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ARTICLE INFO ABSTRACT

Keywords: Purpose: Breast cancer is the most frequent cancer in women. Early and accurate detection of the disease is a
Geant4 major factor in patient survival. To this end, phase-contrast imaging has gained significant interest in recent
Mammography years. The aim of this work was to validate the physics models of a Geant4 mammography imaging simulation

Monte Carlo (in the context of the XPulse project) by comparing to EGSnrc results.

Methods: We used three Geant4 electromagnetic physics lists of the version 10.4 of the toolkit: Standard,
Livermore and Penelope. We calculated energy distributions in homogeneous and inhomogeneous phantoms and
breast doses in DICOM images. The simulations used photon beams of energies 20-100 keV. The Geant4 cal-
culations were compared with EGSnrc/DOSXYZnrc simulations.

Results: We found a very good agreement between the Standard Electromagnetic option 4 and Livermore Physics
Lists (within 1% for all beam energies). Larger differences were found between Standard Electromagnetic option
4 and Penelope Physics Lists (about 4%). The agreement of longitudinal energy distributions between Geant4
Standard Electromagnetic option 4 and EGSnrc was good in water and light biological materials, but important
discrepancies were found in heavy elements. We confirmed with both codes that dose to the breast is minimal at
beam energy around 60 keV.

Conclusions: Overall, we found good agreement between the option 4 of the Standard Electromagnetic physics
list and Livermore physics lists of Geant4, as well as EGSnrc for materials relevant to mammography screening.

Further investigations are needed for the case of heavier materials.

1. Introduction

Breast cancer is the most frequent form of cancer in women. The
implementation of mammography systems and organised breast
screening has allowed for a better control of the disease since the 1970s
due to early detection of the disease. Currently, the reference tech-
nology for breast cancer screening is digital mammography. The dose
deposited in breast tissue during a diagnostic procedure (mean gland-
ular dose, MGD) remains a concern in popular press even though the
benefit of screening largely outweighs the risk of radiation-induced
cancer [1]. Radiologists constantly try to reduce breast dose to the
lowest amount technically achievable to alleviate the concern, in par-
ticular for women undergoing regular examinations in the age interval
of systematic screening (40-74 years of age).

MGD estimation is done routinely as a part of quality control pro-
cedures [2]. Large variations of MGD have been reported in the
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literature depending on the technology and protocol used. For example,
Bosmans et al. have reported a 60% higher breast dose delivered by
computed radiography systems as compared to digital radiography
systems [3]. At the same time as trying to reduce breast dose, radi-
ologists strive for an increased image quality to reduce false positives/
negatives in breast screening [4]. To address this issue, several novel
techniques have been developed, including 3D imaging such as digital
breast tomosynthesis (DBT) [5,6] and breast computed tomography
(BCT) [7].

Currently, the standard method for breast cancer screening is digital
x-ray mammography. It relies on the selective absorption of radiation
by tissues of different density in the patient. Detection efficiency
therefore depends on the composition of the breast tissue: detecting a
lesion in a dense breast is much more difficult than in a breast com-
posed mostly of adipose tissue. This poses a problem of diagnostic ac-
curacy in the subgroup of women with dense breasts, which overlaps
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Fig. 1. DOSXYZnrc view of one of the DICOM images used for breast dose calculation with isodoses curves in relative dose.

significantly with the group of women of less than 50 years of age. The
question has been raised whether photon absorption is the only physical
process that can be exploited for the acquisition of diagnostic breast
images. Several groups have advocated the use of phase contrast ima-
ging as an alternative. Phase contrast 3D imaging would be of particular
interest, as it could potentially maximize detection efficiency while
providing patient comfort by removing the need for breast compression
[8,9].

The challenge in constructing a novel mammography system con-
sists in the reduction of breast dose while maintaining an image quality
equivalent or superior to this of current techniques. In this context, the
need of estimating MGD accurately is no longer restricted to the esti-
mation of cancer-induction risk. It is also a pivotal parameter for the
design and optimisation of the new mammography system.

Breast dose cannot be obtained with direct measurements of dose in
patients. MDG estimation is instead largely based on the use of Monte
Carlo calculated conversion factors that translate measurements of in-
cident air kerma to breast dose [2]. While at the design phase of a novel
mammography system based on phase-contrast imaging, it is important
to conduct a detailed study of the dose dependence on several para-
meters. These include not only the geometrical specifications of the
system, but also the method of primary photon generation and their
energy spectrum, the image reconstruction algorithms and the im-
plementation of clinical protocols. To this end, Monte Carlo calcula-
tions are an indispensable tool. Geant4 is a Monte Carlo code [10-12]
that has been frequently used for mammography applications [13-15].
In this work, we validate the physics options of Geant4 v.10.4 with the
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intent of using the code for the design and optimisation of a mammo-
graphy system based on phase contrast imaging (XPulse project). We
have used EGSnrc [16] as a reference, as it is a Monte Carlo code
broadly used in medical physics applications. We compared dose dis-
tributions calculated for various Geant4 physics implementations and
various geometries with EGSnrc results. We performed comparisons of
doses in homogeneous phantoms and in patient CT images. In addition,
we utilized both Monte Carlo codes to study the dependence of breast
dose on primary photon energy.

2. Materials and methods

We used the same geometry and primary particle definitions in both
Geant4 and EGSnrc simulations. These are explained in Sections 2.1 and
2.2, respectively. Simulation parameters specific to Geant4 and to
EGSnrc are addressed in Sections 2.3 and 2.4, respectively.

2.1. Geometry definition in the Monte Carlo simulations

We defined a phantom geometry as a cylinder of 7-cm radius and
10-cm length (referred to in the following as “phantom 1” for clarity).
The cylinder was divided in depth into layers that could be filled with
different materials. For the scoring of the longitudinal energy deposi-
tion, we placed along the axis of the 7-cm radius cylinder an inner
cylinder of 0.5-cm radius. The inner cylinder was divided into 100
layers of 1 mm depth each, allowing the scoring of longitudinal energy
depositions with a binning of 1 mm in all phantom simulations. The
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inner and outer cylinders were always assigned the same material as a
function of depth.

The materials used were water, beryllium, silver, lead, and lung, soft
tissue and cortical bone [17]. The simulations of homogeneous phan-
toms were made for water, beryllium and silver. For the silver simu-
lation we created a separate phantom (referred to in the following as
“phantom 2”) with the same cylinder radii as above but with a long-
itudinal division/binning of 0.1 mm over a total depth of 1cm (100
bins). For the simulations of the inhomogeneous (layered) phantoms,
we used the same cylinders with a total depth of 10 cm, and several
divisions in depth for two different cases. In the first case (“phantom
3”), we used slabs of 2 cm of water, 2 cm of lung, 2 cm of water again,
3 cm of air and finally 1 cm of lead. In the second case (“phantom 4”),
we used 5 layers of 2cm each and the following order of materials:
water, lung, cortical bone, water and (soft) tissue.

Finally, we used DICOM image of a patient treated for a breast
cancer in our Institute to perform breast dose calculations (Fig. 1). Four
materials were defined: air, lung, tissue and cortical bone (ICRU). The
geometry of the DICOM images was constructed using DicomRegu-
larDetectorConstruction() in the DICOM Geant4 example and the
standalone dedicated program ctcreate in DOSXYZnrc.

2.2. Particle source

The same primary particle definition was used in both Monte Carlo
codes. A monochromatic point beam of energy 20keV, 60keV and
100 keV was generated for the calculation of longitudinal energy de-
positions in phantoms. The beam was generated at the front face of the
phantoms and its direction was along their main axis.

A square beam of 1 cm X 1 cm was implemented for the dose cal-
culation in the DICOM images. Beam energy varied between 20 keV and
100 keV, with a 10-keV step. The beam was generated approximately at
half length of the breast at the beginning of the DICOM image, as shown
in Fig. 1. One hundred million primary particles were generated for all
simulations and both Monte Carlo codes, as used in the phantom study
reported in [18].

2.3. Geant4 simulations

Geant4 is a Monte Carlo code for the simulation of the passage of
particles through matter. It is used in many high-energy physics ex-
periments and in several application fields, such as astrophysics, ra-
diation protection or medical physics. Its functionality and modelling
capabilities in event category, tracking category, geometry module,
electromagnetic physics and particle-matter interactions make it par-
ticularly interesting for simulating mammography systems.

Geant4 allows the user to choose among several models of electro-
magnetic low-energy physics. Geant4 also offers the possibility of
creating complex geometry and particle source configurations, while
maintaining the flexibility of its design.

For this study, simulations were performed with the 10.4 version of
the toolkit (patch 02). We compared energy distributions in water and
in phantoms of different materials calculated using the Livermore,
Penelope and Standard (option 4) electromagnetic Physics Lists (PLs).
In the energy range of 10 keV to 100 keV, option 4 includes the Auger
effect while fluorescence is disabled. Livermore models are used for
photoelectric, Rayleigh and Compton processes. Penelope models are
used for gamma conversion and ionization processes. Bremsstrahlung is
performed with the Seltzer-Berger model and multiple scattering for
electrons is implemented with the Goudsmit-Sounderson model with
“UseSafetyPlus” step limitation, RangeFactor = 0.2, and Mott correc-
tions applied [19]. In all simulations, a production threshold of 10 um
was used for all particles.
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2.4. EGSnrc simulations

EGSnrc is a Monte Carlo code, written in MORTRANS3 (an extension
of Fortran language), mainly used for the simulation of the passage of
photons and electrons through matter. EGSnrc is an improved version
of EGS4 developed by the National Research Council Canada (NRCC)
and the SLAC National Accelerator Laboratory. Indeed, the accuracy
and precision for charged particle transport mechanics and atomic
scattering cross section data were improved. It allows the calculation of
energy deposition between 1keV and 10 GeV in homogeneous mate-
rials [16]. In all EGSnrc phantom simulations, default parameters were
chosen.

The calculation of dose deposition in DICOM image was performed
using DOSXYZnrc, an EGSnrc based code for absorbed dose calculations
in 3 dimensions. Firstly, we used the default parameters. We used the
default PEGS4 file for the generation of material data. The global cut-off
energy for electron and photon transport, respectively ECUT and PCUT,
were set to 10 keV. The EXACT algorithm was used in order for particles
to cross boundaries in a single scattering mode and the distance from a
boundary at which this transition is made was 3 (default skin depth).
PRESTA 1II was used as electron-step algorithm. The maximum frac-
tional energy loss per step, ESTEPE was set to its default value: 25% of
the kinetic energy of the particles. Finally, we performed dose calcu-
lations using the DICOM image and more accurate parameters. We
produced a new PEGS4 file containing material data for an ECUT and
PCUT set to 1keV. Electronic stopping power and cross sections for
simple element and ICRU materials were adapted for these new cut-offs.
We also decreased the maximum fractional energy loss per step,
ESTEPE, to 1%.

3. Results

We present the comparison of longitudinal energy distributions in
water for different Geant4 Physics Lists in Section 3.1. Section 3.2 ad-
dresses the comparison of longitudinal energy distributions in phan-
toms of various materials between Geant4 and EGSnrc. Finally, we
discuss the calculation of breast dose in DICOM images using both
Monte Carlo codes in Section 3.3.

3.1. Geant4 physics list comparison

In the left column of Fig. 2, we compared longitudinal energy de-
positions calculated in water using the Standard Electromagnetic Phy-
sics List option 4 (lines) with results calculated using the Livermore
Physics List (circles). Energy values were normalised to the number of
primary photons (108 in all simulations) and depth (bin width of 1 mm).
The right column shows the relative difference of energy deposits
((option 4 - Livermore)/option 4). The first row of plots refers to pri-
mary photons of 20 keV, the second row was calculated for primary
photons of 60 keV and the last row shows results for a beam of 100 keV.
Fig. 3 has the same disposition as Fig. 2, but it compares results for
option 4 with the Penelope Physics List instead.

3.2. Comparison of longitudinal energy distributions between Geant4 and
EGSnrc

Figs. 4 and 5 show results calculated using the geometry of phantom
1. Fig. 4 has the same disposition as Figs. 2 and 3 above. It presents
longitudinal energy depositions scored in water with Geant4 option 4
(circles) and EGSnrc (solid line) for beam energies of 20 keV, 60 keV
and 100 keV. Fig. 5 shows longitudinal energy distributions in phantom
1 for beryllium (circles show Geant4 results and lines show EGSnrc
results) for a beam of 100keV. In both figures, the binning of the
horizontal axis is 1 mm.

The geometry of phantom 2 was used to calculate energy distribu-
tions as a function of depth in silver (Fig. 6) for a beam of 100 keV. The
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Fig. 2. Left column: Longitudinal energy distributions in water for beam energies of (a) 20keV, (b) 60keV, (c) 100keV. Circles = Geant4 Livermore PL.
Lines = Geant4 Standard Electromagnetic PL option 4. Right column: Relative differences of the energy depositions shown on the left (Livermore-Standard)/

Standard.

circles show Geant4 calculations and the line shows EGSnrc calcula-
tions. The binning of the two plots is 0.1 mm in depth.

We used phantom 3 to calculate the energy deposits shown in Fig. 7.
The disposition of the plots is the same as in Fig. 2. The vertical axes of
Fig. 7d, e and f have been truncated for better visibility as explained in
Section 4. The sequence of materials was water, lung, water, air and
lead.

Finally, we present results obtained using the geometry of phantom
4 in Fig. 8. Again, we used the same disposition as in Fig. 2. The ma-
terials used were water, lung, cortical bone, water and (soft) tissue
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(ICRU 44 definitions).

3.3. Comparison of breast dose in DICOM images between Geant4 and
EGSnrc

Fig. 9a shows absorbed dose scored in all voxels with the breast of
the patient shown in Fig. 1 as a function of beam energy. Dose values
were normalised to the number of primary photons (10%). The squares
show doses calculated using option 4 PL of Geant4. The circles show
doses calculated with DOSXYZnrc. The doses shown in the figure



V. Beaudoux, et al.

CE

£

=

c

()

>

2

S 05

Q

=

L
0 : o ;. I
0 20 40 60 8 100

Depth (mm)

—~ 0.2F

S

£

= 015

c

()

>

9 g4

>

o

=

o 0.05
0 i i i i
; > 20 60 80 100

:

= 02

c

o

>

(]

>

® 0.1

<

L
0 i i i i
; 2 20 60 80 100

Depth (mm)

Physica Medica 60 (2019) 66-75

40 60
Depth (mm)

40 60
Depth (mm)

Fig. 3. Left column: Longitudinal energy distributions in water for beam energies of (a) 20keV, (b) 60keV, (c) 100keV. Circles = Geant4 Penelope PL.
Lines = Geant4 Standard Electromagnetic PL option 4. Right column: Relative differences of the energy depositions shown on the left (Penelope-Standard)/Standard.

represent the sum of doses scored in all voxels of the geometry where an
energy deposit was made. Therefore, they do not correspond to the
definition of MGD. Our intention was to evaluate their variation as a
function of energy. Further calculations are needed, as discussed in
Section 4. Fig. 9b shows the relative difference of the dose values
presented in Fig. 9a ((Geant4-DOSXYZnrc)/DOSXYZnrc).

3.4. Comparison of execution times for Geant4 and EGSnrc

A comparison of the calculation times for the two Monte Carlo codes
was made. Our calculation PC was composed of 48 processors Intel
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Xeon(R) CPU E5-2650 v4 — 2.20 GHz. Geant4 calculations were rea-
lized in multithreading mode. This was not the case for EGSnrc/
DOSXYZnrc calculations, which were performed interactively.

For simulations performed using phantom 4 and for beam energy of
100 keV, the calculation time for Geant4 was 1 h 6 min (multithreading
using 48 processors) whereas the calculation time for EGSnrc was 5h
7 min (using 1 processor).

4. Discussion

The aim of this study was to compare the electromagnetic physics
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Fig. 4. Left column: Longitudinal energy distributions in water for beam energies of (a) 20 keV, (b) 60 keV, (c) 100 keV. Circles = Geant4 Standard Electromagnetic
PL option 4. Line = EGSnrc. Right column: Relative differences of the energy depositions shown on the left (Geant4-EGSnrc)/EGSnrc.

options of Geant4 v10.4 and to validate them by using EGSnrc results as
a reference. The primary particles were photons in an energy range that
would be relevant for mammography imaging based on phase contrast
(20-100 keV). We compared dose distributions in homogeneous phan-
toms and in DICOM images. We also addressed the question of breast
dose dependence on beam energy.

Several Geant4 low-energy studies have utilized the Standard
Electromagnetic (EM) Physics List (PL) option 4, as this physics list
provides the most detailed implementation of electromagnetic pro-
cesses for low energy photons and it was suggested by the AAPM TG-
195 [20]. Other options in the Standard Electromagnetic Physics List
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series are meant for fast simulation or high energy applications. How-
ever, we were interested to compare the performance of Standard EM
PL option 4 with Physics Lists maintained by the Low Energy Electro-
magnetic Physics Group, namely Penelope and Livermore, as these have
also been used in mammography simulations. We simulated long-
itudinal energy depositions in water for beam energies in the interval
20-100 keV with steps of 10 keV. As the results showed similar agree-
ment for all energies, we presented results only for energies of 20 keV,
60 keV and 100 keV. As shown in Fig. 2, the agreement between option
4 and Livermore PLs is within 0.5% for all energies and all depths in
water, except for the 20keV beam and for depths larger than 6 cm,
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Fig. 5. (a) Longitudinal energy distributions in Be for beam energy of 100 keV. Circles = Geant4 Standard Electromagnetic PL option 4. Line = EGSnrc. (b) Relative
differences of the energy depositions shown on the left (Geant4-EGSnrc)/EGSnrc.

where the energy depositions are negligible. Livermore has a slight
tendency to calculate higher energy deposits for 60 keV and 100 keV
but overall, relative energy differences are well centered around zero
(Fig. 2e and f). We concluded that option 4 and Livermore Physics Lists
can be used interchangeably for mammography simulations, as found in
the literature. For example, Livermore PL was used in [21] and [22],
whereas [18] and [20] have used option 4.

We found more important differences in energy depositions in water
between option 4 and Penelope PLs (Fig. 3). For all energies, relative
differences seem to have a linear tendency, which is increasing as a
function of depth at 20keV (Fig. 3d) or decreasing as a function of
depth at higher energies (Fig. 3e and f). Relative energy deposition
differences for a 20 keV beam are as large as 2% for depths less than
6cm (to compare with 0.5% in the case of Livermore PL). Relative
differences for 60 keV and 100 keV photons are within 1% (Fig. 3e and
f). This would suggest that Penelope PL may not be a good candidate for
very low energy photons.

Fig. 4 shows an agreement within 1.5% between longitudinal en-
ergy depositions calculated in water with Geant4 option 4 and EGSnrc.
There seems to be a linear tendency in the relative energy differences
between the two codes, which becomes more pronounced as the beam
energy decreases (Fig. 3d). We found the agreement between Geant4
and EGSnrc in water to be acceptable. As this was found best at 100 keV
(1%), we simulated energy depositions for photons of that energy in
heavier materials to investigate if the level of agreement is maintained
for high Z values. Figs. 5 and 6 suggest that the discrepancies between

—_
o

E (keV/event/mm)

6 8
Depth (mm)

10

the two codes become more important as Z increases, reaching 3% for
Be (Fig. 5b) and 8% for Ag (Fig. 6b). We concluded that further in-
vestigations are needed in order to validate our physics list for use with
heavier elements. We would like to note that in EGSnrc energy de-
position at a step is computed in average, in Geant4 sampling of energy
loss fluctuation is performed. The difference in tails of radiation dose
distribution may be explained in part by this principal difference be-
tween two simulations. This difference should be more pronounced for
large Z.

Variations of energy deposition at interfaces of varying density were
also relevant in the context of our study. Figs. 7 and 8 show the com-
parison of longitudinal energy depositions calculated with option 4 and
EGSnrc in phantoms consisting of homogeneous layers of different
materials. Fig. 7d, e and f have the vertical axis truncated at 5% to make
the plots readable but larger deviations were observed. The largest
discrepancies we found in air were 30% at 20 keV, 12% at 60 keV and
8% at 100 keV. We believe that we need to repeat these simulations
with higher statistics before we can evaluate these discrepancies.
However, we do not expect a great improvement in the comparison at
higher statistics as the dose deposition in air is relatively low. The de-
viations in Pb are not visible for 20 keV because the photons are ab-
sorbed immediately as they enter this layer. For beams of 60 and
100 keV, we observed relative dose differences up to 600% and 100%,
respectively, between the two codes. Further investigation is needed
with a thin-layer phantom in this case. Relative differences within the
water-lung-water layers where within 1.5% for all energies (Fig. 7d, e,

7
Depth (mm)

Fig. 6. (a) Longitudinal energy distributions in Ag for beam energy of 100 keV. Circles = Geant4 Standard Electromagnetic PL option 4. Line = EGSnrc. (b) Relative
differences of the energy depositions shown on the left (Geant4-EGSnrc)/EGSnrc.
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Fig. 7. Left column: Longitudinal energy distributions in a layered phantom consisting of 2 cm water, 2 cm lung, 2 cm water, 3 cm air and 1 cm lead for beam energies
of (a) 20keV, (b) 60keV, (c) 100 keV. Circles = Geant4 Standard Electromagnetic PL option 4. Line = EGSnrc. Right column: Relative differences of the energy

depositions shown on the left (Geant4-EGSnrc)/EGSnrc.

f). We find this result to be acceptable. In Fig. 8d, the largest difference
between Geant4 and EGSnrc was 50% in cortical bone, but the energy is
too low to allow for an evaluation of this result. Relative dose differ-
ences in cortical bone were at most 3% at 60 keV (Fig. 8e) and 1% at
100 keV (Fig. 8f). We conclude that Geant4 and EGSnrc are in overall
good agreement in biological tissues for photon energies between
20 keV and 100 keV.

Finally, we compare the dependence of breast dose on beam energy
between the two codes (Fig. 9). We note that Fig. 9 shows dose de-
posited in all voxels within the breast volume, without differentiating
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between glandular tissue and adipose. A more detailed comparison
needs to be made to take this into account. We observed acceptable
differences (up to 6%) between Geant4 and EGSnrc for energies above
40 keV. Discrepancies up to 15% were found for lower energies. We do
not have an explanation for this observation as of yet, further in-
vestigation is needed. It is worth noting, however, that both codes find
a minimum of energy deposition around 60 keV. This is in agreement
with previous studies [23]. More patient images will be used in the
future to further evaluate the dose dependence on beam energy for
different patient morphologies.
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for beam energies of (a) 20 keV, (b) 60 keV, (c) 100 keV. Circles = Geant4 Standard Electromagnetic PL option 4. Line = EGSnrc. Right column: Relative differences

of the energy depositions shown on the left (Geant4-EGSnrc)/EGSnrc.

Further simulations will be performed to compare Geant4 option 4
with EGSnrc in the case of thin layers of heavy materials that may be
relevant in the construction of the prototype of our mammography
system. In addition, further dose calculations need to be performed in
patient DICOM images in order to obtain a more precise estimation of
breast dose, and more notably, one that conforms better to the defini-
tion of MGD. A further shortcoming of this study is the use of mono-
chromatic beams. A comparison between Geant4 and EGSnrc needs to
be conducted for a more realistic energy spectrum, in particular to
address discrepancies at lower photon energies, as the contribution of
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dose from bremsstrahlung photons may be an issue at high primary
photon energies.

Finally, we note that our evaluation of execution times for a single
phantom geometry (phantom 4) and beam energy of 100 keV indicated
that EGSnrec is about 10 times faster than Geant4 if option 4 PL is used.
A more thorough evaluation would be required to include more geo-
metries and beam energies in order to better assess the performance of
the two codes.
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Fig. 9. (a) Dose (Gy/event) calculated with Geant4 Standard Electromagnetic
PL option 4 (squares) and DOSXYZnrc (circles) in the geometry shown in Fig. 1.
(b) Relative difference of the doses shown in (a), (Geant4-EGSnrc)/EGSnrc.

5. Conclusions

We found an overall good agreement between Geant4 and EGSnrc
for energy depositions in water and biological materials such as soft
tissue, lung and bone. More investigations are needed to evaluate dis-
crepancies observed in heavier materials, such as beryllium, silver and
lead. Comparison of breast dose depositions in DICOM images showed
the same trend as a function of primary photon energy in the two codes,
confirming an optimal beam energy for mammography screening
around 60 keV.
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