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A scattering correction method for a panel detector based cone beam computed tomography system is presented.

First, the x-ray spectrum of the system is acquired by using the Monte Carlo simulation method. Secondly, scattered

photon distribution is calculated and stored as correction matrixes by using the Monte Carlo simulation method ac-

cording to scanned objects and computed tomography system specialties. Thirdly, scattered photons are removed from

projection data by correction matrixes. A comparison of reconstruction image between before and after scattering cor-

rection demonstrates that the scattering correction method is effective for the panel detector based cone beam computed

tomography system.
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1. Introduction

The panel detector based cone beam computed
tomography (CBCT) system represents a novel CT
approach by the application of a full-field flat-panel
digital detector that significantly increases active area
to truly isotropic data sampling at a high spatial res-
olution, thereby providing advantages over conven-
tional multi-slice spiral CT.[! However, it remains dif-
ficult to accurately remove a comparatively large num-
ber of scattered photons from projection data, which
causes the sample structure to become artifactitious
and makes the CT number inaccurate. Therefore,
developing an effective scattering correction method
is still a major challenge.*3] Many methods have
been proposed and significantly improved on image
quality, although drawbacks still exist. The scatter-
ing control techniques belonging to the same cate-
gory include hardware-based methods and software-
based methods.

turn include the anti-scattering grid method,* air

The hardware-based methods in

gap method,®! scattering measurement using a beam
stop array method,® etc., which suppress or cor-
rect scattering events at a certain percentage, or

modify the imaging system itself. The software-

based methods include convolution method,[”! decon-

8] model based scattering correction

volution method,
method[®! and Monte Carlo simulation method, % etc.
To combine the merits of different correction methods,
hybrid approaches were brought into being,['!] which
can provide a well-balanced tradeoff among correction
effectiveness, calculation time, exposure loss, dose in-
crease, etc.

To improve the scattering correction performance,
a new scattering correction method for CBCT is pro-
posed here. We calculate and store scattering correc-
tion matrixes according to scanned objects and CBCT
system specialties by using the Monte Carlo simula-
tion method, and remove scattered photons from each
projection data according to pixel values on the panel
detector.

2. Materials and methods

2.1. Monte Carlo simulation method

The Monte Carlo (MC) simulation method has
been widely used in the field of CBCT[213] with
its advantages, such as accurate physical model and

changeable simulation parameters, etc. Simulations

*Project supported by the National Natural Science Foundation of China (Grant Nos. 60672104 and 10527003), the National Basic
Research Program of China (Grant No. 2006CB705705) and the Joint Research Foundation of Beijing Education Committee,

China (Grant No. JD100010607).
TCorresponding author. E-mail: bao@pku.edu.cn

@© 2010 Chinese Physical Society and IOP Publishing Ltd

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn

087802-1



Chin. Phys. B Vol. 19, No. 8 (2010) 087802

were performed by using the general-purpose MC code
system PENELOPE in the present paper. This code
simulates coupled electron—photon transport in arbi-
trary material and in a wide energy range from a few
hundred eV up to 1 GeV. The reliabilities of phys-
ical interaction models and tracking algorithms im-
plemented in PENELOPE have been demonstrated
through an extensive set of benchmark comparisons
with experimental data and other MC codes.["¥ Sim-
ulations were designed to describe the image forma-
tion in CBCT starting from the generation of x-ray
photons up to their absorption in the sensitive detec-
tor. Detailed simulations of the x-ray tube, filters,
scanned objects, and detector were considered. After
x-ray photons attenuating in objects, both scattered
and transmitted photons were detected by the panel
detector and information about the detected particles

were recorded in phase-space-files for future analysis.

2.2. Monte Carlo simulation of x-ray
spectra

Using the Monte Carlo method to simulate ra-
diation transport has become the most accurate
method of predicting the x-ray spectra even in com-
plex geometries.'>161 Moreover, the method tracks
the evolution of all secondary particles (and their de-
scendants) generated by primary electrons and enables
one to simulate the interaction between electrons and
photons within the target and filters.

Geometry of the x-ray tube has been realized ac-

curately in the simulation according to the tube used
in a real CBCT system, which is shown in Fig. 1. The
anode is made of tungsten with an angle of 55° with
respect to the incident electron beam. The inherent
filter is of 0.2-mm beryllium and the added filter is
of 0.3-mm aluminum. When the electron beam with
specified energy hits the target, both bremsstrahlung
and characteristic x-ray photons were produced.

added filter

target (tungsten)

Jectr hes
electron beam ey photons

detector

Fig. 1. Monte Carlo simulation model of x-ray tube.

Three simulations were performed by varying the
peak tube voltage. For each simulation, 1x10'° elec-
trons with specified kilovolt peak (kVp) bombarded
the target. Figure 2 shows the MC simulated x-ray
spectra for different peak tube voltages (40, 60, and
120 kVp). These results will be used as input param-
eters in the following MC simulations.

Energy/10% eV

Energy/10% eV

2 20 —a0kvp B ] —60kVp 2= o] — 120 kVp
2 15 I 25 £ 101

= 101 2 15 2 8

5 : g 4

:° 3 5 2 2

= 0] i = 04

3 0 2 4 6 8 1012 £ 0 2 4 6 8 1012 £ 0 2 4 6 8 10 12
S S S

Energy/10% eV

Fig. 2. Monte Carlo simulation results of x-ray spectra.

For a real x-ray tube, the energy of emitted elec-
trons is not absolutely equal to the product of electron
charge and peak tube voltage but jittered around it.
We assume that the jitter energy is of a Gaussian dis-

tribution in order to discuss the influence of the jitter

on the resulting x-ray spectra. In MC simulation in-
put files, we set the emitted electron energy to be of a
Gaussian distribution with a mean value of 60 kV and
jitter energies to be 1.2 keV and 3 keV separately. Fig-

ure 3 shows a comparison of x-ray spectrum between
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different jitter energies, and we can conclude that the
influence of the jitter energy on the resulting x-ray
spectrum is negligible and the previous simulation re-
sults are credible.
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Energy/10% eV
Fig. 3. Comparison of x-ray spectrum between different

jitter energies.

2.3. Monte Carlo simulation of scattered
photon distribution

An MC scattering simulation model was built ac-
cording to scanned objects and real CBCT system
specialities in this paper. The model includes: gen-
eration of x-ray photons, attenuation of photons in
filters and scanned objects, detection of transmitted
and scattered photons on the panel detector. Figure
4 shows the scattered photon distribution of a hypo-
thetic scanned object simulated by the MC model.
Figure 5 shows the Gaussian fitting result for scat-
tered photon distribution, where A is the area below
the curve, w is the half width, z. is the axis position, yg
is the background scattered photon number and R? is
the relation coefficient. With R? equal to 0.97781, it is
demonstrated that Gaussian function is applicable for
describing the scattered photon distribution. In the
MC simulation model, after x-ray photons irradiate
the scanned object, scattered photon distribution and
Gaussian fitting result were recorded in a database.
With formula (1) and Gaussian function parameters,
we can obtain the scattering correction matrix for the
projection image with the same value as the MC sim-
ulated one.

A
y=y+ | —7m=
>< I
oxyf3
z—x.\°
X exp (—2>< ( C) ), (1)
w

where y is the number of scattered photons, x is the

distance from the matrix element to the Gaussian axis.

Fig. 4. Scattered photon distribution obtained from MC
simulation.
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Fig. 5. Gaussian fitting results of scattered photon distri-
bution.

After scanning the object with a real CBCT sys-
tem, we choose appropriate scattering correction ma-
trixes from the database for each projection image ac-
cording to pixel values of the projection image, and
then remove the scattered photons from it.

3. Results and discussion

We scanned an object with the real CBCT sys-
tem and obtained the scattering correction database
by using the MC simulation model. Table 1 shows the
relationship between pixel values and scattered pho-
ton distribution parameters obtained from MC simu-
lation.

With the database, we can obtain the scattering
correction matrixes for pixels in projection image ac-
cording to pixel values. Figure 6 shows the projection
image of the scanned object and the scattered photon
distribution that is calculated according to pixel val-
ues by using the results from the scattering correction

database.
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For each projection, we calculated the scattered
photon distribution and removed scattered photons
from the original image to obtain the scattering cor-
rected projection image. Using these corrected im-
ages, we reconstructed the object and obtained better
results as shown in Fig. 7. We can find that the recon-
struction images after scattering correction are more
distinguishable and have less noise or artifacts. It is
demonstrated that the method used in this paper is
effective and applicable for scattering correction.

For a scanned object with different materials and
complicated structures, simulation for all the compo-
nents is time consuming and impracticable. The anal-
ysis method of obtaining the scattered photon distri-
bution based on MC simulation results needs to be

developed. The influence of x-ray energy on detective
quantum efficiency (DQE) is not considered in this
paper. These subjects would need more discussion in

future work.

Table 1. Pixel values and corresponding scattered photon

distribution parameters.

pixel value w Y0 A H
5 52.39 1.80 384 5.86
15 52.56 4.61 882 13.40
51 55.68 13.76 2880 41.26
217 50.49 33.04 5444 86.02
504 55.25 50.40 17100 246.97
912 60.13 51.30 16467 218.51
3010 73.18 63.00 18339 199.94
3269 73.73 71.82 19602 106.07

Fig. 6. Projection image and scattered photon distribution.

Fig. 7. Reconstruction image before and after scattering correction.
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