP technique the projection images were
pre-filtered by a Butterworth filter based on the visual impression
and quality of slices. The cut-off frequency 0.6 cm–1 and order 6
were selected. In order to achieve a similar visual appearance, iter-
ative reconstruction techniques were used with Butterworth post-
filtering. Because filtering techniques are slightly different depend-
ing on whether filtering is done before or after reconstruction, the
filtering had to be equalised. The filter parameters were set such
that the standard deviation (SD) of a uniform region was the same
for all methods. A uniform slice of the phantom was used for the
filter equalisation and in the case of the patient studies a uniform

brain area (cerebellum) was used. Hence the amount of filtering
was optimised independently for each iterative reconstruction tech-
nique and was not necessarily identical between different methods.
The projection images reconstructed by FBP were filtered first and
then the iteratively reconstructed images were filtered. The param-
eters of the post-filtering were based on the uniformity profile and
the standard deviation of the uniform area. When the uniformity
profile and SD were set equal between the FBP and the iterative
technique, then the amount of post-filtering was accepted.

Contrast analysis. Quantitative analysis of the phantom study was
based on comparison of the mean count densities in regions of in-
terest (ROIs) in the reconstructed slices. Partial volume correction
with the recovery coefficient was not applied. The regional mean
count density of grey matter was divided by the comparable white
matter value.

ROI drawing was performed using the “MultiModality” analy-
sis program in the HERMES workstation (Nuclear Diagnostics AB,
Hägersten, Sweden). For the analysis, three successive slices were
summed and ROIs were drawn manually using LT30% cut-off on
the OS-EM image and then copied to the FBP or MRP images. The
left hemisphere was drawn first and then the mirror images of ROIs
were placed on the right hemisphere and positioned correctly. The
ROIs were drawn individually for each anatomical location. For
the quantitative analysis, 18 different regions were defined in the
reconstructed slices and these regions were also arranged into three
groups. The regions of the cerebellum, hippocampus and pons were
arranged into (1) subtentorial areas, (2) cortical areas encompass-
ing the frontal, occipital and parietal lobes and (3) subcortical areas
including the caudate nucleus, putamen and thalamus. In addition,
white matter regions were drawn above the ventricle level over a
large common area for the ratio calculation.

The human studies were analysed in the same way as the brain
perfusion phantom studies, but because in human studies the true
activity concentration and distribution are unknown, the results
were compared between different reconstruction algorithms. The
statistical calculations were carried out using the non-parametric
Wilcoxon signed-ranks test.

Results

The brain phantom

The analysis of the brain phantom data was carried out
by calculating the grey-to-white matter ratio in all 18 re-
gions and in the three subgroups. Then the regional re-

Table 1. Results of the regional analysis of the brain phantom, where each brain region (mean counts) is adjusted by mean counts of the
white matter region

Actual MRI FBP OS-EM MRP

Mean±SD ∆ %±SD Mean±SD ∆ %±SD Mean±SD ∆ %±SD

Subtentorial areas 4.0 2.8±0.5 2.4±0.2 12.3±9.3 2.7±0.3 1.7±8.4 2.5±0.1 8.1±11.3
Cortical areas 4.0 3.3±0.1 2.6±0.2 21.5±7.4 2.8±0.2 15.3±7.4 2.8±0.1 15.6±3.2
Subcortical areas 4.0 3.4±0.2 2.8±0.2 18.0±9.7 3.0±0.3 13.6±8.9 2.7±0.4 22.2±10.9
All regions 4.0 3.2±0.4 2.6±0.3 17.9±9.0 2.8±0.3 11.3±9.6 2.7±0.2 16.2±10.0

Percentage difference (∆ %) was calculated comparing SPET values with MR values. The total number of regions was 18. Subtentorial
areas contained 4 brain regions, cortical areas 6, and subcortical areas 6
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sults were compared with the absolute phantom value
4.0 (Table 1). The percentage differences between con-
trast ratios and the actual values are presented in Fig. 1.
Comparison was also made with values calculated using
MR images, although actual values are unattainable by
MR imaging because summation of slices adversely af-
fects definition of the edge of the phantom owing to its

curved surface. The quality of iterative reconstruction is
presented in Fig. 2. 

Iterative reconstruction increased the contrast of the
image and improved separation between the different re-
gions. The calculated differences from the actual values
were largest with the FBP method, except in the subcor-
tical areas, where they were largest with MRP. In all the
regions, the percentage mean differences from the actual
values were 35% with FBP, 29% with OS-EM and 33%
with MRP. Iterative OS-EM reconstruction increased the
contrast of the image and improved separation between
the different regions. The improvement compared with
FBP was approximately 8% in OS-EM in all regions
and 2%–4 % when using the MRP reconstruction
method.

Patient studies

The quality of the reconstructed images was judged us-
ing the regional grey-to-white matter ratio, acquiring
transmission and emission data simultaneously. The cal-
culated values were subgrouped (Fig. 3), as in the case
of the phantom study. There was a statistically signifi-Fig. 1. Percentage differences from the actual contrast values

Fig. 2. The middle slice of the
brain phantom reconstructed by
FBP, OS-EM and MRP recon-
struction methods. The MR im-
age is taken from the same lev-
el as SPET images. Three suc-
cessive slices were summed
and equalised filtering was
used on the different recon-
struction techniques. OS-EM
images were computed using
12 iterations with six ordered
subsets, whereas MRP images
were reconstructed using 75 it-
erations. For the FBP recon-
struction a Butterworth filter
with cut-off frequency 0.6 cm–1

was selected. Colour scale is
Warm Metal; LT=0% and
UT=100%
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cant difference in most of the OS-EM versus FBP calcu-
lations, while the difference in the MRP versus FBP cal-
culations was significant only in cortical areas. The sta-
tistical significance of differences between the recon-
struction techniques with respect to the various areas is
indicated in Table 2. The data can be analysed using lim-
its of agreement presentations (Fig. 4). Comparison of
OS-EM and FBP results revealed that limits of agree-
ment were 0.31 for OS-EM and 0.54 for the MRP, when
all regions of each patient were compared. For the phan-
tom study these values were 0.29 for OS-EM and 0.44
for MRP. The correlation coefficients were r=0.87 and
r=0.83, respectively. Figure 4 demonstrates that OS-EM
improves contrast whereas the quantitative improvement
achieved by the MRP technique is not significant. 

Fig. 3. The count density ratios of perfusion study subjects (n=10)
calculated by different reconstruction techniques and presented in
the brain area subgroups (see text for further details). Half of all
the observations are in the boxes. The median of the ratio is shown
as a line in the boxes and the range is also indicated Table 2. Statistical significance between results of different recon-

struction techniques. Wilcoxon signed-ranks test was used in each
subgroup

Area P value: P value:
OS-EM vs FBP MRP vs FBP

Subtentorial areas 0.059 0.059
Cortical areas 0.037 0.007
Subcortical areas 0.017 0.445
All regions 0.017 0.169

Fig. 4. Differences between grey-to-white count density ratios ob-
tained by iterative reconstruction and FBP plotted against the av-
erage. Limits of agreement (95% range) are shown by dotted lines.
The left image pair presents limits of agreements in the brain per-
fusion phantom study, and the right image pair shows the contrast
ratios between grey and white matter in each region for each pa-
tient. The upper images compare calculations for OS-EM versus
FBP, and the lower images, calculations for MRP versus FBP



Discussion

Since the late 1970s the advantages of iterative recon-
struction methods have been discussed in the literature.
Several iterative reconstruction methods have been pub-
lished and proposed for use in SPET reconstruction, but
few of them have been applied in the clinical environ-
ment. Only a few comparisons of different reconstruc-
tion methods have been published [20, 21]. In this work,
two different types of iterative reconstruction method
were evaluated and the results compared with the results
obtained using the FBP technique. Iterative reconstruc-
tion algorithms have been demonstrated to produce qual-
itatively accurate images and they allow incorporation of
simultaneous attenuation and scatter corrections for im-
age-degrading effects during reconstruction.

Computation time is an important factor in the recon-
struction process. For the reconstruction to be feasible in
the clinical environment, computation times have to be
reasonable. Traditionally FBP reconstruction takes only
a few minutes, whereas iterative reconstruction typically
requires much longer. However, the latest iterative tech-
niques, especially those with an accelerating procedure
(e.g. OS-EM), have achieved reasonable computation
times [8, 11, 22].

As discussed earlier, not only scatter and attenuation
corrections but also iterative reconstruction and partial
volume correction are necessary for quantitative SPET
imaging. Different correction techniques have been pro-
posed for photon attenuation correction, but the most ac-
curate techniques are based on the actual density distri-
bution of the object. In this study, the transmission scan
was measured simultaneously with the emission scan,
which offers many obvious advantages, including the
fact that the patient position is exactly the same. AMAPs
were reconstructed separately using OS-EM and MRP
techniques and used for the non-uniform attenuation cor-
rection. Scatter correction and attenuation correction
techniques have been investigated widely, and various
correction techniques have been proposed. TDSC was
published by Meikle et al. [13] and Bailey and Meikle
[15] and for this study it was used in the way presented
in the papers of Yang et al. [17, 19]. Attenuation and
scatter corrections can be carried out using the same
AMAP information with optimal measurement and com-
putation time. The comparison between reconstruction
methods was made with uniformity-matched filtering.
Partial volume correction was not applied in this study
because the aim of the study was to compare the three
reconstruction techniques.

The quantitative results obtained with the perfusion
phantom were compared with the actual results using re-
gional analysis. As already mentioned, because the reali-
ty of the phantom is known, the phantom study enables
validation, whereas in the patient studies the reality is
unknown. Thus, the patient studies represent character-
isation of the methods used. The FBP method yielded re-

sults which were the farthest from the actual contrast ra-
tios, whereas the results obtained using OS-EM were the
nearest to reality. With the OS-EM algorithm, the im-
provement was similar in different regions, whereas the
MRP algorithm improved the results markedly in the
subtentorial and cortical areas but only slightly in the
subcortical areas. The improvement achieved by the
MRP method with post-filtering is not so evident in
emission reconstructions, but MRP has a clear advantage
in the attenuation map reconstruction because it uses the
median of the data signal and also because it acts monot-
onously. The MRP method can be improved if additional
options, such as increase in the matrix or median mask
size, are included in the calculation.

MR reference images were acquired because they re-
present the anatomical distribution of the volume. It was
noticed that absolute contrast values, given by the manu-
facturer, are unattainable even with the MR technique,
although MR images are closer to the real values than
contrast values calculated by SPET.

The quality of the patient data was judged using the
same regional analysis as in the perfusion phantom
study, but in the case of the patient studies the reality
was not known and there was not a golden standard with
which to compare the results. Hence the calculated re-
sults had to be compared with each other. The improve-
ment with the OS-EM method behaved in a straightfor-
ward manner, but with the MRP technique the contrast in
the subcortical areas was worse than with the FBP tech-
nique. A similar finding was found in the brain phantom
measurements. There were statistically significant differ-
ences between the results of the reconstruction methods
in different subgroups, and also in all regions when com-
paring the results of OS-EM and FBP. The results recon-
structed using the MRP algorithm were accurate and sta-
tistically significant in subtentorial and cortical areas,
but not in subcortical areas.

The FBP reconstruction method gives the first ap-
proximation of activity distribution. The result is there-
fore noisy and includes harmful streak artefacts. All this
has been known ever since the technique was first em-
ployed, but to date the FBP algorithm has been the only
choice because of the computing time needed for itera-
tive processes. The speed of the reconstruction process is
no longer a problem when using accelerated computation
algorithms and modern computers. Iterative reconstruc-
tion algorithms improve the results of SPET brain perfu-
sion imaging, especially when the correct number of iter-
ations and proper filtering are selected. Iterative recon-
struction algorithms (OS-EM) are recommended for
brain SPET reconstruction in clinical situations.
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