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The accuracy of attenuation correction in positron emission tomography scanners depends mainly on deriving the
reliable 511-keV linear attenuation coefficient distribution in the scanned objects. In the PET/CT system, the linear attenu-
ation distribution is usually obtained from the intensities of the CT image. However, the intensities of the CT image relate
to the attenuation of photons in an energy range of 40 keV-140 keV. Before implementing PET attenuation correction, the
intensities of CT images must be transformed into the PET 511-keV linear attenuation coefficients. However, the CT scan
parameters can affect the effective energy of CT X-ray photons and thus affect the intensities of the CT image. Therefore,
for PET/CT attenuation correction, it is crucial to determine the conversion curve with a given set of CT scan parameters
and convert the CT image into a PET linear attenuation coefficient distribution. A generalized method is proposed for con-
verting a CT image into a PET linear attenuation coefficient distribution. Instead of some parameter-dependent phantom
calibration experiments, the conversion curve is calculated directly by employing the consistency conditions to yield the
most consistent attenuation map with the measured PET data. The method is evaluated with phantom experiments and small
animal experiments. In phantom studies, the estimated conversion curve fits the true attenuation coefficients accurately, and
accurate PET attenuation maps are obtained by the estimated conversion curves and provide nearly the same correction
results as the true attenuation map. In small animal studies, a more complicated attenuation distribution of the mouse is

obtained successfully to remove the attenuation artifact and improve the PET image contrast efficiently.

Keywords: linear attenuation coefficient, PET/CT, attenuation correction, consistency conditions

PACS: 78.70.—g, 87.57.uk, 87.59.Q-, 87.57.C-

1. Introduction

Accurate attenuation correction is required in positron
emission tomography (PET) imaging for image artifact re-
moval and quantitative studies.'?! The accuracy of correc-
tion depends mainly on deriving the reliable PET 511-keV
linear attenuation coefficient distribution from the scanned
objects. >4

A current trend is to combine PET and computed to-
mography (CT) into a union imaging system PET/CT. In this
system, the linear attenuation distribution is usually obtained
from the CT scan. CT images provide lower-noise and higher-
resolution tissue density information in a very short time, but
the intensities of CT images relate to the attenuation of pho-
tons in an energy range of 40 keV-140 keV. Before implement-
ing PET attenuation correction, the intensities of the CT image
must be transformed into the PET 511-keV linear attenuation
coefficients.!>7}

Several methods have been developed to convert CT im-
age into PET linear attenuation distribution. [®%! These meth-
ods are shown to yield good results in a number of situations;
however, they often encounter their problems because the CT
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scan parameters can affect the effective energy of CT X-ray
photons and thus affect the intensities of the CT image. Before
implementing PET attenuation correction, the CT voxel val-
ues in terms of intensity should be converted into the 511-keV
linear attenuation coefficients using the corresponding conver-
sion curve. For each set of CT scan parameters such as a pair
of tube voltage and tube current, a corresponding conversion
curve needs to be calculated separately.>%° Therefore, the
phantom calibration experiment must be implemented to de-
termine the conversion curve for a given set of CT scan pa-
rameters. This manner lacks convenience and robustness, es-
pecially when some sudden scan parameters are required.

In this work, we develop a generalized method based on
consistency conditions for transforming CT images for PET
attenuation correction without any calibration experiments.
The reliability of the proposed method is evaluated with phan-
tom experiments and small animal experiments using a small
animal PET/CT scanner developed by the Institute of High En-

ergy Physics, Chinese Academy of Sciences.
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2. Theory
2.1. Consistency conditions

The Helgason—-Ludwig consistency conditions are a set
of mathematical rules. They are derived from the Radon trans-
form and are satisfied by perfect PET data, such as attenuation
corrected data. Natterer’s formulation of the consistency con-

ditions for PET data is given by!!0:11]

2w ptoo R
/ / gtk TEOE (s, ¢)dsdg = 0. (1)
0 —oo

Here, E(s,¢) is the emission sinogram acquired by PET;
T(s,9) is the transmission sinogram which can be obtained
from the radon transform of the PET attenuation map; m de-
termines the moment, which is an integer greater than or equal
to zero and k determines the Fourier component, which is an
integer and satisfies that k is greater than m or k+m is odd; s
is the radial distance from the center of rotation in the radon
transform space; ¢ is the azimuthal angle of rotation in the
radon transform space.

With the given emission sinogram, the attenuation map
can be calculated by solving the above equations of consis-
tency conditions. Solving these equations is equivalent to min-

imizing the following objective function:[!>!3]
2T ptoo . ] 2
Fui= Y / / sk TEOE (s 6)dsdo]| . (2)
0<m<k II/0 J—eo

2.2. Conversion model

In practice, the objective function may have many lo-
cal minima due to the poor signal-to-noise ratio in PET data.
Therefore, it is necessary to regularize the problem and nar-
row the search space by using some prior information about
the attenuation map.!'4'”] For the work presented here, it
is assumed that the attenuation map can be obtained from
the CT image through the following quadratic polynomial
conversion:>9]

pper = AlZ; + Bler +C. 3)

In Eq. (3), Ict is the voxel value of a given voxel in the
registered CT image, which is represented in terms of inten-
sity; upgt is the attenuation coefficient of the corresponding
voxel in the attenuation map; A, B, and C are the conversion
factors.

After PET/CT image registration, we convert the regis-
tered CT image into the initial attenuation map using Eq. (3)
with the initial conversion factors. The initial attenuation map
provides the prior information for the consistency conditions.

2.3. Implementation of optimization

The Levenberg—Marquardt algorithm (LM algorithm) is
used to estimate the conversion factors and minimize the ob-

jective function. During each iteration procedure, the CT im-
age is converted into the attenuation map using Eq. (3) with
the current estimates of conversion factors, and then the lin-
ear integration of the updated attenuation map is calculated
to provide the transmission sinogram in Eq. (2). The objec-
tive function is evaluated by calculating Eq. (2) with some
certain values of m and k. In this study, we use the data set
{m=1,2;k € N}, which satisfies the conditions thatm < k <9
and k+ m is odd. The stopping rule of the algorithm is that
there is less than 0.1% change in the objective function with
the following penalties: (i) each attenuation coefficient in the
attenuation map is above or equal to zero; (ii) after the conver-
sion, each voxel whose intensity is zero in the CT image re-
mains zero in the attenuation map, which implies that the con-
stant term “C” in Eq. (3) should be zero; (iii) the conversion
curve is convex to the below.!”] Before the optimization, the
initial conversion factors are randomly generated. There are
fewer restrictions on the random variables but the converting
of the registered CT image into the initial attenuation map with

the variables should follow Rules (i)—(iii) mentioned above.

2.4. Procedure and comparison

Figure 1 shows the procedures of the original method
based on the phantom calibration experiments, and the pro-
posed method based on consistency conditions.

For the first, the CT phantom experiments must be im-
plemented to determine different conversion factors with var-
ious sets of usual CT scan parameters. The phantom is spe-
cially designed for the calibration experiments, and it contains
various materials which have typical linear attenuation coef-
ficients. To acquire the conversion curve, the 511-keV linear
attenuation coefficients of materials are first calculated using
the NIST data tables.["® Then, the regions of interest (ROIs)
representing the materials are outlined in CT images, and the
mean values of voxels in the ROIs are calculated. Therefore,
some scatter points are acquired which represent the voxel val-
ues of materials in CT images and the 511-keV linear attenu-
ation coefficients of materials. Finally, the conversion curve
and conversion factors are calculated in quadratic polynomial
fitting of the scatter points. When a set of CT scan parameters
has been chosen for a PET/CT scan, if the conversion factors
have been acquired in the previous phantom calibration ex-
periments under the same CT scan parameter conditions, the
attenuation map can be obtained by converting the CT image
using these factors. However, if the CT scan parameters are
not included in the previous phantom calibration experiments,
an extra phantom experiment is necessary to obtain the con-

version factors with current parameters.

027802-2



Chin. Phys. B Vol. 23, No. 2 (2014) 027802

sinogram

map

__________________________________________________________ -
: CT phantom regions of e :
: experiment with a interest quadratic :
| . - Lo polynomial 1 -
| given scan |raw CT image choice and X fitti | conversion
| leulati scatter points itting X |
| parameters from calculation . conversion \ factors
| —————— X A from different 1 .
| calibration . factors | with current
materials
: phantom : parameters
| |
Lscrial prior experiments with different scan parameters JI (a)
PET/CT scan cropped to PET image size
. . registration . .
with X down -sampled to PET pixel size resized CT registered attenuation
raw CT image . .
current image CT image map
parameters
o Fourier OSEM £
raw emission L . 3 (b)
rebinning emission |reconstruction emission 2
projection A X A
sinogram image
data & & 38
| bty S -1
| |
: update factors using LM :
: to fit consistency conditions | conversion :
| factors | -
: : conversion
| loop | factors
| 1 ith
: convert CT image with current
: projection to attenuation map parameters
: transmission attenuation using factors
|
|
|
|
|

Fig. 1. Procedures of (a) the original method based on the phantom calibration experiments and (b) the proposed method based on

consistency conditions.

On the other hand, for any set of CT scan parameters, the
proposed method can achieve the transformation of CT im-
age into attenuation map but not depend on the phantom cali-
bration experiment. The conversion factors can be calculated
directly by employing the consistency conditions to yield the
most consistent attenuation map with the measured PET data
as mentioned in Subsection 2.1 to 2.3.

3. Methods and results
3.1. Data acquisition and processing

Data were acquired for all studies in this work using a
small animal PET/CT scanner, which was developed by the
Institute of High Energy Physics, Chinese Academy of Sci-
ences.

In the PET subsystem of this scanner LY SO-based detec-
tor blocks, having an 11-cm transaxial field-of-view (FOV), a
6.4-cm axial FOV, a central point source with a spatial reso-
lution of 1.85-mm full-width at half-maximum (FWHM) and
sensitivity of 2.38% at the center, were used. PET scans
were acquired with a 360 keV-660 keV energy window and
6-ns timing window. The emission projection data were ac-
quired in listmode format and Fourier-rebinned"®! into two-
dimensional (2D) sinograms. Images were then reconstructed
using the 2D OSEM algorithm??! (four iterations and sixteen

subsets), resulting in 0.5 mmx0.5 mmx 1.0 mm voxel size for
a 256x256x63 image volume. Except attenuation, the PET
images were corrected for detector efficiency, dead-time, ra-
dioactive decay, and photon scatter.

The CT subsystem includes a standard self-contained, air-
cooled X-ray tube operating at a maximum tube voltage of
90 kV and a maximum tube current of 200 nA. CT scans were
acquired by using CT tube voltages varying between 0 and
90 kVp and by optimizing the tube current. The gantry rotated
in continuous flying mode. A total of 360 projections were ac-
quired in a full 360° scan with a 1024 x360 projection matrix
size. The CT images were reconstructed using a 3D cone-
beam Feldkamp algorithm into 0.25 mmx0.25 mmx0.25mm
After being
cropped to PET image size, down-sampled to PET voxel size,

voxel size in a 512x512x512 image matrix.

the registered CT images were then acquired with an affine
transform and linear interpolation.

3.2. Phantom studies

In this study, we designed a cylindrical phantom (¢ =
40 + 0.5 mm) within four small hollow cylinders (¢ = 8
0.5 mm). This phantom can also be used for the original
method based on the phantom calibration experiments.?! For
comparison, we scanned the phantom with three different sets
of CT scan parameters and determined the three sets of con-
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version curves using the proposed method and the original cal-
ibration method.
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solution

50 mg/cm3
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Fig. 2. Hollow cylindrical phantom with four small hollow cylinders.

The phantom and the cylinders were all made of plexi-
glass, each of which had a similar attenuation coefficient to
that of water. As shown in Fig. 2, the phantom was filled with
a uniformly distributed mixture of water and 1.17-mCi of '8F-
FDG. One of the four small cylinders was filled with the same
mixture above, which represented water and had the same at-
tenuation coefficient as that of water, and the other three were

filled with a mixed solution of water and K,HPO4 with con-
centrations of 50 mg/cm?, 450 mg/cm?, and 900 mg/cm?.

The emission data of the phantom were acquired from a
10-minute PET scan, and then three sets of transmission data
of the phantom were acquired from three corresponding CT
scans by varying CT tube voltages from 60 kVp to 80 kVp
but keeping the tube current unchanged (here it was 40 pA).
As mentioned in Subsection 3.1, both the raw CT images and
the PET images were reconstructed. After the raw CT images
were cropped to PET image size and down-sampled to PET
voxel size, the registered CT images were acquired by align-
ing the center of each cylinder from the PET and registered CT
images.

Table 1 shows the scatter points in the CT images with
various CT tube voltages. The scatter points represent the cor-
responding solutions in the four cylinders and are acquired as
mentioned in Subsection 2.4. The fitting conversion curve of
the scatter points from Table 1 and the estimated conversion
curve using the proposed method are shown in Fig. 3. Note
that Hounsfield units could be a middle step for transform-
ing the raw CT data to the PET 511-keV attenuation coeffi-
cients; however, it is not a necessary step and is skipped in this
paper.[?!

Table 1. Scatter points in the CT images with various CT tube voltages which represent the corresponding solutions in the

four cylinders.

Materials [er/unit UpgT/CcCm™ !
60 kVp 70 kVp 80 kVp
Water 3754.14+392.3 4065.9+351.4 4226.2+321.0 0.096
50 4152.0+407.3 4451.9+365.4 4603.1+336.7 0.101
KZHPO4/(mg/cm3) 450 6573.5+868.3 6832.14+756.1 6886.71+683.8 0.136
900 8481.14+936.2 8728.6+657.1 8677.3+597.8 0.175

As shown in Fig. 3, the estimated conversion curve can
fit the scatter points accurately and can provide a proper trans-
formation for each given CT tube voltage. Though the differ-
ences can also be observed between the proposed method and
the original method, they are located in a range of standard
deviation variances from the voxel values of the scatter points.

To quantitatively evaluate the accuracy of transformation
above and the effect of the difference between these two meth-
ods, we calculated the mean values of linear attenuation coef-
ficients of four cylinders in the attenuation maps from the pro-
posed method and the original calibration method, and then
we listed the deviations between these mean values (Umean)
and the true linear attenuation coefficients (Ure), as shown
in Table 2. Here the true linear attenuation coefficients are
calculated using the NIST data tables as mentioned in Subsec-
tion 2.4. Due to the lower dose of '8 F—FDG in the solution,
the calculated coefficient of the ¥ F-FDG solution is the same

as that of water. We have the following deviation definition:

bias = Hmean — Hirve 0007, @)

IJ“II‘UC

The results show that after the transformations of CT
images into attenuation maps, the attenuation coefficients ob-
tained by both of these methods accord with the true coef-
ficients. Furthermore, the results also show that at 70 kVp
and 80 kVp, some slight differences still exist between the
estimated coefficients and the fitting coefficients. Here the es-
timated coefficients are from the attenuation maps acquired by
the proposed method, and the fitting coefficients are from the
attenuation maps acquired by the fitting conversion curves.
Comparing the linear attenuation coefficients at these two
tube voltages with the true ones, the estimated coefficients
of 900 mg/cm3 K>HPOy4 solutions are closer to the true ones
but the fitting coefficients of 450 mg/cm?® K,HPO, solutions
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Fig. 3. Fitting conversion curves of scatter points from Table 1 and the
estimated conversion curves using the proposed method with various
CT tube voltages: (a) 60 kVp; (b) 70 kVp; (c) 80 kVp.

are closer to the true ones, and for the water and 50 mg/cm3
K,HPO4 solutions, the two methods provide nearly the same
coefficients.

Table 2. Mean values of linear attenuation coefficients of four cylin-
ders in the obtained attenuation maps with various CT tube voltages:
(a) 60 kVp, (b) 70 kVp, and (c) 80 kVp, and the deviations between
them and the true 511-keV linear attenuation coefficients.

() 60 kVp
_ K,HPO,/(mg/cm?)
Jem ™! Wat
Heer/em ater 50 450 900
True 0.096 0.101 0.136 0175
Estimated 0.092::0.002 0.099+0.003 0.14440.009 0.171-:0.009
(Bias) (—4.2%) (<2.0%) (+5.9%) (<2.3%)

Fitting  0.09240.002 0.09940.003 0.14420.009 0.171-:0.009
(Bias) (~4.2%) (-2.0%) (+5.9%) (-2.3%)

(b) 70 kVp
_ K,HPO4/(mg/cm?)
Jem™! Wat
Heer/em ater 50 450 900
True 0.096 0.101 0.136 0.175
Estimated  0.0930.002 0.10040.003 0.146+0.010 0.176+0.007
(Bias) (3.1%)  (1.0%)  (74%)  (+0.6%)

Fitting  0.092+0.002 0.099+0.003 0.143+0.010 0.169+0.013
(Bias) (—4.2%) (-2.0%) (+5.1%) (-3.4%)

(c) 80 kVp
_ KzHPO4/(mg/cm3)
Jem™! Wat
Heericmn ater 50 450 900
True 0.096 0.101 0.136 0.175

Estimated 0.093+0.002 0.1004+0.003 0.145+0.010 0.17740.008
(Bias) (-3.1%) (-1.0%) (+6.6%) (+1.1%)
Fitting ~ 0.093+0.002 0.100£0.003 0.142+0.010 0.170+0.012
(Bias) (-3.1%) (-1.0%) (+4.4%) (-2.9%)

In order to evaluate the influences of differences between
the estimated coefficients and the true ones on attenuation cor-
rection, the attenuation correction factors were calculated from
the estimated attenuation maps and were used to correct the
PET attenuation artifacts. The PET images were reconstructed
in the following ways: i) using the true attenuation maps of
phantom and ii) using the estimated maps from the proposed
method.

Figure 4 shows the reconstructed PET images from a typ-
ical transaxial slice of phantom before and after the correction,
and the profiles are also shown.

As shown in Fig. 4, though the attenuation maps are con-
verted from different CT images with three tube voltages, the
corrected PET images are nearly the same. Although the phan-
tom is scanned with different CT tube voltages, it has the
unique linear attenuation coefficient distribution at 511 keV.
As aresult, the proposed method provides a proper conversion
curve for each CT image with a given CT tube voltage and
converts each CT image into the unique attenuation map for
PET attenuation correction. Moreover, the results also indi-
cate that the deviations between the estimated coefficients and
the true coefficients have few influences on the accuracy of at-
tenuation correction, which can work as well as the correction
using the true attenuation maps.
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Fig. 4. The reconstructed PET images from the typical slice of phantom performed by (a) no attenuation correction; (b) the attenuation
correction using the true attenuation map; the attenuation correction using the proposed method, and the CT images at the tube voltages
of (c) 60 kVp, (d) 70 kVp, and (e) 80 kVp. Panels (f) and (g) show the profiles through the images of no attenuation correction and

the attenuation correction.

3.3. Small animal studies

To evaluate the validity of the proposed method for some
more complicated attenuation maps, a mouse was injected
with the solution of water and 1.17 mCi of '8 F-FDG for small
animal studies. After about a 30-minute uptake period, the
mouse was sacrificed and fixed with tape to the imaging bed
of the scanner. Then the CT imaging was implemented with
the tube voltage at 45 kVp and the tube current at 15 nA. Fol-
lowing the CT scan, the PET imaging was implemented. Fi-
nally, as mentioned in Subsection 3.1, both the raw CT images
and the PET images were reconstructed, and the registered CT
images were acquired.

In fact, the effective attenuation coefficient depends on
the amount of scatter, which may vary with the size and struc-
ture of the scanned objects. For the same scan parameters,
the conversion curve from the phantom calibration experi-

ment may be not accurate enough for the small animal, un-

less the phantom has the same size and structure as that of the
small animal. Therefore, few direct evidences can be used to
quantify the accuracy of attenuation correction in small ani-
mal studies, even after some phantom experiments have been
implemented. !

To acquire more accurate scatter points for the curve fit-
ting and compare the fitting conversion curve with the esti-
mated curve obtained by the proposed method, we segment
the registered CT images and outline the ROIs of three typical
mouse tissues, i.e., bone, soft tissue, and lung. Then the mean
values of voxels in the ROIs are calculated. The scatter points
from the attenuation coefficients of three typical tissues'*! and
their corresponding CT voxel values are indicated in Fig. 5,
and figure 5 also shows the estimated conversion curves and

the fitting conversion curves for the mouse.
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Fig. 5. Estimated conversion curves using the proposed method and the
fitting conversion curves for the mouse, and the two uncalibrated curves
for comparison used in the following section.

Fig. 6. (a) Estimated attenuation map from the mouse and the sub-
images of (b) the bone segmentation, (c) the soft tissue segmentation,
and (d) the lung segmentation. Each image above is shown in its full
range contrast.

In Fig. 6, the attenuation map is obtained using the esti-
mated curve in Fig. 5. To quantitatively evaluate the accuracy
of conversion, some images (shown in Fig. 6) are segmented
from the attenuation map using the corresponding thresholds,
and the mean values of attenuation coefficients for each tis-
sue in the segmented images are calculated in Table 3. The
segmented thresholds are empirically chosen by referring to
the attenuation coefficients of tissues, as follows: (i) above
0.12 cm™! for bone; (ii) from 0.06 cm~! to 0.12 cm™! for soft

tissue; (iii) from 0.025 cm™! to 0.06 cm ™' for lung inhale and
lung exhale.

For comparisons, two uncalibrated curves (the uncali-
brated curve I and the uncalibrated curve II in Fig. 5) are also
obtained. The two sets of uncalibrated scatter points are cre-
ated using the mean values of voxels of the calibrated scatter
points in Fig. 5 minus or plus their standard deviations. There-
fore, the other three attenuation maps are obtained using the
fitting curve and the two uncalibrated curves. Similarly, the
three attenuation maps are segmented and the mean values of
attenuation coefficients for each tissue in these segmented im-
ages are also calculated in Table 3.

Table 3. Mean values of linear attenuation coefficients for each tissue
in the sub-images comparing with the true attenuation coefficients.

ppgr/cm™!
Lung Soft tissue Bone
True 0.0375 0.096 0.172 (cortical)
Estimated 0.0424+0.010  0.093+0.010 0.163+0.026
(Bias) (+12.0%) (-3.1%) (=5.2%)
Fitting 0.0424+0.010  0.094+0.010 0.1524+0.018
(Bias) (+12.0%) (-2.1%) (~11.6%)
Uncalibrated I~ 0.041£0.011  0.105+0.014 0.1434+0.019
(Bias) (+9.3%) (+9.4%) (~16.9%)
Uncalibrated I 0.040+0.010  0.083+0.010 0.162+0.027
(Bias) (+6.7%) (-13.5%) (-5.8%)

The results in Fig. 6 show that the proposed method
should be robust for the mouse, which has a more complicated
attenuation distribution than the phantom shown in Fig. 1.
However, as shown in Fig. 6, it is observed that due to the
partial volume effect, the lung segmentation map typically in-
cludes the voxels from the boundary of soft tissue or CT scan
bed, and thus there are likely to be some errors in assigning
a lung attenuation coefficient for these voxels. Similarly, the
voxels from the CT scan bed can also be observed in the soft
tissue segmentation and the bone segmentation. Accordingly,
as shown in Table 3, the lung attenuation coefficients from the
four curves in Fig. 5 have similar values but larger deviations
exist between them and the true coefficient. The results in Ta-
ble 3 also show that for soft tissue, the estimated curve and
the fitting curve provide better estimation than the two uncal-
ibrated curves. For bones, however, the estimation from the
fitting curve is a little worse than the estimated curve.

The corrected PET images using the proposed method
for the mouse are reconstructed in Fig. 7. The results show
that after attenuation correction, the image contrast can be
improved effectively, and the attenuation artifacts can be re-
duced. Therefore, accurate attenuation correction is essential
for small animal studies. Meanwhile, as shown in Fig. 7, the
attenuation maps from the fitting curve and the two uncali-
brated curves are used to obtain the corrected PET images and
provide more evaluations among the five conversion curves.
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As shown in Figs. 7(d)-7(0), the influences from the differ-
ences between attenuation coefficients listed in Table 3 can-
not be observed qualitatively. However, the horizontal pro-
files passing near the centers of the PET images from the two
uncalibrated curves can prove the fact that there exist some
influences of over-correction or under-correction as shown in
Figs. 7(p) and 7(q), and these influences will adversely affect
the quantitative studies. Moreover, due to smaller scanned
objects and less photon attenuation, there are less influences
of over-correction or under-correction in Fig. 7(p) than in

Fig. 7(p).

4. Discussion and conclusion

In the phantom studies, the results of phantom experi-
ments show that the proposed method has less dependence on
the CT scan parameters and can provide the accurate conver-
sion curve without any calibration experiment. Nevertheless,
it is observed in Table 1 that with the decline of tube voltages,
the mean values of voxels from the four solutions in the CT
images decrease but the standard deviations increase. Though
the results in Table 2 indicate that higher standard deviations
have few influences on the accuracies of the estimated attenu-
ation coefficients, a more comprehensive analysis is required
to determine whether the method can be applied to a broader
range of scan parameters. Meanwhile, the results in Fig. 4 also
show that the deviations between the estimated attenuation co-
efficients and the true ones can be ignored in the reconstructed
images. However, supposing some sudden situations that the
PET images might suffer relatively low activities or the phan-
tom might be enlarged so that worse photon attenuation would
happen, the deviations would bring more challenges, which
should be considered in further studies.

In the small animal studies, although the true attenua-
tion map of the mouse cannot be obtained to quantify the ac-
curacy of attenuation correction more directly, it iS notewor-
thy that some indirect evidences are given to support the pro-
posed method and verify that the method is capable of dealing
with more complicated attenuation distribution. The results in
Fig. 5 show that the conversion curve obtained by the proposed
method is accurate enough to fit the scatter points from the at-
tenuation coefficients of some tissues and their corresponding
CT voxel values. Furthermore, the results in Fig. 6 and Table

3 show that the estimated linear attenuation distribution agrees
with the true distribution in visualization and quantification.

It is concluded that the method based on consistency con-
ditions can accurately estimate the conversion curve with a
given pair of CT scan parameters and successfully improve
the PET image contrast. In future work, we will focus on eval-
uating the proposed method using broader sets of scan param-
eters. Furthermore, we will investigate the robustness that the
method can be extended to larger and more complicated ob-
jects for whole-body PET/CT studies.
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