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The objective of the study presented in this paper is the analysis of influence of differ-
ent buildup factor forms on a simulated radiographic image. Simulated radiographic
images are obtained by means of the ray-tracing technique. Scattered photons are
modelled using the generally accepted geometric progression form, linear form and
tabulated data of buildup factors. Simulated images were compared to the reference
results obtained by Monte Carlo calculation. The best agreement to Monte Carlo sim-
ulated images is achieved for the geometric progression form of buildup factor.
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INTRODUCTION

Simulation offers powerful means of choosing
the most suitable components and of predicting the fu-
ture device performance, by acting as a virtual experi-
mental worktable. Radiographic images can be ob-
tained by simulation in short time and at low cost and
may enable the behaviour of the whole imaging sys-
tem to be investigated in complex situations. It can
also be a precious tool to study the ability to detect
small lesions, depending on their size and position in
the object of imaging (a patient body). Simulation can
be useful, when developing any specific imaging
setup, in choosing the best components, optimizing
the imaging parameters and saving time by reducing
the number of experimental tests. Simulation also
presents an important potential for testing the perfor-
mance of image processing procedures in a virtual en-
vironment, where all parameters are fully controlled.
In contrast to an experiment, simulation provides the
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capability of examining each aspect of the imaging
process separately. It can be used to interpret complex
studies by comparing them to the corresponding simu-
lation results. Simulation can be also used as a didactic
tool for training physicians and medical technicians.

Radiation transport modelling methods used in
the radiography simulation fall into one of two broad
categories: stochastic (Monte Carlo) and determinis-
tic. Monte Carlo (MC) methods are typically the tool
of choice for simulating X-ray image formation, but
deterministic methods offer potential advantages in
computational efficiency for many complex imaging
problems.

MC methods allow the user to study the com-
plete physics of radiography (e. g. coherent and inco-
herent scattering, fluorescence, bremsstrahlung, and
annihilation), which cannot be effectively simulated
by deterministic models [1, 2]. Their major drawback
is the huge time required for execution on a single pro-
cessor computer.

For practical research and clinical application
deterministic models are more appropriate. Among
them, ray-tracing methods and analytical models are
mostly used [3, 4]. They have less calculation burden
than MC and have no problem with statistics, so that
the fast simulation of transmission images can be es-
tablished. Photon scattering and reflection in medical
imaging energy domain can be successfully treated by
deterministic methods [5, 6].

The combined deterministic method and MC
method, known as a hybrid simulation of the radio-
graphic process, is proposed too [7, 8]. The advantage
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of complementarities between deterministic and sto-
chastic approach is used.

In this paper, the ray-tracing method with the ex-
posure dose buildup factor is applied to the simulation
of a radiographic image. The influence of different
buildup factor forms on the image quality is studied.

MODEL

The process of the simulation of a radiographic
image can be divided into four steps: the X-ray beam
generation, beam interaction with material, determi-
nation of material chemical composition, and conver-
sion of the exposure dose to optical density in the im-
aging detector.

The source of X-rays is a radiological tube. The
spectral distribution of emitted photons is an important
property of an X-ray beam. Beside measurements, sev-
eral computer codes have been proposed to determine
photons spectrum [9]. The computer code XCOMP5R
is used in all calculations presented in this paper [10]. It
allows the calculation of the spectrum in energy groups
(bends) that have width of 0.5 keV or 1 keV.

In particle transport physics, ray-tracing is a
method for calculating the particle path through a sys-
tem with regions of varying absorption and scatter
characteristics. The ray-tracing method together with
the X-ray attenuation law are the basis of the method
described in this paper.

The influence of buildup factor forms on a simu-
lated radiographic image is the objective of the study
in this paper. The exposure dose of photons’ buildup
factors for point isotropic sources in an infinite ho-
mogenous media is usually used in a radiation protec-
tion analysis as a part of the point-kernel method. They
are always useful for practical calculations in a
gamma-ray shield design. Problems concerning the
deep penetration of photons through the matter can be
successfully treated by means of buildup factors.
These factors are available for up to 40 mean free paths
(mfp) and are referred to as ANS/ANSI-6.4.3 standard
[11]. These data have been developed for a large num-
ber of elements, but include only three compounds or
mixtures (water, concrete, and air). The materials not
included in the standard data must be treated sepa-
rately [12].

Buildup factors generally depend on the source
and shield geometry. The use of buildup factors for
point isotropic sources is almost always conservative
[13], i. e. the estimated dose is greater than the one for
the finite medium.

Tabulated values of buildup factors can be found
in a number of sources. After that, buildup factors are
interpolated or extrapolated by means of an approxi-
mation method in order to speed-up the calculation.
Although some analysts prefer to use tables taken di-
rectly from the computer code, others prefer the ana-

lytical (functional) forms of buildup factors. The func-
tional forms, among others, include linear, polynomial
(quadratic), Taylor [14], Berger [14], and Harima [15]
formulae. The Harima formula, as an approach of very
high accuracy, is well known as geometric progression
(G-P) form of the buildup factor.

There is a number of analytical expressions that
have been used to represent the buildup factor B.
Among the most popular were expressions known as
Taylor’s form or Berger form of the buildup factor.
These types of buildup factors are not applicable to ra-
diographic imaging studies because they do not cover
the energy range of interest. For the state-of-the-art
buildup factor data, extended up to lower photon ener-
gies and deeper penetrating length, the accuracy of
these forms is not acceptable for a low-Z materials and
low energies.

Among simple buildup factor forms, the well
known linear form

B(E,?)=1+kt (1)

is used in this study. The parameter & is often taken as a
constant (e. g., 0.3 to 1), but actually varies signifi-
cantly with thickness and photon energy, and X is the
distance in mean free paths. In this paper the value of &
is selected to be 0.9.

It is clear now that the best available form of the
buildup factor is the G-P formula [15]. The G-P for-
mula, for photon energies ranging between 15 keV and
15 MeV, is expressed as

B(E.£)= 1+ (b-1)K* =1)/ (K -1), for K #1
' I+(b-1)zx, forK =1 (2)
tanh(% /X, —2)—tanh(~2)
1—tanh(-2)

KGE)=ct* +d (3)

where X is the source-detector distance in mean free
paths, b is the value of the buildup factor at one mean
free path, and K is the multiplication per mean free
path. The parameters a, ¢, d, and X are fitting values
which depend on the photon energy from the source.
The G-P form of the buildup factor is the favoured
choice because the buildup factors decrease for large
distances and do not increase exponentially as it oc-
curred in the Berger form. It has a wider range of appli-
cability as compared to the linear, Berger or Taylor
form.

The coefficients for the G-P buildup factor for
water that are used in calculations are presented in tab.
1. Fitting function parameters for 22 materials (ele-
ments and only three compounds and mixtures) are
utilized in the form of data files incorporated in
ANS-6.4.3 standards.

The tabulated values of buildup factors [17],
used in this study, are presented in tab. 2.
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Table 1. G-P parameters for water [16]

E [keV] b c a Xk d
15 1.188 0.464 0.172 14.00 —0.0829
20 1.449 0.532 0.152 14.61 -0.0764
30 2.411 0.741 | 0.084 14.62 | —0.0452
40 3.587 1.114 | -0.018 12.48 0.0013
50 4.554 1.457 | -0.084 13.69 0.0341
60 5.018 1.735 | -0.127 | 13.70 0.0676
80 5.030 2.054 | -0.167 13.84 0.0763
100 4.627 2207 | -0.184 13.27 0.0799
150 3.888 | 2.206 |-0.180 | 14.27 0.0738

Table 2. Tabulated values of exposure dose buildup
factor (with bremsstrahlung) for water

mfp E [keV]

15 120 | 30 | 40 | 50 | 60 | 80 | 100 | 150
0.5 |1.11|1.25/1.69|2.18 |2.51|2.65|2.57|2.38 |2.07
1 1.17]1.41|2.25/3.41 |4.40|4.93 |4.98|4.57 | 3.76
2 1.26 11.64(3.20/6.02|9.12|11.4|12.6|11.8 | 9.41
3 1.3211.81/4.04|8.81|15.0/20.2 |24.4|23.6 | 18.9
4 1.361.95|4.80| 11.7(21.9/31.5 |40.8 | 40.8 | 33.0
5 1.40 12.07(5.25/14.8 129.8|45.3 | 62.5|64.3 | 52.8
6 1.4412.1816.21/18.0|38.7|61.7| 90 |95.1|79.1
7 1.4712.27|6.88|21.3|48.6/80.9 | 124 | 134 | 113
8 1.4912.36(7.53|24.8|59.5| 103 | 165 | 183 | 156
10 1.54(2.52|8.79(32.184.8| 157 | 273 | 314 | 272

The basic assumption incorporated in the model
used in this study with respect to the buildup factor is
the application of a single medium (water) buildup
factor for heterogeneous media. This assumption is
based on the knowledge that human body consists
manly of water.

The computer code XIMRAD is developed
based on the model using the ray-tracing method to-
gether with the X-ray attenuation law. A single beam
of photons is emitted from the point source towards
every pixel centre of the imaging detector. Each beam
may intersect a certain number of meshes on the sam-
ple surface or at the interfaces between different parts
of the imaging object (fig. 1).

The exposure dose Dy 4 with the buildup factor
in a pixel of the detector from a beam of X-rays is

qe
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Figure 1. Model geometry

density of air, O, is the source intensity, and B(E,,
2 gAl) 1s the exposure dose buildup factor. The
value cosa = dy/64, where dy is a normal distance be-
tween the imaging detector and the source and 94 is the
distance from the pixel centre to the source.

The processes of photon detection in imaging
detectors are habitually modelled in two steps. In the
first step, the energy deposited in the material of the
detector is determined. The second one, specific to
each type of a detector, treats the physical phenomena
involved in the photon energy absorption transforma-
tion to measuring quantity. In this paper, the exposure
dose of radiation in an imaging detector is considered
only.

Beside the geometry and material composition
of the imaging object, the size, position and number of
pixels of the imaging detector can be selected in the
computer code input. The position and spectrum of the
photon source, geometry arrangement of the setup
source-imaging object-detector are also defined in the
computer code input.

MODEL VALIDATION

In order to study the buildup factor form the in-
fluence on the radiographic image quality, a series of
numerical experiments was performed. In fig. 2, the
radiographic setup (phantom) used in this study is
shown. It is formed by means of the simple geometry
(SG) model. The objects are described by closed sur-
faces separating regions of homogenous material.
Several objects can be arranged in a virtual scene com-
bined by simple Boolean operators forming complex
parts.

The phantom is a water filled cylinder with eight
spheres of different materials and different radii. For the
phantom outside surface, a cylinder defined by means
of surface equations (x/a)* + (y/b)*=1,z=H/2,and z =
=—-H/2, where a=5 cm, b=20cm, and H =44 cm is
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Figure 2. Phantom

chosen. Materials, the compositions of which is taken
from ICRU-44 Report [18], and the location of the
spheres’ centres (x¢, V¢, zc) and spheres’ radii are given
in tab. 3.

Table 3. Parameters of spheres

i Xei | Yei | zei | R Material

1 0 -7 11 1.5 |Bone cortical (ICRU-44)

2 0 -7 6 L5 |Air

3 0 7 0 | 4.0 |Adipose tissue (ICRU-44)

4 0 =7 | =11 | 1.5 |Muscle skeletal

5 0 7 10 | 1.5 |Breast tissue (ICRU-44)

6 0 7 0 4.0 |Soft tissue (ICRU-44)

7 0 7 6 | 1.5 |B-100 bone equivalent
plastic

8 0 7 | =11 | 1.5 |Lung tissue (ICRU-44)

A single point source, which emits QO =1-10°
photons, was located at x, =— 100 ¢cm, y, =0, and
2= 0. In the first case of this study, the anode tube
voltage was 60 kV and the anode material was tung-
sten. The spectrum of the emitted photons after filtra-
tion through 3.5 mm tick aluminum is shown in fig. 3.
In the second case of the study, the anode tube voltage
was 80 kV. The spectrum of the emitted photons after
filtration through 3 mm thick aluminum is shown in
fig. 3. In the third case of the study, the anode tube volt-
age was 120 kV and the spectrum of emitted photons
after filtration through 12 mm thick aluminum is
shown in fig. 3. In all cases the anode material was
tungsten (W).

The imaging detector located 10 cm from the
centre of the phantom was divided into 310 x 340 pix-
els (each size 0.1 x 0.1 mm?).

As buildup factors are calculated for the infinite
medium, with the source and detector inside the mate-
rial, a correction for the finite medium must be done. In
fig. 4, the correction diagram can be seen, which is ob-
tained by MCNP5 simulation [19] and relates buildup
in the finite and infinite medium ratio (By;-/Bg_p) and
the energy of photons. For this purpose, the imaging
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Figure 3. Spectra of X-photons emitted from X-ray tube
atdistance 1 m from tungsten anode. Photons are filtered
through aluminum filter. Angle was 17° for all cases
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Figure 4. Ratio of buildup in finite and infinite medium
(Bmc/Be-p) as a function of photon energy

object is replaced by a water cylinder of the equivalent
thickness and radius, keeping other simulation condi-
tions unchanged. For low energies, the ratio By/Bg_p
is greater than one because in the finite medium and
with the detector outside the medium, the scattered
low energy photons in air are not absorbed signifi-
cantly as in the medium.

Figure 5 shows the images of the exposure dose
of the total (direct plus scattered) radiation in the de-
tector in the case of the 60 kV X-ray tube anode volt-
age. In that figure, the image for G-P form of the
buildup factor and the image obtained by MC simula-
tion can be seen.

The comparison of the simulated images (for dif-
ferent forms of buildup factors and MC simulation) is
shown in fig. 6 where the profiles of doses of the total
photons can be seen, corresponding to the 85" column
of the images from fig. 5 and the images for tabulated
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Figure 6. Exposure dose distributions obtained by differ-
ent forms of buildup factors and MC simulation for 85"
column of pixels in case of 60 kV

data and linear form of the buildup factor (not shown
in the paper).

In fig. 7 profiles of the doses of the total photons
can be seen, corresponding to the 225" column of the
images from fig. 5 and the images for tabulated data
and linear form of the buildup factor.

From the foregoing figures, it can be noticed that
good agreement to MC results can be achieved in the
case of G-P form of the buildup factor. The tabulated
data results and the linear form of the buildup factor
are a bit bellow the values of the MC results.

Figure 8 shows the images of the exposure dose
of'the total radiation in the imaging detector in the case
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Figure 7. Exposure dose distributions obtained by differ-
ent forms of buildup factors and MC simulation for 225"
column of pixels in case of 60 kV

ofthe 80 kV X-ray tube anode voltage, tungsten anode
material, and the 3 mm thick aluminum filter.

The comparison of the simulated images is
shown in fig. 9 where the profiles of doses of the total
photons can be seen, corresponding to the 85" row of
images from fig. 8, and the images for the tabulated
data and the linear form of the buildup factor.

In fig. 10, the profiles of the doses of the total
photons can be seen, corresponding to the 225™ col-
umn of images from fig. 8 and the images for the tabu-
lated data, and the linear form of the buildup factor.

In the case of the 80 kV tube voltage the best re-
sults are obtained for the G-P form of the buildup fac-

Figure 8. Simulated radio-

graphic images for 80 kV tube

anode voltage and G-P form of

2 buildup factor (left) and MC
simulation (right)

-

150 200 250 300
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Figure 9. Exposure dose distributions obtained by differ-
ent forms of buildup factors and MC simulation for 85™
column of pixels in case of 80 kV

tor, again. The results for the linear form and tabulated
data are bellow the values of MC results significantly.
Finally, fig. 11 shows the images of the exposure
dose of'the total radiation in the imaging detector in the
case of the 120 kV X-ray tube anode voltage, tungsten
anode material, and the 12 mm thick aluminum filter.
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Figure 10. Exposure dose distributions obtained by dif-
ferent forms of buildup factors and MC simulation for
225" column of pixels in case of 80 kV

The comparison of the simulated images is
shown in fig. 12 where the profiles of the doses of the
total photons can be seen, corresponding to the 85"
row of images from fig. 11 and the images for the tabu-
lated data and the linear form of the buildup factor.

In fig. 13 the profiles of the doses of the total
photons can be seen, corresponding to the 225%™ col-
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umn of images from fig. 11 and the images for the tab-
ulated data and the linear form of the buildup factor.

Inthe case ofthe 120kV tube voltage the best re-
sults are obtained for G-P form of the buildup factor,
again. The results for the linear form and the tabulated
data are bellow the values of MC results significantly.

The expected reduction of the image contrast
with the increase of the beam energy can be seen in the
figures that show the distributions of the exposure
dose.

CONCLUSIONS

In this paper a simple and flexible tool is pro-
posed for simulation of radiographic image, and a
computer code, based on this method, is written. By
means of the developed computer code, the influence
of different parameters on the image quality is investi-
gated. This approach is considerably faster than
probabilistic methods and therefore requires short
computational time on a single processor PC.

The comparison of results achieved by the pro-
posed ray-tracing method with G-P for the buildup
factor to the reference results obtained by MCNP5
code shows full agreement of the simulated images for
the energies of X-photons usually used in general radi-

ography.
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TMpeapar MAPMHKOBUR

CTYINJA YTULHAJA OBIUKA ®AKTOPA HATOMUJIABAIbBA HA
CUMYIUMPAHY PAIUOTPA®CKY CIUKY

Lwmb cTynuje nmpukasaHe y OBOM pajy je aHajau3a yTHLAja Pa3IuyuTHX o0nuKa pakTopa
HaromusaBamwa Ha paguorpadceky cnuky. Cumynupasne paguorpadcke ciuke goOujeHe cy nomohy
TexHuKe Npahewa 3paka. YTullaj pacejaHux (pOTOHA Ha CIUKY HpolewmeH je momohy c¢axropa
HaroMusaBama y BUAy onmrenpuxsahene reomerpujcke nporpecuje, JuHeapHe (popMe U TadenupaHux
BpepHocTy. CuMynupaHne cimke ynopebeHe cy ca pedpepeHTHUM pesyaTaTuMa fooujenum Monrte Kapno
cumynanujoM. Haj6ome cnarame ca peepeHTHUM pe3ylTaTHMa OCTBAPEHO je€ y Clydajy IpUMeHe
o6nuka (pakTopa HaroMuJIaBamwa y BUAY TeOMETPUjCKe porpecyje.

Kwyune peuu: cumyaauuja paouozpagcke cauxe, Monitie Kapao, ¢haxitiop nazomunasarsa, iipakerse
3paka




