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Attenuation correction in single-photon emission
computed tomography for NURBS-based cardiac-torso
phantom using dual-energy acquisition

ABSTRACT

Single photon emission tomography is widely used to detect photons emitted from the patient. Some of these emitted photons suffer
from scattering and absorption because of the attenuation occurred through their path in patient's body. Therefore, the attenuation is the
most important problem in single-photon emission computed tomography (SPECT) imaging. Some of the radioisotopes emit gamma
rays in different energy levels, and consequently, they have different counts and attenuation coefficients. Calculation of the parameters
used in the attenuation equation N, = oN, = e N. by mathematical methods is useful for the attenuation correction. Nurbs-based
cardiac-torso (NCAT) phantom with an adequate attenuation coefficient and activity distribution is used in this study. Simulations were
done using SimSET in 20-70 and 20-167 keV. A total of 128 projections were acquired over 360 . The corrected and reference images
were compared using a universal image quality index (UIQI). The simulation repeated using NCAT phantom by SimSET. In the first
group, no attenuation correction was used, but the Zubal coefficients were used for attenuation correction in the second image group.
After the image reconstruction, a comparison between image groups was done using optimized UIQI to determine the quality of used
reconstruction methods. Similarities of images were investigated by considering the average sinogram for every block size. The results
showed that the proposed method improved the image quality. This study showed that simulation studies are useful tools in the
investigation of nuclear medicine researches. We produced a nonattenuated model using Monte Carlo simulation method and compared
it with an attenuated model. The proposed reconstruction method improved image resolution and contrast. Regional and general
similarities of images could be determined, respectively, from acquired UIQI of small and large block sizes. Resulted curves from both
small and large block sizes showed a good similarity between reconstructed and ideal images.
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common. Due to attenuation effect, some of the photons
scattered or absorbed by the body of the patient are not
detected.!"?

One of the most important sources of error in single-photon
emission computed tomography (SPECT) images is the
intrinsic factor that distort projection data. One of these
factors is the attenuation of the beam and the dispersion
of radiation in the patient’s body. The attenuation causes
reconstruction error and changes the image information
significantly. A photon must be passed from the patient’s body
to be a part of a projection. Photoelectric absorption and
Compton scattering eliminate the possibility of the presence
of photon in one projection. The attenuation problem can
be considered as the biggest problem of SPECT imaging.?**!

The photon detection probability depends on the type
and length of the organ. According to the Beer’s law, the
probability of a photon passing through a nonuniform
environment is given by the formula of o = e ™, where u is
the linear attenuation coefficient and L is the length of the
environment. The linear attenuation coefficient shows the
probability of absorption or dispersion of a photon in a unit
of length (cm ~'). In other words, if the number of primary
photons is N, , after passing through the thickness of L, the
number of photons will be N_ .

Ny = aN;, = e_MLNin (1)
IfL is the distance between the place of activity place and the
skin surface, it means that L is specified, the above equation
can be used to estimate the correct value of the activity inside
the patient’s body.!”

The aim of the imaging with gamma camera is to obtain the
location and distribution of activity within the patient’s body.
Therefore, in reconstruction methods, obtaining the depth of
activity and the attenuation coefficient of the tissues can be
a great help in reconstructing the sinograms. If the depth of
activity is not easy to achieve, the geometric mean method is
used. To use this method, gamma photons should be counted
and recorded in opposite directions, such as anterior and
posterior, or left and right views. Assuming that the distance
from the activity site to the anterior surface is X, and to the
posterior surface is X , the thickness of the body is equal
toL =X, +X [Figure 1]. If we show the counting rate of
anterior and posterior with I, and I :

I, =N, e" (2)

in

I, =N, e 3)

Il [ | 1
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Figure 1: Imaging; the anterior and posterior views of the patient

To calculate the counting rate, N, the two above equations
must be multiplied. As a result, we will have:

lA[P = N[nzeiﬂ(XA+XP) = Nin e’/‘L (4)

N;, = \/m\/m (5)

Here, we assume that the attenuation coefficient is uniform,
while inside the body, there are materials with a different
attenuation coefficient such as bone, fat, muscle, and so on.
Another questionable assumption used here was the spotting
nature of activity in the patient’s body. If the thickness of
the organ, where the activity is accumulated in which, in the
direction of the gamma camera is W and the distance of the
center of the organ to the skin surface of patient is X, we
must apply the correction factor of g [Figure 2].

I,=N,ge"* (6)
I, =N, ge ¥ (7)

According to the definition:

g= (enW/z —e /2 ) /(WW) (8)

where 1 is organ attenuation coefficient, u is residual
effective attenuation coefficient of the body, W is organ
width, X is the distance of the center of the organ to the
anterior surface, and L is total body thickness.

The standard amount of g in different energies and different
materials is available in the nuclear medicine tables.

To correct the attenuation, the thickness and characteristics
of the attenuation environment from the radiation source to
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the detector must be specified. Therefore, the coordinates
of the object and organ must be clearly identified before the
reconstruction. There are two general methods for obtaining
coordinates. The first method involves ordinary processing.
If the imaging is performed in two opposite views (180°), the
result of the corrected image depends on the thickness of the
object. This method is called the geometric mean method.

Iy =N;e™ ©

lp — Nme(*#(L*X)) (10)
1

Iy = (1,1,)? = N, (11)

N, is the activity of the point source before the attenuation
and L is the thickness of the object.

Another method is the use of opposite images and the form of
arithmetic mean, which includes depth-dependent variables.
The description of this equation is as follows:

I, =N, e (12)

I, =N, e = (13)
1 () ol-ult-x)

Ly =5 N, (el el ) (14)

If the object is centered, it means x = L — x, the result,
which is similar to the solution obtained from the geometric
mean, is as:

I, =N,e ™" (15)
In tomography, these images must first be obtained as described
and then reconstructed. For nonpoint sources, computation and
determination of the coordinates will be very complicated.’ "

For this reason, many efforts have been made to correct the
attenuation and different approaches have been proposed so far.
The basis of all these methods is the calculation of the attenuation
plan of the patient’s body. Although each of the proposed methods
has been successful to somewhat, the attenuation problem is still
not fully solved, and therefore, the use of quantitative methods
is difficult in SPECT due to attenuation.®7!3-16l

In this article, it has been tried to introduce a simple, accurate,
and rapid method without imposing more absorption dose to
the patient. In this study, it has been tried to use the images
of multienergy emitter radioisotope to find an attenuation
map. For the evaluation of this method, the corrected image

I L 11
Anterior View - I,

Posterior View - Ip

Figure 2: Imaging; thickness of the organ in the anterior and posterior views

was compared with the reference image or original image
using the universal image quality index (UIQI).""

METHODS

Experimental section

Mathematical description of the studied method

Some radioactive substances emit gamma rays at several levels of
energy, and the count and the attenuation coefficient vary at each
energy level. On the one hand, in the mean geometric equation,
activity, N, , and the attenuation coefficient, u, are uncertain.
Therefore, if we can calculate one of these two variables using
equation or other equations, then we can obtain the map of the
attenuation coefficient of the texture. The two-element equation
of geometric mean can be solved by using these images.

If the count rate of the anterior and posterior images in the
first energy level is presented with I, and I, and the count rate
of the anterior and posterior images of the second energy
level is presented with I’, and I, as the attenuation coefficient
is different at each energy level, we have:

I, =N,e " (16)
I, =N,e"" (17)
N,
I =—re X (18)
n
N, _
I, =—egttr (19)
n

where n is the ratio of photon emission at two levels of
energy and is specified. In addition, the numerical value
ofXA + X, =1L, which is the thickness of the patient’s
body, is specified. If we show the difference in the level
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Figure 3: Some reconstructed slices of TI-201 myocardial perfusion scan without photon attenuation

of the attenuation coefficient of the two energies with
a small amount of , this value can also be extracted
from the tables because the attenuation coefficient
for different materials and in different energies is well
known, so the difference in the attenuation coefficient
for two energy levels can be calculated. We have:

(W) + 1) = (1 +1,)=¢ (20)
Computations required to compensate of the attenuation:

If we multiply the anterior and posterior counts of the first
energy level, we have:

IAIP — Nin2€7u1XA7M2XP (2‘1)

Moreover, we can multiply the anterior and posterior counts
of the second energy level. Therefore, we have:

Nio
B IP :_Ze WX =W Xp (22)

In the same way, if we divide the anterior and posterior count
rates on each other, we have:

—~

[_A — e‘MIXA*'Hsz (23)
p

1;\ — o WXyt Xp

— =€ (24)

Moreover, as a result:

(25)

\\
=
N
.
==

Considering the total count in the anterior and posterior
view, we have:

lA +IP — Nin (E‘MXA +e—Hsz ) — Nme—u]XA (]+e—uzx,,+u,XA) (26)

=N. e—Mer (]+e‘H1XA+P-2XP)
mn

I+1 =

N _. Uy
A » e WXy (]+€ HZXP+H1XA) (27)

n

— Nin e*}l{xp (1+e*M1,XA+HZlXP)
n

Niﬂ (e’“{XA + e*HZ’XP ) =
n
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Figure 4: Some reconstructed slices of TI-201 myocardial perfusion scan with photon attenuation, without attenuation correction

By dividing the pairwise equations of the views in two
energies, we have:

1.1 e*HIXA*MZXI- o R
AP :nze(lh ) X4+ (15 1) Xp :nzeEL (28)

' - o MiXa—HiXp
ATP

n2

The above equation is assumed to be linear in the attenuation
coefficient in two energies. Considering the total count in
the anterior and posterior view, we have:

(IA + Ip) ne’”zxr’ (‘l + e*HqXA*HzXP) ne—p.ZX,,

(i +17)

e*!vlz,xp (]_l_e*HI'XA*Mz’XP) - e—uZ’X,,

(”I’*J
IP X,
P et (29)

IAIP (IA + IP)
0 1+ ,)

=ne" N = pet M (30)

To compensate the attenuation completely, the number of
counts counted must be multiplied in . The equation of e,

is not exactly equal to e"XP, but it can compensate the photons
attenuation inside the patient’s body to an acceptable level.
As a result, the final equation to be reconstructed based on
it is as follows:

L1, (I, +1,)
AariA Pl 1
() (31

where [ is the actual activity in the patient’s body.

Method validation

The nurbs-based cardiac-torso (NCAT) phantom, which is
a three-dimensional analytical phantom and generates a
realistic attenuation coefficient and activity distributions
inside the chest, has been used. This activity distribution
was investigated for two levels of energy. The simulation
was performed using SimSET simulator in the energies
of 70 and 167 keV by assuming a TI-201 tracer at
concentrations of 75, 2, and 4 in the heart, lung, and
soft tissues, respectively, and taking into account, the
attenuation coefficient for bone, lungs, and muscle in the
energy. The radiation source and the attenuation map were
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Figure 5: Some reconstructed slices of TI-201 myocardial perfusion scan with photon attenuation, with attenuation correction using the proposed method

divided into 128 X 128 pixels with a size of each pixel
of 3.75 X 3.75 mm. The collimator was considered as a
complete parallel-hole collimator, and the signal-to-noise
ratio was considered according to Poisson noise. For
all simulations, 107 photons were considered to assure
statistical uncertainty of below 5%. One hundred and
twenty-eight projections were made at 360° in an energy
window of * 20%. The optimized UIQI parameter was
used as a comparison criterion for the used sinograms to
show the similarity of the actual attenuation map with the
obtained attenuation map./2*-22!

RESULTS

Initially, two similar simulations were performed with the
NCAT phantom and SimSET simulator [Figure 3]. The first
simulation was performed without applying the attenuation
coefficient, and in the second simulation, which was the
repetition of the first simulation, the Zubal coefficients were
used as an attenuation model and photons related to the
energy window of 167 keV were recorded [Figure 4].

In order to compare and evaluate the images, the sinograms
simulated with the second simulation were reconstructed
using the proposed method [Figure 5].

After reconstructing, the optimized UIQI parameter was
used to compare the images in a nonattenuation state to
determine the similarity of each reconstruction method with
the original image [Figure 6]. Therefore, the similarity of the
images was evaluated [Figure 7].

DISCUSSION

For photons to be counted, they must, of course, pass through
the patient’s body and reach the detectors. Photoelectric
absorption and Compton’s scattering eliminate photon’s
presence in a single view. Therefore, the attenuated views
include fewer events than the ideal state. The possibility of
photon detection depends on the type and length of the
organ. Linear attenuation coefficient shows the probability of
absorbing or dispersing a photon per unit length. It can be said
that the attenuation is the biggest problem with SPECT imaging.

216 World Journal of Nuclear Medicine / Volume 19 / Issue 3 / July-September 2020



Rajabi, et al.: Attenuation correction in SPECT
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Figure 6: The similarity of the reconstructed slices of TI-201 myocardial
perfusion scan between images without photon attenuation and with
photon attenuation without attenuation correction

The aim of the imaging with the gamma camera is to obtain
the location and distribution of activity within the patient’s
body. Therefore, in reconstruction methods, obtaining the
depth of activity and the coefficient of attenuation of the
tissues can be a great help in reconstructing the sinograms.

The geometric mean method is one of the methods currently
used to obtain the depth of activity. To use this method,
counts should be recorded in opposite directions. It is
assumed with the assumption of uniformity of the attenuation
coefficient, while inside the body there are materials with a
different coefficient of attenuation. Another method is the
use of opposite images and arithmetic mean form, which
includes depth-dependent variables. Although each of the
proposed methods has been somewhat successful, the
attenuation problem is still not fully solved, and therefore,
due to attenuation, the use of quantitative methods in SPECT
is difficult.'+152]

Anyway, in each direction, an attenuation factor can be
considered which the counting reduced as well. If this
coefficient of attenuation can be achieved or even close to a
certain extent, we will be able to increase the counts in the
detector and thereby reduce the noise of the background
or reconstruction and improve the contrast. This amount
of attenuation coefficient is different in the two sides of
the ray of radiopharmaceutical because of the difference in
body tissues coefficient and their thickness. Furthermore,
there may be different attenuation in two detectors that
are simultaneously counting the gamma rays at the two
sides of the body. In addition, some radioactive substances
emit several levels of gamma-ray energy and the amount of
counting and the attenuation coefficient vary at each energy
level.l2-25]
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Figure 7: Similarity of the reconstructed slices of TI-201 myocardial perfusion
scan between images without photon attenuation and with photon
attenuation with attenuation correction using the proposed method

The difference between the number of counts and the
difference in energy level can be used to calculate the
attenuation plan. The calculation is done by considering
the difference in counting in pixels with the assumption of
linearity of the attenuation coefficient. Using simulation,
a study can be done at the lowest cost without requiring
a patient test or imposing an additional dose. In some
experiments, the cost or dangers are so high that you cannot
decide on that. Even there is not too much hope in animal
models or phantoms. In some cases, it is necessary to conduct
experiments in an ideal state and to remove or influence a
particular parameter. Simulation enables the experiments to
be done with the least difficulty.

Attenuation correction procedure by using dual-energy
acquisition technique was previously reported for circularly
symmetric phantom of the head region.” In this study,
due to the problems and parameters of the research, it was
necessary to simulate with special capabilities for imaging
and performing calculations. For this reason, the NCAT
phantom, a phantom almost equivalent to the human body,
was used as a phantom in SimSET simulation code./?2?

In this research, via Monte Carlo simulator model, a model
was created in the presence of attenuation factors, and
after mathematical calculation and reconstruction, we
compared this model with the model which was created
without attenuation coefficient. As expected, gamma rays
are scattered by attenuation. Furthermore, a lower count
is reached on the detector, and as a result, the image from
the reconstruction has a higher noise and less contrast
than the nonattenuation one. To obtain the formulas, we
could not reach the final formula directly and without any
experiment. Hence, step by step at each stage, we arrived at
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a new stage by obtaining the formula and writing a program
in MATLAB software and doing the reconstruction. TI-201
is the most common available and used radioactive isotope
in treatment centers and hospitals that has two levels of
energy. Therefore, due to the availability and relatively
easy use of this radiopharmaceutical, simulations were
carried out in accordance with the energy levels of this
radiopharmaceutical.

To evaluate the images, they can be quantitatively and
qualitatively analyzed. Visual examination depends on the
skill and nature of the images, and so can only be cited in a
simple and specific condition where the difference between
the two images is obvious. As a result, in this research,
we could not use the high volume of images and a slight
reduction in the quality. Undoubtedly, the authenticity and
method of the comparison could have played a fundamental
role about the success rate of the processing method.

The comparison methods of the statistical indicators which
currently used to compare nuclear medical images do not
provide acceptable results. The main reason for this is the
lack of high noise and low ratio of signal to noise in nuclear
medical images. These indicators are highly influenced by
the noise of the images, so that small differences between
images disappear in the random statistical difference of the
noise. Therefore, the sensitivity of these methods is negligible
to determine the small differences between the images.
Therefore, UIQI index was suggested to solve these problems.
The UIQI index shows the difference in local error in the
small size block, and in the larger size block, it expresses
the general and overall difference error of the image. For this
reason, we could use this parameter with slight changes in
this index and optimize it.I"®!

As the UIQI optimized parameter indicates, there was no
difference in the lower-level block between the charts.
However, with the increasing of the block, the size difference
between the two graphs increased too. This meant that the
background count or noise had reduced in the proposed
method; as a result, the contrast of the image is increased. In
the simulation environment, the improvement of the quality
of the proposed method is more acceptable than the usual
methods of reconstruction. Therefore, it can be used as a
method to reconstruct the image in later stages.

CONCLUSION
Application of simulator software causes to largely overcome

the problems of research in this field of nuclear medicine
imaging. In this study, using Monte Carlo simulator code,

SPECT data were acquired with and without applying
attenuation correction and then, after reconstruction, images
were compared. As expected, gamma rays are scattered by
attenuating. Moreover, less counts reach to the detector,
and as a result, the image resulted from the reconstruction
has more noise and less contrast than that resulted by the
nonattenuation mode.

In the reconstruction with the proposed method, the
resolution and contrast of the images were improved, and
the number of calculated counts was closer to the number
of counts of the first simulation. The comparison of the
optimized UIQI parameter shows that the similarity and
number of reconstruction counts in different block sizes have
been significantly increased using the proposed method.
In low block sizes, the UIQI parameter determines the
regional similarity of two images, and in higher block sizes, it
determines the overall similarity of two images. The obtained
graphs, both in the small block sizes and in the large block
sizes, show more similarity of the reconstructed image and
the proposed method with the ideal state.
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