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Abstract
Deterministic particle transport codes usually take into account scattered photons with correct attenuation laws and ap-
plication of buildup factor to incident beam. Transmission buildup factors for adipose, bone, muscle, and skin human tissues, as
well as for various combinations of these media for point isotropic photon source with energies of .15, 1.5 and 15 MeV, for
different thickness of layers, were carried out using Geant4 (version 10.5) simulation toolkit. Also, we performed the analysis of
existing multilayered shield fitting models (Lin and Jiang, Kalos, Burke and Beck) of buildup factor and the proposition of a new
model. We found that the model combining those of Burke and Beck, for low atomic number (Z) followed by high Z materials
and Kalos 1 for high Z followed by low Z materials, accurately reproduces simulation results with approximated deviation of
3 ± 3%, 2 ± 2%, and 3 ± 2% for 2, 3, and 4 layers, respectively. Since buildup factors are the key parameter for point kernel
calculations, a correct study can be of great interest to the large community of radiation physicists, in general, and to medical
imaging and radiotreatment physicists, especially.
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Introduction

Nowadays, the most commonly used cancer therapy is the
radiotherapy modality, including many forms such as
brachytherapy and gamma knife, with almost half of all
patients receiving radiation as part of their treatment.1,2 From the
many existing computational tools used for treatment protocol
selection, we cite the Monte Carlo simulation technique3-8 and
point-kernel method.9-11 The main difference between both
techniques concerns the manner of particles transport handling,
as 1 of them microscopically resolve the problem, whereas the
second has a macroscopic approach. The point-kernel (PK)
technique is based on the gamma radiation propagation as-
sumed as beam-like and thus gaining time for decision-taking.
From the important parameters forming a PK core, we refer to
the buildup factor (BUF) quantifying the scattered to un-
scattered beam during particle–medium interaction.

Many existing tools have been used for BUF computations,
such as PALLAS12 and ASFIT,13 other than Monte Carlo
simulation programs (EGS4,14 Geant4,15,16 and MCNPX17).

Moreover, from the many available modeling of BUF such as
the invariant embedding method,18,19 the moments method,20

and the iterative method,21 we found the more sophistical one
called the geometric progression (GP) fitting method by Harima
et al.22-24 Also, as GP fitting methods, we found those provided
by Kalos25 and by Burke and Beck26 used for monodirectional
parallel-plane beam and stratified shields and the more recent
one by Lin and Jiang27 considering the case of isotropic point
source and spherical layers. However, the last work does not
investigate materials having close densities or atomic number,
especially for human tissues and organs (as we can assume
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water medium for approximating the majority of them). Other
fitting methods, which do not take into account the orientation
of consecutive layers in terms of atomic number,28 were not
included in this work. It is the aim of this paper to propose a new
empirical formula to reproduce buildup factors of stratified
spherical shields for a point isotropic source so that it can be
built into the presently widely applied point-kernel codes to
resolve their deficiency in handling the buildup effect for
stratified shields. Simple and easy application are the major
concerns of the new empirical formula. Buildup factors of
stratified shields are synthesized from those of the existing
single-layered shields in a conventional form.

The main goal of this work was to propose a new modified
model able to reproduce directly Geant4-based simulations of
BUF for multilayered gamma-ray attenuators. Thus, we fo-
cused on the following 3 items: (i) Geant4 simulations; (ii)
comparison against Lin and Jiang; Kalos and Burke and Beck
models; and (iii) proposition of a modified fitting model. For
that, 4 typically selected human tissues representing high,
medium, and low atomic number (adipose, bone, muscle, and
skin),were simulated for different configurations of isotropic
point source with energies .15, 1.5, and 15MeVand 2, 3, and 4
layers as concentric spheres around the gamma-ray source.
Moreover, an optimization procedure of the GP fitting pa-
rameters to calculate multilayer BUF from individual material

BUFwas proposed at the end of this work. However, our study
was limited to small thickness (up to 8 mfp); the current work
can be considered as a continuation on the attention made by
radiation physicists, especially in terms of point kernel–based
treatment planning and diagnosis imaging purposes.

Materials and Methods

Used human tissues of adipose, bone, muscle, and skin have an
equivalent atomic number given in Table 1 and an elemental
composition taken from the literature.29

Three isotropic point source energies were considered: .15,
1.5, and 15 MeV. Also, the same procedure for Zeq calcu-
lation, described in our previous work,16 has been followed.

Briefly, such procedure was based on Log-Log interpola-
tion in terms of elemental atomic number and Compton to total
attenuation coefficient ratio search (μC/μT), for a given photon
energy. Here, we will describe the Geant4-based simulation
procedure carried out and enumerate the proposed parame-
terization (fitting) models of BUF for n concentric spherical
layers including an isotropic point source at the center.

Simulation Procedure

Geant4 version 10.5 was used to mimic the transport of gamma
rays isotropically from a point source through a given simple or

Table 1. Equivalent Atomic Number (Zeq), 3 GP Fitting Parameters of BUF, Compton, Photoelectric + Pair Production (abs), and Total
Attenuation Coefficients (μC, μabs, and μT) for 3 Photon Energies and Selected HDRK-Man Tissues.29,30

E (MeV) Parameter Adipose Bone Muscle Skin

.15 Zeq 6.486E+0 0 1.153E+1 7.673E+0 7.397E+0
a �2.270E�1 �8.400E�2 �1.770E�1 �1.900E�1
b 4.173E+0 3.104E+0 3.906E+0 3.932E+0
c 2.657E+0 1.509E+0 2.189E+0 2.294E+0
d 1.000E�1 1.900E�2 7.300E�2 8.200E�2
Xk 1.413E+1 1.491E+1 1.436E+1 1.426E+1

Compton 1.477E�1 1.417E�1 1.460E�1 1.458E�1
Photo+PP 4.212E�4 3.580E�3 7.872E�4 6.854E�4
Total 1.481E�1 1.453E�1 1.468E�1 1.465E�1

1.5 Zeq 5.560E+0 8.641E+0 6.586E+0 6.445E+0
a 7.500E�2 �5.500E�2 �6.200E�2 �6.400E�2
b 2.038E+0 1.917E+0 1.985E+0 1.991E+0
c 1.337E+0 1.257E+0 1.286E+0 1.292E+0
d 3.900E�2 2.200E�2 2.800E�2 2.900E�2
Xk 1.373E+1 1.463E+1 1.437E+1 1.421E+1

Compton 5.750E�2 5.533E�2 5.689E�2 5.679E�2
Photo+PP 8.282E�5 1.265E�4 9.777E�5 9.540E�5
Total 5.759E�2 5.546E�2 5.699E�2 5.688E�2

15 Zeq 5.507E+0 8.031E+0 6.494E+0 6.369E+0
a 4.700E�2 5.000E�2 4.700E�2 4.700E�2
b 1.281E+0 1.265E+0 1.273E+0 1.274E+0
c 8.360E�1 8.420E�1 8.410E�1 8.410E�1
d �2.700E�2 3.900E�2 �3.200E�2 �3.100E�2
Xk 1.467E+1 1.502E+1 1.515E+1 1.518E+1

Compton 1.267E�2 1.220E�2 1.254E�2 1.252E�2
Photo+PP 5.759E�3 7.792E�3 6.606E�3 6.478E�3
Total 1.843E�2 1.999E�2 1.915E�2 1.900E�2

2 Dose-Response: An International Journal



Table 2. Comparison of BUF Simulated Using Geant4 Against Other Model Data for Double Layered Shields and 3 Photon Energies. LJ: Lin
and Jiang,27 K: Kalos,25 BB: Burke and Beck,26 M1-M6: 6 Proposed Models (A: Adipose, B: Bone, M: Muscle, S: Skin, 1M+2B Means 1 mfp M
Followed by 2 mfp B).

E (MeV) Med+Med2 G4 LJ K BB M1 M2 M3 M4 M5 M6

.15 1M+1B 3.38 3.85 3.74 4.08 3.85 3.85 3.74 3.74 4.08 4.08
1M+2B 5.99 5.86 6.11 6.35 5.86 5.86 6.11 6.11 6.35 6.35
1M+3B 8.70 8.41 9.14 9.26 8.41 8.41 9.14 9.14 9.26 9.26
2M+2B 9.07 8.61 8.82 9.43 8.61 8.61 8.82 8.82 9.43 9.43
2M+3B 12.38 11.53 12.71 13.03 11.53 11.53 12.71 12.71 13.03 13.03
1B+1M 4.17 4.63 4.45 5.08 4.45 5.08 4.63 5.08 4.63 4.45
1B+2M 7.40 8.45 7.74 9.03 7.74 9.03 8.45 9.03 8.45 7.74
1B+3M 12.04 14.05 12.39 14.40 12.39 14.40 14.05 14.40 14.05 12.39
2B+2M 11.30 12.89 11.33 14.14 11.33 14.14 12.89 14.14 12.89 11.33
2B+2M 17.55 20.83 17.28 21.60 17.28 21.60 20.83 21.60 20.83 17.28
1M+1A 4.40 5.02 4.86 5.62 4.86 5.62 5.02 5.62 5.02 4.86
1M+2A 7.98 9.18 8.68 10.29 8.68 10.29 9.18 10.29 9.18 8.68
1M+3A 13.33 15.38 14.29 16.91 14.29 16.91 15.38 16.91 15.38 14.29
2M+2A 13.12 15.11 13.91 17.76 13.91 17.76 15.11 17.76 15.11 13.91
2M+3A 20.70 24.27 21.73 27.86 21.73 27.86 24.27 27.86 24.27 21.73
1A+1S 4.30 4.48 4.33 4.76 4.48 4.48 4.33 4.33 4.76 4.76
1A+2S 7.47 7.63 7.91 8.26 7.63 7.63 7.91 7.91 8.26 8.26
1A+3S 11.98 12.14 13.02 13.23 12.14 12.14 13.02 13.02 13.23 13.23
2A+2S 12.11 11.86 12.39 13.27 11.86 11.86 12.39 12.39 13.27 13.27
2A+3S 18.19 17.72 19.58 20.10 17.72 17.72 19.58 19.58 20.10 20.10

1.5 1M+1B 2.58 2.54 2.48 2.64 2.54 2.54 2.48 2.48 2.64 2.64
1M+2B 3.50 3.45 3.51 3.60 3.45 3.45 3.51 3.51 3.60 3.60
1M+3B 4.50 4.45 4.61 4.65 4.45 4.45 4.61 4.61 4.65 4.65
2M+2B 4.49 4.33 4.45 4.65 4.33 4.33 4.45 4.45 4.65 4.65
2M+3B 5.55 5.37 5.67 5.76 5.37 5.37 5.67 5.67 5.76 5.76
1B+1M 2.65 2.73 2.67 2.95 2.67 2.95 2.73 2.95 2.73 2.67
1B+2M 3.65 3.81 3.69 4.11 3.69 4.11 3.81 4.11 3.81 3.69
1B+3M 4.72 4.95 4.78 5.28 4.78 5.28 4.95 5.28 4.95 4.78
2B+2M 4.72 4.99 4.74 5.60 4.74 5.60 4.99 5.60 4.99 4.74
2B+3M 5.88 6.25 5.89 6.92 5.89 6.92 6.25 6.92 6.25 5.89
1M+1A 2.65 2.76 2.70 2.99 2.70 2.99 2.76 2.99 2.76 2.70
1M+2A 3.65 3.84 3.73 4.18 3.73 4.18 3.84 4.18 3.84 3.73
1M+3A 4.72 5.00 4.85 5.37 4.85 5.37 5.00 5.37 5.00 4.85
2M+2A 4.73 5.06 4.83 5.75 4.83 5.75 5.06 5.75 5.06 4.83
2M+3A 5.88 6.31 6.01 7.09 6.01 7.09 6.31 7.09 6.31 6.01
1A+1S 2.61 2.58 2.52 2.69 2.58 2.58 2.52 2.52 2.69 2.69
1A+2S 3.58 3.54 3.61 3.71 3.54 3.54 3.61 3.61 3.71 3.71
1A+3S 4.62 4.60 4.76 4.81 4.60 4.60 4.76 4.76 4.81 4.81
2A+2S 4.61 4.45 4.59 4.80 4.45 4.45 4.59 4.59 4.80 4.80
2A+3S 5.72 5.55 5.87 5.97 5.55 5.55 5.87 5.87 5.97 5.97

15 1M+1B 1.58 1.57 1.56 1.61 1.57 1.57 1.56 1.56 1.61 1.61
1M+2B 1.82 1.80 1.83 1.85 1.80 1.80 1.83 1.83 1.85 1.85
1M+3B 2.05 2.03 2.08 2.09 2.03 2.03 2.08 2.08 2.09 2.09
2M+2B 2.05 1.99 2.06 2.10 1.99 1.99 2.06 2.06 2.10 2.10
2M+3B 2.28 2.22 2.32 2.34 2.22 2.22 2.32 2.32 2.34 2.34
1B+1M 1.59 1.60 1.59 1.67 1.59 1.67 1.60 1.67 1.60 1.59
1B+2M 1.84 1.85 1.83 1.93 1.83 1.93 1.85 1.93 1.85 1.83
1B+3M 2.09 2.08 2.06 2.17 2.06 2.17 2.08 2.17 2.08 2.06
2B+2M 2.09 2.10 2.07 2.27 2.07 2.27 2.10 2.27 2.10 2.07
2B+3M 2.33 2.33 2.30 2.52 2.30 2.52 2.33 2.52 2.33 2.30
1M+1A 1.57 1.60 1.59 1.67 1.59 1.67 1.60 1.67 1.60 1.59
1M+2A 1.81 1.84 1.83 1.93 1.83 1.93 1.84 1.93 1.84 1.83
1M+3A 2.04 2.07 2.05 2.16 2.05 2.16 2.07 2.16 2.07 2.05
2M+2A 2.04 2.08 2.06 2.26 2.06 2.26 2.08 2.26 2.08 2.06
2M+3A 2.27 2.31 2.28 2.50 2.28 2.50 2.31 2.50 2.31 2.28
1A+1S 1.58 1.56 1.55 1.60 1.56 1.56 1.55 1.55 1.60 1.60
1A+2S 1.83 1.79 1.82 1.84 1.79 1.79 1.82 1.82 1.84 1.84
1A+3S 2.06 2.02 2.06 2.07 2.02 2.02 2.06 2.06 2.07 2.07
2A+2S 2.07 1.98 2.03 2.08 1.98 1.98 2.03 2.03 2.08 2.08
2A+3S 2.30 2.20 2.29 2.31 2.20 2.20 2.29 2.29 2.31 2.31
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group of media. The geometry of the problem, for monolayer
cases, consists of a monoenergetic point source located at the
center of ten concentric spheres, separated by 1 mfp for each
step. For multilayer arrangements, we superposed consecu-
tively spherical layers with specific thickness for each medium.
We tracked the full history of gamma rays through the setup in
order to compute the photon flux crossing each shell/surface of
the medium. Then, each crossed photon energy has been in-
ternally (within SteppingAction class) converted into exposure.
However, the BUF calculation needs the knowledge of trans-
mission flux in the presence and in absence of the medium; we
repeated computations for the air medium in place of each
medium keeping the same setup characteristics (geomet-
rical thickness). In this study, the buildup factor was
computed for 109 gamma rays per run. We activated all the
physical processes for electrons and photons. We used the
G4EmStandardPhysics_option3 built-in physics library
with a cutoff of 1 keV for electrons and photons. The overall
statistical uncertainty does not exceed 1% in any case.

Proposed Parameterization Models

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

B

 Xn�1

i¼1

Xi,Xn

!
¼BnðXnÞþ

"
Bn

 Xn
i¼1

Xi

!
�BnðXnÞ

#
×K×Cn,

(1)

with the geometric progression parameter

K ¼
B

�Pn�2

i¼1
Xi,Xn�1

�
� 1

Bn

�Pn�1

i¼1
Xii

�
� 1

, (2)

where X1, X2, ..., Xn are the thickness of n consecutive material
forming the multilayered shield. The correction parameter,Cn,
has mainly 3 existing models, and its global form depends on
Zeq of consecutive layers (HZ/LZ means the arrangement of
medium with high Zeq followed by medium with low Zeq).
Three different existing (Lin and Jiang, Kalos, and Burke and
Beck) and 6 proposed (M1-M6) fitting models were used for
comparison and optimization purposes (against directly
Geant4-simulated results), and their formula can be written as
follows:

1. Kalos25:

Cn ¼
(

1:0,HZ=LZ
e�1:7Xn þ ðγβ=KÞ�1� e�Xn

�
, LZ

�
HZ

: (3)

2. Burke and Beck26:

Cn ¼

8><
>:

e
�Xn

γ þ 1:5
�
1� e�Xn

�
,HZ

�
LZ

e�γXn þ ðγβ=KÞ�1� e�Xn
�
,LZ
�
HZ

: (4)

3. Lin and Jiang27:

Cn ¼
(
eð�1:08βXnÞ þ1:13βlðXnÞ, HZ

�
LZ

ðγ=KÞe�Xn þ 0:8lðXnÞ, LZ
�
HZ

: (5)

4. M1:

Cn ¼
(

1:0, HZ=LZ
ðγ=KÞe�Xn þ 0:8lðXnÞ,LZ

�
HZ

: (6)

5. M2:

Cn ¼

8><
>:

e
�Xn

γ þ 1:5
�
1� e�Xn

�
, HZ

�
LZ

ðγ=KÞe�Xn þ 0:8lðXnÞ, LZ
�
HZ

: (7)

6. M3:

Cn ¼
(

eð�1:08βXnÞ þ1:13βlðXnÞ, HZ
�
LZ

e�1:7Xn þ ðγβ=KÞ�1� e�Xn
�
, LZ

�
HZ

: (8)

Figure 1. Geant4 simulated BUF for 2 spherical layers’ function of
thickness (in mfp) for .15 MeV isotropic point source energy.
Monolayer BUF was also plotted for bone (B) and muscle (M).

4 Dose-Response: An International Journal



7. M4:

Cn ¼

8><
>:

e
�Xn

γ þ 1:5
�
1� e�Xn

�
, HZ

�
LZ

e�1:7Xn þ ðγβ=KÞ�1� e�Xn
�
,LZ
�
HZ

: (9)

8. M5:

Cn ¼
( eð�1:08βXnÞ þ1:13βlðXnÞ,HZ

�
LZ

e�γXn þ ðγβ=KÞ�1� e�Xn
�
,LZ
�
HZ

: (10)

9. M6:

Cn ¼
(

1:0,HZ=LZ
e�γXn þ ðγβ=KÞ�1� e�Xn

�
,LZ
�
HZ

, (11)

with

γ ¼ ðμC=ρÞn�1

ðμC=ρÞn
, (12)

β ¼ ðμt=ρÞn�1

ðμC=ρÞn
, (13)

and

lðXnÞ ¼ BnðXnÞþ1

Bn-1ðXnÞþ1

�
1� e�Xn

�
, (14)

with μC=ρ and μt=ρ as the Compton and the total mass at-
tenuation coefficient, respectively.

Results and Discussion

Monolayers and Bilayers Simulation

Geometric progression fitting parameters of BUF for adipose,
bone, muscle, and skin HDRK-Man tissues29,30 were extracted
from the previous work,16 and results are provided in Table 1.
Then, BUF for bilayers was fully simulated (using Geant4) and

Figure 2. Geant4 simulated BUF for 2 spherical layers’ function of thickness (in mfp) for 1.5 MeV isotropic point source energy. Monolayer
BUF was also plotted for bone (B) and muscle (M).

Figure 3. Geant4 simulated BUF for 2 spherical layers’ function of
thickness (in mfp) for 15 MeV isotropic point source energy.
Monolayer BUF was also plotted for bone (B) and muscle (M).
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fitted according to different cited models, for .15, 1.5, and 15MeV
point isotropic photon source energy and different thickness
combinations. Results are tabulated in Table 2, and Figures 1-3
show also BUF for monolayers of bone and muscle tissues.

We confirmed previous explanation presented by
Mann,28,31 illustrating that BUF for muscle was higher than

that for bone tissue, due to the higher value of Comptonmass
attenuation coefficient μC and the lower value of Photo-
electric and Pair Productionmass attenuation coefficient μPP
of muscle, as given in Table 1. This is due to the fact that
Compton effect increases the scattering phenomena

Table 3. Comparison of BUF Simulated Using Geant4 Against Other Model Data for 3 Layered Shields and 3 Photon Energies. LJ: Lin and
Jiang,27 K: Kalos,25 BB: Burke and Beck,26 M1-M6: 6 proposed models (A: Adipose, B: Bone, M: Muscle, S: Skin, 1B+1M+2A means 1 mfp B
followed by 1 mfp M followed by 2 mfp A).

E (MeV) Med1+Med2+Med3+Med4 G4 LJ K BB M1 M2 M3 M4 M5 M6

.15 1B+1M+1A+1S 7.68 8 8.68 8.01 11.08 8.01 11.08 8.68 11.08 8.68 8.01
1B+1M+2A 13.12 14.92 13.29 19.05 13.29 19.05 14.92 19.05 14.92 13.29
1B+1M+3A 20.91 23.98 20.84 29.78 20.84 29.78 23.98 29.78 23.98 20.84
1B+2M+3A 31.03 37.34 30.36 46.66 30.36 46.66 37.34 46.66 37.34 30.36
1A+1M+1B 6.36 6.01 5.68 6.66 6.01 6.01 5.68 5.68 6.66 6.66
1A+1M+2B 8.94 8.33 8.80 9.43 8.33 8.33 8.80 8.80 9.43 9.43
1A+1M+3B 12.16 11.18 12.71 13.03 11.18 11.18 12.71 12.71 13.03 13.03
1A+2M+3B 16.78 15.08 17.12 17.71 15.08 15.08 17.12 17.12 17.71 17.71

1.5 1B+1M+1A 3.69 3.89 3.70 4.71 3.70 4.71 3.89 4.71 3.89 3.70
1B+1M+2A 4.79 5.12 4.81 6.21 4.81 6.21 5.12 6.21 5.12 4.81
1B+1M+3A 5.95 6.38 5.99 7.60 5.99 7.60 6.38 7.60 6.38 5.99
1B+2M+3A 7.17 7.84 7.20 9.64 7.20 9.64 7.84 9.64 7.84 7.20
1A+1M+1B 3.49 3.35 3.24 3.61 3.35 3.35 3.24 3.24 3.61 3.61
1A+1M+2B 4.47 4.24 4.44 4.65 4.24 4.24 4.44 4.44 4.65 4.65
1A+1M+3B 5.52 5.27 5.76 5.76 5.27 5.27 5.67 5.67 5.76 5.76
1A+2M+3B 6.64 6.19 6.80 6.94 6.19 6.19 6.80 6.80 6.94 6.94

15 1B+1M+1A 1.81 1.86 1.83 2.07 1.83 2.07 1.86 2.07 1.86 1.83
1B+1M+2A 2.03 2.09 2.06 2.35 2.06 2.35 2.09 2.35 2.09 2.06
1B+1M+3A 2.26 2.32 2.28 2.59 2.28 2.59 2.32 2.59 2.32 2.28
1B+2M+3A 2.47 2.58 2.52 2.97 2.52 2.97 2.58 2.97 2.58 2.52
1A+1M+1B 1.84 1.77 1.76 1.86 1.77 1.77 1.76 1.76 1.86 1.86
1A+1M+2B 2.09 1.97 2.05 2.10 1.97 1.97 2.05 2.05 2.10 2.10
1A+1M+3B 2.34 2.20 2.32 2.34 2.20 2.20 2.32 2.32 2.34 2.34
1A+2M+3B 2.58 2.38 2.59 2.59 2.38 2.38 2.56 2.56 2.59 2.59

Figure 4. Geant4 simulated BUF for 3 spherical layers’ function of
thickness (in mfp) for .15 MeV isotropic point source energy.
Monolayer BUF was also plotted for adipose (A), bone (B), and
muscle (M).

Figure 5. Geant4 simulated BUF for 4 spherical layers’ function of
thickness (in mfp) for .15 MeV isotropic point source energy.
Monolayer BUF was also plotted for adipose (A), bone (B), muscle
(M), and skin (S).
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(described by BUF), whereas the absorption effect (Photo-
electric + Pair Production) decreases it, which is clearly
visible when going through the above cited figures. More-
over, combining muscle followed by bone tissues, in Figure
1, leads to lower BUF than for the reverse order of com-
bination. This can be explained by the fact that a large
number of scattered photons were produced within the first
medium; however, they will be eliminated and absorbed by
the second medium. On the other hand, we can see that BUF
decreased, for a given thickness, when energy increased, as
the ratio of Zeq (bone to muscle), as given in Table 1, de-
creased from 1.503 to 1.312 to 1.237, producing more and

more closer BUF values. Also, BUF for 2 layers was found
between both limits corresponding to BUF for single layers.
Moreover, we clearly see a trend similarity of BUF for
muscle followed by bone and adipose followed by skin,
especially for deep locations where BUF values become
larger.

Trilayer Simulation

Table 3 illustrates BUF simulated, using Geant4, and com-
puted using 9 fitting models for different combinations of
bone, muscle, and adipose, at energies of .15, 1.5, and 15MeV.

Table 4. Comparison of BUF Simulated Using Geant4 Against Other Model Data for 4 Layered Shields and 3 Photon Energies: LJ: Lin and
Jiang,27 K: Kalos,25 BB: Burke and Beck,26 M1-M6: 6 Proposed Models (A: Adipose, B: Bone, M: Muscle, S: Skin, 1B+1M+2A+2S Means 1 mfp B
Followed by 1 mfp M Followed by 2 mfp A Followed by 2 mfp S).

E (MeV) Med1+Med2+Med3+Med4 G4 LJ K BB M1 M2 M3 M4 M5 M6

.15 1B+1M+1A+1S 12.51 12.18 11.18 14.72 11.68 13.97 11.36 12.01 13.42 13.06
1B+1M+2A+2S 28.28 26.84 26.83 30.78 24.65 32.40 26.94 27.22 26.69 29.26
1B+1M+3A+3S 54.34 53.06 55.16 58.38 47.28 63.75 55.21 55.30 57.67 57.28
1B+2M+3A+1S 42.07 42.06 34.53 50.00 37.23 48.50 36.29 38.63 45.33 41.84
1B+2M+3A+2S 55.81 57.14 52.01 61.35 48.50 68.73 52.44 53.02 59.07 57.37

1.5 1B+1M+1A+1S 4.73 4.54 4.24 5.20 4.43 5.00 4.28 4.45 4.87 4.79
1B+1M+2A+2S 7.04 6.65 6.73 7.39 6.41 7.54 6.74 6.78 7.22 7.17
1B+1M+3A+3S 9.58 8.93 9.47 9.81 8.58 10.05 9.47 9.48 9.74 9.72
1B+2M+3A+1S 8.35 7.98 7.21 9.37 7.63 8.96 7.34 7.69 8.67 8.42
1B+2M+3A+2S 9.62 901 9.01 10.07 8.51 10.43 9.04 9.10 9.80 9.71

15 1B+1M+1A+1S 2.05 1.99 1.95 1.95 2.16 1.97 2.08 1.99 2.09 2.08
1B+1M+2A+2S 2.51 2.39 2.47 2.47 2.60 2.37 2.55 2.48 2.57 2.56
1B+1M+3A+3S 2.96 2.83 3.04 3.04 3.10 2.80 3.02 3.04 3.09 3.09
1B+2M+3A+1S 2.72 2.63 2.55 2.55 2.96 2.60 2.81 2.56 2.83 2.81
1B+2M+3A+2S 2.95 2.82 2.95 2.95 3.15 2.78 3.08 2.95 3.10 3.09

Table 5. Global Statistical Analysis (Average and Standard Deviation) of Different Models for 2, 3, and 4 Layers in Spherical Geometry and
Isotropic Point Source.

2 Layers 3 Layers 4 Layers

Lin and Jiang Average 6 8 19
StdDev 5 9 20

Kalos Average 6 8 18
StdDev 5 7 19

Burke and Beck Average 6 10 22
StdDev 6 11 22

This work LH(L)/HL(K) Average 6 8 17
StdDev 5 7 17

LH(L)/HL(K) Average 6 10 23
StdDev 5 11 24

LH(L)/HL(K) Average 6 9 19
StdDev 5 9 19

LH(L)/HL(K) Average 6 10 19
StdDev 6 11 20

LH(L)/HL(K) Average 6 9 21
StdDev 5 9 21

LH(L)/HL(K) Average 6 8 20
StdDev 5 7 21
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From that table and Figure 4, we can reconfirm the location of
global BUF (corresponding to different combinations) be-
tween those for bone and adipose, having highest and lowest
Zeq, respectively. We can also notice that global BUF at
higher photon energy becomes closer to those for individual
layers, Zeq, as scattering and absorption processes become
similar.

On the other hand, for .15 MeV photon energy, the ar-
rangement of bone (Zeq = 11.530) followed by muscle (Zeq =
7.673) followed by adipose (Zeq = 6.486), we observed higher
BUF values and rapid growth for deep penetrations than for
the inverse order of arrangement, allowing us to reconfirm the
hypothesis of applying the BUF function of bilayers to that of
trilayers. Also, from Tables 2 and 3, for example, we can
consider B+M+A arrangement as 2 layers with HZ followed
by LZ, that is, B+M followed by A or B followed by M+A.

Multilayer Simulation

Also, Figure 5 and Table 4 show the middle location of global
BUF between those for adipose and bone tissues. Moreover,
previous interpretation (trilayer case) can be applied for actual
situation. In order to optimize a best fitting model to reproduce
data simulated with Geant4, the statistical analysis, in terms of
average and standard deviation, of different models for 2, 3,
and 4 layers in spherical geometry and isotropic point source,
has been reported in Table 5.

We can see that M6 model has the best statistical analysis
parameters, compared to those for Kalos model, which fails for
the number of layers more than 3, and the worst one, for our
situations of energy and thickness ranges, was for the Burke and
Beck model. The main limitation of this work concerns the
study of short penetration depths, so a straightforward extension
to higher thickness could be conducted to be more consistent
and justify our conclusions.

Conclusion

Buildup factor of a material for gamma-ray attenuation is an
important parameter to describe scattered beam. During this
work, the evaluation of gamma-ray buildup factors of
stratified human tissue layers for a point isotropic source has
been carried out using Geant4. Moreover, we proposed a
fitting method able to accurately reproduce Geant4-based
simulation results better than existing ones of Li and Jiang,
Kalos, and Burcke and Beck models. The proposed fitting
model M6, leading to an average deviation (according to
direct simulation outputs) not exceeding 3 ± 3% for all
studied cases, can be considered the better one of the 9
models. However, the reproducibility procedure should be
extended to thickness and photon energies higher than 8 mfp
and 15 MeV, adopted here, respectively. Nevertheless, we
can consider that proposed results are important for medical
imaging and radiation treatment planning for the most ex-
isting examination scenario.
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