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p Purpose- Respiratory-induced artifacts are dominant in Positron Emission Tomog-

raphy/Computed Tomography (PET/CT) images. We investigated the impact of us-
ing the ACT data (respiration-averaged CT) in attenuation correction process. We
evaluated the improvement in parameters such as maximum Standardized Uptake
Value (SUV,_ ) and size in different respiratory traces for multiple lesion sizes in
various locations of the thorax and abdomen.

Procedures- In simulation, the attenuation in PET sinograms were corrected using
the end inhalation CT (EICT), end exhalation CT (EECT), and average CT (ACT)
respectively. It should be noted that stationary PET images (without the respira-
tory motion) were reconstructed, and evaluated as the stationary truth. For the
phantom study, a moving phantom was built mimicking the respiratory movement.
The attenuation in uncorrected PET data was corrected using the three CT images
mentioned above.

Results- In simulation, using EICT for attenuation correction, the respiration pat-
tern with 35 millimeter diaphragm motion results in a %353 error in estimation in
comparison with the stationary truth for a 9 millimeter lesion in the liver. The use
of ACT in attenuation correction can reduce such amount of error in estimation up
Keywords: to %10 for this lesion. For the phantom study, using ACT for attenuation correction
CTAC, results in a significant improvement in Signal to Noise Ratio (SNR) and contrast
(p-value<0.05). Besides, better was acquired for all the lesions.

Respiratory Motion,

Conclusion- The amount of respiratory induced errors in the quantified values

PET/CT, of both and the volume of the tumor depends on the location of the tumor, its
Artifact, diameter, the amplitude of the diaphragm motion, and the CT image we use for

attenuation correction. Overall, ACT shows better results in comparison with the
SUV. aforementioned techniques for attenuation correction of PET data in thorax region.
1. Introduction treatment planning [5, 6]. This scanner has become

"F-FDG PET/CT scanners are being widely used in  a standard equipment, and a highly sensitive method
the diagnosis and evaluation of neurologic disorders  providing comprehensive and reliable information on
[1, 2], treatment response monitoring [3, 4], and anatomical and functional properties of the patient’s
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body, which helps establishing more accurate
diagnoses [7-9].

In PET/CT scanners, aside from the fact that
the CT image is used to provide anatomical
information, it is now commonly being utilized for
the attenuation correction (AC) of PET images.
In the past, radionuclide transmission scans were
performed for the attenuation correction of the
emission data, but now, the use of CT images
for AC has lots of advantages. The generation of
noise-free attenuation map, faster scan time, and
the ability to collect uncontaminated post-injection
transmission data are some of the advantages of
CT-based attenuation correction [ 10-12]. However,
the fast data acquisition of CT, compared to
PET, causes data inconsistencies because of the
respiratory motion, which is the primary source
of misalignment between PET and CT. It leads
to a tumor mislocalization and overestimation of
tumor volume. CTAC may also bias the tracer
distribution, which results in quantification errors.
One example is the maximum Standardized
Uptake Value (SUV_ ), which is influenced by
this misalignment [13-15].

Several works have investigated the magnitude
of the respiratory-induced errors in quantitative
parameters of a PET image. Depending on the
lesion size, the lesion volume overestimation
varies between 24% to 93% [13, 14]. Another
research shows that the respiratory-induced
blurring may cause SUV to be underestimated
by 21% to 45% depending on the lesion size
[16]. A simulation study indicates that a 35 mm
diaphragm motion causes a 24% error in SUV__,
an average displacement of 7.6 mm, and a volume
overestimation of 129% for a 9 mm liver lesion.
The authors also demonstrated that the ACT-
based attenuation correction shows lower errors
in comparison with EICT or EECT when used for
attenuation correction [17].

PET/CT imaging method is both time-consuming
and expensive, but several studies have reported
the usefulness of simulations for the evaluation of
the imaging parameters [18-20]. One of the most
efficient ways to study PET images in a simulation
platform is using the 4D XCAT phantom and
reconstructing its output using Software for the
Tomographic Image Reconstruction (STIR) [17].
First of all, it is possible for the user to define a
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particular activity map for the human body in 4D
XCAT phantom. We are able to study quantitative
parameters of PET images in different organs,
and especially with heterogeneous physiological
uptake. Secondly, the XCAT phantom can model
a common patient respiratory trace which is a
crucial feature for this work.

In this study, we firstly examined the magnitude
of the respiratory-induced errors for different
lesion sizes, different diaphragm motions, and
different attenuation correction maps. Then, we
compared the PET/EECT and PET/EICT images
with PET/ACT images to probe the enhancement
in quantitative parameters of PET images.
Afterwards, we examined our suggested method
in a clinical environment using a respiration-
modelling phantom.

2. Materials and Methods
2.1. Simulation Data

2.1.1. 4D XCAT Phantom

4D XCAT phantom is a realistic human body model
which represents the human anatomy and physiology
[20, 21]. In this study, alongside the activity maps,
attenuation maps at 511 keV were generated and
used for the attenuation and attenuation correction
modelling later in reconstruction process. Each
breathing cycle was considered to take 5 seconds,
as it is typically observed in real patients. For
each respiratory cycle, ten attenuation maps and
ten activity maps were produced as the output of
XCAT phantom, thus each images correspond to 0.5
seconds within a respiratory cycle.

2.1.2. Tumor Activity

In order to achieve realistic results, it is essential
to employ real FDG concentrations in different
organs of human body. These values are mentioned
in Table 1. Moreover, these values are calculated
from the SUV measurements in the literatures [22,
23]. A tumor to background activity ratio of 8:1 was
implemented in previous studies [17, 24-26]. Next
to this ratio, we also simulated and quantified the
lesions with 4:1 tumor to background activity ratio,
helping us investigate the quantitative parameters
of PET images in low-uptake tumors. These tumors
were in the same locations as the previous ones.
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Table 1. Radioactivity concentration of organs.

Activity Concentration (kBg/cc) Simulated Organ
2 Background
10 Myocardium
7 Spleen
7.8 Liver
1.6 Lung
6.5 Stomach
62.4 Liver lesion (8:1)
12.8 Lung lesion (8:1)
31.2 Liver Lesion (4:1)
6.4 Lung Lesion(4:1)

2.1.3. Tumor Size and Location

Due to the poor spatial resolution in PET images,
and blurring caused by the respiratory motion,
small lesions in thorax and abdomen are often
misdiagnosed. Physicians are often advised not to
use PET images for lesions smaller than 10 mm
in diameter [27, 28]. As it is important to evaluate
the impact of respiratory motion and CTAC on
the quantification of different-sized tumors, we
simulated lesions with different diameters in
multiple locations of thorax region. The tumors had
9, 15 and 21 mm diameters. They were simulated
in the following regions as illustrated in Figure 1.

1. The dome of the liver,
2. Lower lobe of the right lung,
3. Middle lobe of the right lung,

4. Lower lobe of the left lung,
5. Middle lobe of the left lung.

Figure 1. The locations of the tumors in the radioactivity
map. This show 15 mm lesions for 35 mm diaphragm

motion.

2.1.4. Attenuation Correction of PET

Images and Image Reconstruction

The attenuation correction and reconstruction
of PET images were performed using STIR. The
steps in this process are enumerated as follows:
I. Generating sinograms out of the activity
map using STIR ray tracing technique [29], II.
Attenuating the sinogram using ACT III. Adding
Poisson noise IV. Correcting the attenuation using
EICT, EECT and ACT in three different images
V. Reconstructing the PET image. For all tumor
sizes and diaphragm motions, the stationary image
(without the respiratory motion) was reconstructed
as the reference image. The ordered subsets
expectation maximization (OSEM) algorithm, as
routinely engaged in commercial reconstruction
softwares, was used for the reconstruction of the
PET images involving 4 iterations and 20 subsets.

2.2. Phantom Study

2.2.1. PET/CT Scanner

PET/CT Biograph 6 (Siemens Healthcare) was
used for our phantom study. The PET scanner has
39 detector rings made of LSO crystals. In total, it
has 24336 crystals. The spatial resolution in PET
scanner is 2 mm. The CT scanner has 6 detector
rings with the spatial resolution of 1 mm. It covers
16.2 cm in axial and 70 cm in trans axial plane, and
the time window in this system is set to be 4.5 ns.
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2.2.2. Phantom Specifications

A specific phantom was designed and built to
study the respiratory motion. It is made of methyl
methacrylate (with the trade name of Plexiglass),
and it has 4 main parts as listed below:

1. A cylinder with the height of 30 and the
diameter of 20 cm. This cylinder was used to
model the liver, and filled with radioactive water.

2. Another cylinder with the same height and
diameter to model the right lung. It was filled

with water and polystyrene to simulate the lung
attenuation.

3. A circular plane which consists of 8§ little
cylinders with the height of 4.5 cm and diameter of
9, 11, 16 and 21 mm. In each diameter, there are 2
cylinders on this plane. These are used to simulate
the lesions in diaphragm region.

4. Air compressor and electronic circuits to model
the oscillatory respiration pattern.

Figure 2. The phantom which was built to study the respiratory motion. As it is seen the phantom is connected to a system

which mimics the respiratory pattern as an oscillatory motion. The amplitude of the motion is 4.5 cm in 4.5 seconds as it is in

real respiration.

The injected activity for standard patients (=70
kg) in our clinic is 370 MBq of FDG, resulting
in a background activity concentration of 5.3
kBg/ml. The activity concentrations in the little
cylindrical inserts were chosen in order to have a
tumor to background ratio of 8:1 and 2:1. The data
acquisition was performed in 3-dimentional (3D)
for 3 minutes per bed position.

2.2.3. Image Reconstruction

Three CT images were acquired for the attenuation
correction. The attenuation in uncorrected PET
data was corrected using EICT, EECT and ACT.
The properties of these 3 images are mentioned
in Table 2. The images were reconstructed using
OSEM + resolution recovery algorithm, involving
2 iterations and 21 subsets, with the Gaussian filter
of 5 mm FWHM. All images were reconstructed
into a 168x168 matrix with a 4 mm pixel size.

Table 2. The properties of different attenuation correction maps.

CT Type kV mAs CTDlIvol DLP Pitch
EICT 80 48 1.45 28 1
EECT 80 50 1.51 29 1
ACT 80 53 1.62 29 0.4
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2.3. Data Analysis

2.3.1. Maximum Standardized Uptake Value

SUV __ is being widely used in clinical practice.
This parameter shows the maximum uptake value
in a volume of interest, which is often the tumor. It
is defined in what follows:

FDG activity concentration (%)

SUV =
Injected dose(MBq)/Phantom weight (g)

(1

2.3.2. Tumor Size

Tumor size was calculated in AMIDE using the
threshold of 20% maximum voxel intensity for the
statistical calculations. This threshold achieves the
optimal correlation of volume ratio, tumor length,
and conformity index in 4D PET/CT images [30].

2.3.3. Contrast

When it comes to diagnosis, one of the essential
image quality parameters is contrast. Contrast is
calculated using equation 2 [31].

C
Contrast = vor

)

Background

Where C,, refers to maximum activity

concentration within a lesion VOI, and CBackgmun 18
the mean activity in background ROIs.
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2.3.4. Signal to Noise Ratio

Signal to Noise Ratio (SNR) is also considered
to be important in clinical practice and accurate
diagnosis. It is calculated according to equation 3
[31].

CVOI - CB ackground

SNR = 3
SDBackground ( )
Where C,, refers to maximum activity
concentration within a lesion VOI, CBackgroun 4 18
the mean activity in the background ROlIs, and
SDp,igromg 18 the standard deviation of activity in
the background ROls.
3. Results

3.1. Simulation

The tumors in thorax region are moved due to the
respiratory motion. Since the PET data is acquired
over a couple of respiratory cycles, lesions are
expected to be blurred, and hence their volume
is miscalculated. As described in the previous
section, in our analysis, tumor volume was
calculated in AMIDE software with the threshold
of 20% maximum voxel intensity. Figure 3 shows
the difference between the tumor volume in PET/
ACT and PET/STCT.

=== |5 mm diaph ==@==25 mm diaph 35 mm diaph

9-liver

B 300 3 0.
21-LRL 390 mm?  9-RL

200
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9-LLL

21-LLL 9-LL
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15-RL
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Figure 3. the difference between the volume of lesions in PET/ACT and PET/STCT in 15 lesions for 8:1 lesion to background
ratio (a) and 4:1 lesion to background ratio (b). RL shows right lung, LLL shows the lower lobe of the left lung, LL shows the

left lung, and LRL shows the lower lobe of the right lung.
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Figure 3 shows that as we increase the amplitude
of diaphragm motion, the difference in the
tumor volume between PET/ACT and PET/
STCT increases. Both plots also indicate that the
difference in volume between PET/ACT and PET/
STCT is maximum in liver lesions. The lesions
in the lower lobe of both lungs have had the
maximum difference in second place. Therefore,
it is observed that lesions in diaphragm region are
most influenced by the respiratory motion.

Figure 4 shows the percent error in SUV__ in
PET/EICT, PET/EECT, and PET/ACT relative
to stationary image as the ground truth. As it is
demonstrated in this figure, with the increase
of the amplitude of the diaphragm motion, the
highest error elevates from 23% to 53%. In

all three diaphragm motions, it is seen that the
PET/EICT has the highest error in estimating
SUV__ . Besides, PET/ACT shows lower errors
in comparison with PET/EICT. Obviously, the
error is strongly dependent on the tumor size,
location, and the choice of attenuation map. For
example, PET/EECT shows slightly lower errors
in some tumors in comparison with PET/ACT, but
it is not statistically significant (p-value=0.061,
0.087, 0.156 for lesion sizes of 9, 15 and 21
mm respectively). Nonetheless, the use of ACT
instead of EICT appears to be significantly useful
in reduction of respiratory-induced errors in
estimating SUV__ (p-value=0.001, 0.008, 0.023
for lesion sizes of 9, 15 and 21 mm respectively).
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Figure 4. Percent error in SUV__ in PET/EICT, PET/EECT, and PET/ACT relative to the stationary truth for 15 mm
diaphragm motion (a), 25 mm diaphragm motion (b), and 35 mm diaphragm motion (c).

3.2. Phantom Study

The attenuation in uncorrected PET data was
corrected using 3 different CT images, as it is
seen in Figure 5. It is visually evident that the
lesion sizes are minimized in PET/EICT. A hot
area around the lesions is also observable in this
image, which is because of the outer edge of our
phantom. This causes the attenuation coefficients

+

a b

to be overestimated, and later in attenuation
correction process, the uptake in these regions
are overestimated too. This influences the SUV in
lesions as well. To find a way to solve this issue, we
compared the uptake in uniform regions with this
region with overestimated ACFs, and calculated
the correction factor. This factor was multiplied by
all the results in these slices.

100 By

100 Bg

Figure 5. The uncorrected PET in column (a), EECT, EICT and ACT in column (b), and corrected PET images in column (c).

Figure 6 shows the SUV__for different sizes and
lesions to background ratios. As it is shown, SUV
in PET/ACT is higher than the other two images,
which is statistically significant (p-value=0.012).

While comparing PET/EECT with PET/EICT,
we perceive that PET/EECT gives a higher SUV,
which is consistent with the simulation results.
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Figure 6. SUV__ for 9, 11, 16, and 21 mm lesions in phantom study.

Figure 7 shows the contrast and signal to noise of EECT and EICT for attenuation correction
ratio in all 8 lesions. PET/ACT shows a better of PET images has improved contrast and SNR
contrast and SNR in all the lesions. From a significantly (p-value= 0.025, 0.012 for PET/
statistical point of view, the use of ACT instead EECT and PET/EICT respectively).
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Figure 7. Contrast (a) and SNR (b) in PET/ACT, PET/EECT, and PET/EICT for all 8 lesions.
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4. Discussion

A major pitfall in PET/CT imaging is the
mismatch between PET and CT data due to the
respiratory motion as well as the patient’s bulk
motion. As such, misaligned CT can project a part
of the diaphragm onto the thorax region, leading to
clinical misinterpretation of the corrected PET data.
One approach to reduce the effect of misalignment
due to the different temporal resolution between
activity and attenuation maps, is to use the average
CT over a respiratory cycle for the attenuation
correction. Also, the previous studies have shown
the benefits of using ACT-based attenuation
correction of PET data in reducing the respiratory-
induced errors [17, 32, 33].

PET data is acquired over a couple of respiratory
cycles; thereupon the lesion volume change is
one of the consequences of respiratory motion.
A CT image, on the other hand, is acquired in a
single phase of the respiratory cycle, hence the
CTAC process causes errors and artifacts. In the
simulation part, as it was shown in Figure 3, when
the amplitude of the diaphragm motion increases,
the estimated tumor volume increases. The
average change in tumor volume varies between
30 mm?® to 61 mm? for 4:1 lesion to background
ratio, and between 25 mm?’to 27 mm?® for &:1
lesion to background ratio, which shows how
much low uptake tumors are sensitive to motion.
This happens due to the organ movement caused
by respiration and blurring in thorax region. Also,
this volume change is maximized in the liver and
the lower lobe of both lungs, because in these
places the amplitude of the respiratory motion is
maximized. It varies between 77 mm® to 86 mm?
for liver lesions, and between 2 mm? to 23 mm? for
lesions in the lower lobe of both lungs.

Figure 4.a, 4.b and 4.c illustrate that in simulated
data, the PET/ACT has lower SUV__ errors in
comparison with PET/EICT and PET/EECT. We
investigated that 9 mm tumors have higher errors
in estimating SUV. This indicates that smaller
tumors are more sensitive to respiratory motion,
and in order to be able to diagnose them, it is
necessary to optimize the attenuation correction
process using ACT based attenuation correction.
It is seen that ACT significantly reduces the error
in estimating SUV__ (p-value<0.05 for all 3
tumor diameters), which suggests that ACT-based

attenuation correction can be useful, especially in
tumors that are located in diaphragm region.

In our phantom study we observed that PET/ACT
has higher SUVs. This is because the temporal
resolution of the uncorrected PET data and ACT is
the same, so the attenuation correction coefficients
are estimated more accurately, hence SUV is
calculated to be higher in PET/ACT. Regarding
image quality parameters, Figure 7.a and 7.b show
that PET/ACT has better contrast and SNR relative
to the other two images. In comparison with PET/
EECT, SNR and contrast improved in PET/ACT
by 22% and 11% respectively (p-value<0.05).
Furthermore, in comparison with PET/EICT, SNR
and contrast improved in PET/ACT by 42% and
26% respectively (p-value<0.05).

5. Conclusion
examined elaborate

In this study, we
measurements and analysis of SUV__~ and

volume for multiple lesions for a common
patient respiratory5 trace with respect to PET/
STCT (stationary truth) as a surrogate for the true
values. Different lesion sizes, lesion locations, and
diaphragm motions were simulated, and different
choices of attenuation maps were characterized
and analyzed in simulated attenuation corrected
PET images. In our phantom study, different
lesion sizes and lesion to background ratios were
considered as well. Both the simulation results and
phantom study indicate that respiratory motion
can significantly decrease the accuracy of PET/CT
quantitative imaging, which has adverse effects
on diagnosis, radiation treatment planning, and
treatment response monitoring [30, 34]. They also
demonstrate that ACT is useful for the attenuation
correction of PET images in diaphragm region.
Regarding temporal resolution, ACT is the most
accurate, and gives lower errors in estimating
tumor quantification parameters.
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