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Abstract

In order to quantify the scattered photon beam during X-ray radiography, deterministic particle
transport algorithm uses the buildup factor (BUF) and the primary beam. However, from existing
models describing such parameter for multilayer attenuators, we investigated three commonly
used ones (Lin & Jiang, Kalos and Burke & Beck). Thus, the High Definition Reference Korean
man (HDRK) was exposed to 150keV photon point source and particle histories were computed
comprising the attenuation of the primary beam and the scattered beam contribution. For that purpose,
we developed an in-house C++ based program to store projected phantom images, at an imaging
detector distant with 1m far from the source, with possible choice between concerned BUF models.
The thorax part only of the HDRK man was irradiated and based on specific Geometric Progression
(GP) fitting parameters, Compton and total attenuation coefficients and equivalent atomic number of
25 organs, computations were carried out. We found a close image similarity for both models of Lin
& Jiang and Kalos (SSIM=0.94). Also, the projected image resolution was ordered in the following
way from better to worst: Lin & Jiang, Kalos and Burke & Beck. A correct model choice will be of
great interest to the large community of radiation physicists, in general, and to medical imaging,
teletherapy and brachytherapy physicists, in particular, since multilayer BUF parameters are the key
parameter for point kernel calculations..
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1.Introduction

In contemporary medical education, ra-
diology plays a unique role in integrating
science and medicine ['!. No other medi-
cal specialty regularly interacts with such
a wide range of medical disciplines. The
practice of neurology, neurosurgery, oto-
laryngology, cardiology, pulmonology,
urology,  gastroenterology, orthopedic
surgery and a host of other pediatric and
surgical specialties would be virtually im-

possible without the regular presence of
diagnostic imaging [,

Fromthe many existing computational tools
used for imaging process selection, we cite
the point-kernel method B-! and the Monte
Carlo simulation technique ', In terms
of particle transport handling, the major
difference between the two techniques is
that one takes a microscopically-oriented
approach to solving the problem, where-
as the other takes a macroscopically-ori-
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ented approach. By assuming beam-like
propagation, the point-kernel (PK) tech-
nique gains time for decision-making. In
addition to the important parameters that
form a PK core, we also quantify the scat-
tering contribution to the unscattered beam
during particle-matter interactions via the
buildup factor (BUF). As well as Monte
Carlo simulation programs such as EGS4
21 and Geant4 !'*!4 many existing tools
have been used for BUF computations,
like PALLAS ') and ASFIT ['*]. Moreover,
from the many modeling of BUF such as
the Invariant embedding method !'”-1*], the
Moments method '), the Iterative method
(201" we found the more sophisticated one
called Geometric Progression (GP) fitting
method !, Additionally, for GP fitting, we
noted the one provided by Kalos*! and
by Burke and Beck ! for monodirectional
parallel-plane beams and stratified shields
and the more recent one by Lin & Jiang
241 for isotropic point sources. However,
all materials with high density and atomic
number were not studied, especially for hu-
man tissues (since they assumed water me-
dium to approximate most of them). On the
other hand, there is increasing use of deter-
ministic models in practical research and
clinical applications, including ray-tracing
methods and analytical models >, They
have fewer computational problems com-
pared to Monte Carlo (MC) technique and
can deal with statistics correctly, so that
fast simulations of transmission images
are possible. By using deterministic meth-
ods, it is possible to treat photon scattering
and reflection in medical imaging *7-3%,

The main goal of this work is to develop a
point-kernel method able provide project-
ed image of the High Definition Reference
Korean (HDRK) man phantom [29] irra-
diated with a photon point source. As part
of the study, the ray-tracing method, com-
bined with exposure dose buildup, was
applied to the simulation of a radiograph-
ic image. Different buildup factor models
were analyzed in terms of their effect on
the image quality. Although our study was
limited to monochromatic photon point
source, our present work can be thought of
as building on the attention already given
by radiation physicists, especially in rela-
tion to point kernel-based preparation of
treatment plans and diagnosis imaging of
tumors.

2.Materials and Methods

Here, we will briefly describe the proposed
parameterization models for BUF calcula-
tion of monolayer and multilayer attenua-
tors followed by the C++ developed pro-
gram for the needed computations. Finally,
we will describe the followed image anal-
ysis.

2.1. BUF parameterization models
According to the GP fitting method, the
BUF for monolayers can be written in the
following form [2!:

B(X)—l_{KX_l,ifK;tl (1)
-1 | K1
X,ifK=1

where b = BUF(1) + 5% and the depth
X 1s expressed in mean free paths: 1mf-
p=1Au*p) , with p and p correspond to the
linear attenuation coefficient and the atom-
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ic density, respectively.

For X <40 mfp:

B . tanh((X/X,) —2)) —tanh(=2)  (2)
K =cxX%*+dx T—tanh(=2)
where, a, b, ¢, d and Xk are the five fitting

parameters.

Meanwhile, the general BUF formula for
multilayers can be written in the following
form:

n-1
B <Z Xi:Xn> = Bn(Xn) +
i=1

with the geometric progression parameter:

XKxC, (3)

i=1

k= B X Xn 1) — 1
Bn(zin=_11 Xi) -1

where X1, X2, ..., Xn the thickness of n
consecutive material forming the multi-
layered shield, B (3'=X")and B (X )
correspond to the BUF of the n layer for
the overall and the last layers, respectively.
The correction parameter, C , has many
general forms. It depends on the arrange-
ment of consecutive materials, especially
in terms of equivalent atomic number Zeg
(for each material it depends on the photon

4

energy). From existing theories, we will
study three commonly used models:

1.Kalos 1?2
1.

B 1.0,HZ/LZ
Cn = {e—”xn + (yB/K)(1 —e™*n),LZ/HZ )

2. Burke & Beck [23]:
e Xn/t + 1.5(1 —e™*n),HZ/LZ
Co=1 _» x (6)
e Vn 4+ (yB/K)(1 —e™),LZ/HZ
3. Lin & Jiang [24]:
c - e(=1.088Xn) + 1.13B0(X,,), HZ/LZ e
"\ (/K)e *n 4+ 0.80(X,,), LZ/HZ
with
_ (tc/PIn-1
B ((Hﬁ/f)n ®)
_ We/p)n-1
h= (uc/P)n ©)
and
_ Bn(Xp)+1 _ a—Xn
() =g S (L —e™™) (10)

where, HZ/LZ means the arrangement of
medium with high Zeq followed by medi-
um with low Zeg and u./p and u /p are the
Compton and the total mass attenuation
coefficients

Table 1. Exposure GP fitting coefficient (a, b, ¢, d and Xk) and equivalent atomic number
for studied organs and 150keV photon source energy

Mat ID Zeq a b c d X,
Adipose tissue 6.486 -0.227 4.173 2.657 0.1 14.125
Adrenal 7.424 -0.189 3.929 2.284 0.081 14.273
Bladder 7.731 -0.175 3.901 2.167 0.072 14.385
Blood 7.795 -0.172 3.895 2.144 0.07 14.408
Bone 11.534 -0.084 3.104 1.509 0.019 14911
breast 6.486 -0.227 4.173 2.657 0.1 14.125
Colon 7.507 -0.185 3.921 2252 0.078 14.304
ET 7.424 -0.189 3.929 2.284 0.081 14.273
Esophagus 7.424 -0.189 3.929 2.284 0.081 14.273
Gall bladder 7.424 -0.189 3.929 2.284 0.081 14.273
Heart wall 7.628 -0.179 3.91 2.206 0.075 14.348
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Mat ID Zeq a b c d X,
Kidney 7.66 -0.178 3.907 2.194 0.074 14.36
Liver 7.69 -0.177 3.905 2.183 0.073 14.371
Lung 7.721 -0.175 3.902 2.171 0.072 14.382
Muscle 7.673 -0.177 3.906 2.189 0.073 14.364
Oral mucosa 7.413 -0.189 3.93 2.288 0.081 14.269
Pancreas 7.505 -0.185 3.922 2.253 0.078 14.303
RBM 7.282 -0.195 3.942 2.339 0.085 14.22
salivary glands 7.328 -0.193 3.938 2.321 0.084 14.237
Skin 7.397 -0.19 3.932 2.294 0.082 14.263
Small intestine 7.507 -0.185 3.921 2.252 0.078 14.304
Spleen 7.69 -0.177 3.905 2.183 0.073 14.371
Stomach 7.507 -0.185 3.921 2.252 0.078 14.304
Thymus 7.424 -0.189 3.929 2.284 0.081 14.273
Thyroid 8.702 -0.145 3.696 1.939 0.054 14.541

2.2.Computation procedure

An in-house C++ program has been devel-
oped for computation purposes. The pro-
gram inputs are the five GP coefficient and
the Zeq arrays corresponding to 25 tissues
and organs of the thorax irradiated zone of
the HDRK phantom, as tabulated in Table
1. Also, u./p and u, /p attenuation coeffi-
cients extracted from NIST website *” and
atomic density from literature *°), arrays
have been included.

The photon irradiated zone, with point
source located at Im far from the imag-
ing detector, as shown in Figure 1, cor-
respond to 247x141x250 voxels of size
1.981x1.981x 2.0854 mm3. The photon
energy was 150 keV and the detector plane
has the dimensions of 700x700 mm2 and
pixilated into 1x1 mm?2. After reading the
HDRK data, we have the possibility to
choose the BUF parameterization mod-
el. During the computation we calculate
the travelled distance between the point
source and the detector pixel and deter-

mine the number layers (from 250 planes)
with same material and the corresponding
distance for each one. The program output
has been saved into ascii file, which will be
converted into image.

Fig. 1. Schematic view of the
computational geometry setup
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2.3. Statistical analysis

We used the Fiji B! to read ascii output
data of the developed program. Thanks to
SNR B2 and SSIM B3 plugins, we are able
to compare images in terms of signal-to-
noise ratio (SNR), peak of signal-to-noise
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ratio (PSNR), root mean square error
(RMSE), mean average error (MAE) and
structural similarity index (SSIM).

3.Results and Discussion

Figure 2 shows the projected image of the
phantom without taking into account BUF.
Moreover, such image results only from
the exponential attenuation of the gamma
ray along its trajectory from the source to
the detector. We only see the overall shape
of the phantom leading to a difficult inter-
pretation of the image.

Fig. 2. Projected phantom image without taking into
account for BUF parameter (BUF=1)

Fig. 3. Projected phantom image with BUF consider-
ation for three models: Lin & Jiang (L&J), Burke &
Beck (B&B) and Kalos (Kalos)
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However, when we consider the BUF, de-
scribing the scattered flux contribution, the
image becomes more interpretable and re-
alistic, as shown in Figure 3. Also, from
the same figure, we observed that Lin &
Jiang model leads to better image resolu-
tion than that of Kalos model, which itself
has better resolution image than Burke &
Beck one. Such observation was clearly

explained with vertical and horizontal im-
age profiles shown in Figures 4 and 5.

Fig. 4. Vertical profiles of projected phantom image
with (Lin & Jiang, Burke & Beck and Kalos) and with-
out BUF considering
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Fig. 5. Horizontal profiles of projected phantom image
with (Lin & Jiang, Burke & Beck and Kalos) and with-
out BUF considering
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From profiles plotting, we see the close be-
have for L&J and Kalos models. Moreover,
as horizontal profiles cross arms, lung and
heart organs, they are configured with two
peaks on the right side and three peaks on
the left side. On the other hand, the BUF
effect on imaging internal organs is well
explained when comparing different mod-
els to the simple “WithoutBUF” model.
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Tabulated statistical analysis of different
images were given in Table 2, confirming

the closeness of L&J and Kalos models.
However, this study was limited to cur-

Table 2. Statistical image analysis for comparing the three studied models: signal-to-noise ratio (SNR), peak sig-
nal-to-noise ratio (PSNR), root mean square error (RMSE), mean average error (MAE) and structural similarity

index (SSIM.)

Ref Image Test Image SNR PSNR RMSE MAE SSIM
L&]J B&B 19.095 22.136 13.215 11.026 0.940
L&J Kalos 22.105 25.146 9.345 7.459 0.886
B&B Kalos 16.243 19.687 19.696 17.305 0.879

rent setup of photon particle with 150 keV
energy and can be extended to polychro-
matic exposure and to other kind of par-
ticles. Also, a straightforward application
for radiotreatment purposes (Brachyther-
apy, Teletherapy) other than diagnosis,
can be conducted allowing the large phys-
icist community to advance knowledge
on point-kernel ray-tracing technique for
analysis of photon transport in a patient’s
body.

4.Conclusion

An important parameter to quantify scat-
tered beam contribution to the exposure is
the buildup factor of a material for gam-
ma-ray attenuation. Among the existing
models describing BUF for multilayer
shielding, we developed a C++ program
able to choose between Lin & Jiang or Ka-
los or Burke & Beck ones. Such in-house
program was able to produce the projected
image of the thorax part of HDRK man ir-
radiated with photon point source with en-
ergy 150 keV on a 700700 mm?2 detector.
Hence, based on the developed computer
code, a simple and flexible tool for com-
putation of radiographic image is present-
ed. Through the developed computer code,
the influence of different multilayer BUF

models on the image quality is investigat-
ed. Using this method requires little com-
putational time on a single-processor PC
compared to probabilistic methods. More-
over, we found that Lin & Jiang and Kalos
models are statistically close to each other
and the best resolution was seen for Lin
& Jiang studied case. Despite this, we can
conclude that the proposed results are im-
portant for medical imaging and radiation
treatment planning for the vast majority of
existing examination scenarios.
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