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Abstract

The average absorbed dose in glandular tissue is the most appropriate parameter
for the assessment of the radiation-induced risk during breast imaging. The
aims of this work concern: (1) the investigation of the variation effect of any
related update to photon cross-section data-bases on the computation of the
normalized glandular dose (DgN) for mammography quality control tests and
(2) the proposition of a parameterization method leading to provide DgN values
function of the breast thickness (T) and the particle energy (E) instead of E
alone, as normally known. We analyzed the change effect of the photon cross-
section data-bases on the computation of DgN. Those coefficients, generated
using the Geant4d Monte Carlo toolkit, were studied over a range of compressed
breast thickness of 2-8 cm for monoenergetic (1-120 keV by 1 keV intervals) and
polyenergetic (23-35 kVp by 2 kVp intervals) X-ray beams. Moreover, breast
tissue composition ranging from about 0% glandular (about 100% adipose) to
100% glandular (0% adipose) was also covered. The successful parameterization
of DgN look-up table function of the breast thickness and energy, will compact
its analytical form without loss of accuracy. All parameterization fits resulted
in r2 values of 0.999 or better.
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The average absorbed dose in glandular tissue is the most appropriate parameter
for assessing radiation-induced risk during breast imaging. This work aims
to: (1) investigate how updates to photon cross-section databases affect the
computation of normalized glandular dose (DgN) for mammography quality
control tests, and (2) propose a parameterization method that provides DgN
values as a function of both breast thickness (T) and particle energy (E), rather
than E alone as is conventional. We analyzed the effect of photon cross-section
database changes on DgN computation. These coefficients, generated using the
Geant4 Monte Carlo toolkit, were studied across compressed breast thicknesses
of 2-8 cm for monoenergetic (1-120 keV in 1 keV intervals) and polyenergetic (23-
35 kVp in 2 kVp intervals) X-ray beams. Additionally, breast tissue composition
ranging from approximately 0% glandular (100% adipose) to 100% glandular
(0% adipose) was covered. Successful parameterization of the DgN look-up
table as a function of breast thickness and energy compacted its analytical form
without loss of accuracy. All parameterization fits achieved r? values of 0.999
or better.

Keywords: Monte Carlo simulation, Geant4, Normalized glandular dose, Pa-
rameterization
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Introduction

Since glandular breast tissue is regarded as the most radiosensitive tissue, breast
dosimetry has been considered an important basis for assessing radiation risk
to patients undergoing mammography [1]. The average absorbed dose in glan-
dular breast tissue, known as the mean glandular dose (MGD), is preferred for
radiation risk assessment. It can be estimated by measuring the entrance air
kerma and applying normalized glandular dose (DgN) conversion coefficients for
a given breast thickness and glandularity [2].

Among the most prominent factors influencing DgN values is the photon fluence
per exposure factor (photon quanta per mm? per mR). This factor depends on
mass energy absorption coefficient tables for air (pen/ ) that can be extracted
from existing databases such as MCPLIB [3] and XCOM [4]. Moreover, as
Zoetelief et al. [2] pointed out, using MCPLIB cross sections yields DgN values
approximately 10% higher than using XCOM data.

Thus, there is a need to update existing monoenergetic DgN(E) look-up tables
whenever changes occur in the (pen/ ) tables, which immediately affect the
Monte Carlo simulation programs used to generate such data. On the other
hand, due to the large volume of tabulated DgN values used for optimizing
mammographic procedures provided by many authors [5-10], parameterization
is clearly required to simplify direct MGD calculation after measuring incident
air kerma. Many works have focused on this issue [11-13]. However, introducing
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breast thickness as a second parameter beyond energy for database parameteri-
zation does not appear to be well studied, which could lead to more generalized
fitting equations.

This paper examines the effect of the photon fluence per exposure parameter on
DgN calculations—a factor that appears essential after observing variations in
(nen/ ) values between data derived from Hubbell et al. [14] and those used by
Boone et al. [11]. We parameterize monoenergetic DgN conversion coefficient
data so that simple custom functions can be easily implemented in spreadsheets
to calculate DgN values for given input parameters (photon energy, breast com-
position, and thickness). We adopt a mathematical fitting method that includes
breast thickness as a second parameter and compare its accuracy in predicting
direct computational results. Finally, we evaluate the method’ s ability to es-
timate MGD for clinically relevant cases, as performed by many authors [15],
using X-ray tube anode/filter combinations of Mo/Mo (30 pm), W/Rh (50 pm),
and W/Pd (50 pm) at 23-35 kVp, with a breast thickness of 4 cm and glandu-
larity of 50%. This work can be considered a continuation of recent studies on
MGD calculation [16-18] performed by medical physicists as part of mammog-
raphy quality control tests.

II. Materials and Methods

Many Monte Carlo simulation packages can be used to estimate MGD, each
with different advantages and disadvantages. Accurate and versatile general-
purpose packages such as Geant3 [19], EGS4 [20], MCNP [21], and most recently
Geant4 [22] include well-validated physics models, geometry-modeling tools, and
efficient visualization utilities that require no additional tailoring for medical
imaging applications. For this study, we employed the Geant4 toolkit.

To provide an updated dataset of DgN coefficients for mammography covering
the energy interval of 1-120 keV, thicknesses of 2-8 cm, and glandularities of
0%-100% for compressed breast, we adopted the same experimental setup used
by Boone et al. [11]. The studied energy interval enables use of look-up tables
for standard (up to 40 kVp) and dual-energy (up to 120 kVp) mammography
imaging. We developed a Monte Carlo simulation program to generate the data,
followed by a mathematical fitting procedure to parameterize the large dataset.

According to Refs. [1, 23, 24], MGD calculation is highly influenced by the
spatial distribution of glandular tissues within the breast. Thus, this study is
dedicated to further enhancing quality assurance and quality control procedures
involving equipment performance, comparisons of X-ray machine efficiency, and
mammography dosimetry protocols. For larger compressed breast thicknesses
up to 8 cm, the same parameterization procedure should be followed, with the
penalty of more complex equations requiring additional fitting parameters.
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A. Simulation Procedure

To derive DgN(E) values, we used the photon quanta per mm? per mR param-
eter, K(E), for a given energy E (in keV) of an incident photon beam in air
medium as derived by Johns et al. [25]:

K(E) = 54300/[E(pen/p)

air]

where (t.,,/P)air, in cm? /g, is the mass energy absorption coefficient in air.

The DgN(E) coefficient, in mGy/mGy, is given by [26, 27]:

DgN(E) = 1.8352 x 107" E,;,,G(E)K(E) f,p(T — 2T 1.;,,)(Ry/ Ry )?

where E,;., is the energy deposited in breast tissue, f, is the glandular fraction
of the breast, p is breast density, R, = 8 cm is breast radius, R, = 7.6 cm is
breast tissue radius excluding skin, T, is skin thickness, T" is breast thickness,
and G(F) is a factor describing the proportion of absorbed dose in glandular
tissue to overall breast tissue, given by:

G<E) = fg(/j’en/p)gfg<ﬂen/p)g + (1 - fg)(:u’en/p)a

where (pi.,,/p), and (p,/p), are the mass energy absorption coefficients for
glandular and adipose tissue, respectively, for the given energy. The unit of the
constant 1.8352 x 10717 is (mGy + g) /keV.

Using recent mass energy attenuation coefficients for photons in air provided by
NIST [14], we tailored a Monte Carlo simulation program to calculate absorbed
energy in the breast model for given configurations of breast tissue composi-
tion, thickness, and monoenergetic photon beams. An additional procedure was
added to compute the G(E) factor during simulation runtime, which outputs
DgN(E) coefficients for each studied case.

The Geant4-based simulation program modeled monochromatic X-ray emission
from a “point-like” source and tracked particle transport through the breast.
Physical processes included the photoelectric effect, Compton and Rayleigh scat-
tering for photons, and bremsstrahlung, ionization, and “multiple scattering”
for electrons. Production thresholds were set to 1 keV for photons and 10 keV
for electrons. From the existing suite of physical packages ready for use within
the simulation program, “PhysListEmStandard” was selected. Elemental com-
positions of adipose, glandular, and skin tissue were based on Ref. [27].

For each combination of (monoenergetic) X-ray energy, breast size, and breast
composition, a simulation run was executed using 10® incident photons, pro-
viding sufficient statistical precision. To simplify the analytical form of fitting
functions and due to the small contribution to MGD parameters, we omitted
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the energy interval of 1-11 keV during the database fitting stage. This contri-
bution does not exceed 1% of the MGD for the studied X-ray spectra. DgN(E)
coefficients for 11-120 keV X-rays were computed.

A total of at least 1582 (113 x 7 x 2) runs were carried out for database gener-
ation, covering 113 energy values (11-120 keV) and seven thicknesses (2-8 c¢m)
for glandularities of 100% and 50%. The absorbed dose by breast tissue was
recorded for direct derivation of DgN(E) coefficients (in SI units of mGy/mGy).

Following the same simulation setup used by Boone et al. [11], we used a source-
to-detector distance of 60 cm. Changing this distance to 80 cm or 40 cm would
deviate beam energy at the breast vicinity by less than 1%, as adding or sub-
tracting a 20 cm air layer affects the primary beam trajectory by 0.4% and 0.06%
for 30 keV and 100 keV photon energies, respectively. Moreover, modeling the
X-ray tube focal spot geometry as point-like rather than disc is valid to within
approximately 1%. Replacing a point-like source with a disc of ®40 pm or 300
nm (as found in clinically realistic tests) deviates DgN(E) by 0.213% or 0.444%
for photon energy, glandularity, and thickness combinations of (50 keV, 50%, 2
cm) or (10 keV, 100%, 8 cm), respectively, though focal spot size affects image
contrast [28].

We consider the homogeneous distribution of glandular tissues within the breast
a limitation of the current model, as Dance et al. [29] noted that absorbed energy
by glandular tissue depends on glandular tissue position within the breast.

The simulation was performed using Geant4 (V9.4.p01) on a Red Hat Enter-
prise Linux 5 workstation with an Intel Core i7 CPU, 4 GB RAM, running
at 3.40 GHz. The statistical uncertainty (20) associated with all Monte Carlo
calculations presented in this work is less than 1%.

B. Parameterization Procedure

The following parameterization procedure was adopted to reduce the large vol-
ume of DgN values while retaining prediction precision to an acceptable accuracy
level using a simple analytical fitting equation. For accuracy assessment, the 2
statistical coefficient was calculated. We fitted the complete DgN(T,E) dataset
using Eq. (4) for the energy interval 11-120 keV, for glandularities of 100% and
50% separately:

DgN(E) = a+cIn(T)+eIn(E)+gIn®(T)+in*(E)+k In(T) In(E)1+bIn(T)+d In(E)+ f In*(T)+h In*(E)+5 In(T
MGD was calculated using Eq. (5):

ZEWT K(E) x DgN(E) x E x ¢(E)

MGD = —Fmin
g K(E) x 6(E)
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where ¢(E) is photon fluence per exposure in units of mR per photon per mm?

and E,_;, and E,, . are the minimum and maximum energy spectrum limits.

Physically, Eq. (4) shows that any DgN coefficient explicitly depends on in-
cident photon energy and breast phantom thickness [30]. Thus, we preferred
fitting these values with a bivariate polynomial depending on F and T [13].
The quotient form arises because the DgN coefficient represents a fraction of ab-
sorbed dose in the breast model relative to air medium, each being a polynomial
energy-dependent function. To achieve relative differences between computed
and fitted values not exceeding 3% in MGD calculation for most X-ray beam
spectra, we adopted the second-order polynomial fitting Eq. (4). Greater preci-
sion would require extension to higher order, with the penalty of a more complex
fitting expression.

To our knowledge, fitting methods using parameter E have been treated simi-
larly by many authors [7, 26, 30], whereas introducing parameter T as a second
variable in its current form is proposed here for the first time.

ITI. Results and Discussion

We calculated the photon fluence per exposure conversion coefficient using Eq.
(1) for photon energies of 1-120 keV. Figure 1 [Figure 1: see original paper]
shows the relative difference between K (F) calculated based on the most recent
mass energy absorption coefficient data for air provided by NIST [14] and those
tabulated by Boone et al. [26]. The major differences occur for photons with
energies below 75 keV, reaching 12% at 27 keV as shown in the inset. For photon
energies above 75 keV, this difference does not exceed 1%.

We began by studying the effects of the photon fluence per exposure coefficient,
which caused modifications in DgN values between those of Boone et al. [11] and
those presented in this work. Additionally, fitting parameters were tabulated
for easy handling of the computational model. Based on the parameterization
procedure, we evaluated the efficiency of reproducing directly simulated MGD
for specific cases. We concluded by analyzing the interpolation and extrapola-
tion capabilities of this procedure. Future work could address heterogeneous
breast tissue composition and prone breast positioning.

B. K(E) Variation Effect on Boone’ s Look-up Table

Table 1 compares MGD calculations between literature (Boone et al. [5]) and
the present study using updated K(F) values. The comparison examines three
anode/filter combinations: Mo/Mo (30 pm), W/Rh (50 pm), and W/Pd (50 pm)
at 23-35 kVp with HVL of 0.269-0.597 mm Al. The breast thickness was 4 cm
and glandularity was 50%. We observed maximum relative differences between
literature and Geant4 data of approximately 1.9%, 5.0%, and 4.2%, and between
calculated (parameterized) and Geant4 data of approximately 2.6%, 3.8%, and
4.1%, respectively, for the above anode/filter combinations.
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Referring to Mo and W experimental spectra in [31], we observed that the two
characteristic peaks were located around 17 keV and 11 keV, respectively, as
shown in Fig. 2 [Figure 2: see original paper]. The spectra covered 23-35 kVp.
Figure 2 also illustrates curves of relative error (%) for K (FE), DgN (E), and their
sum. According to Eq. (5) and Fig. 2, we expect the MGD relative difference for
tungsten anode spectra to be twice or higher than that for molybdenum. This
can be explained by the coincidence of the tungsten peak with the maximum
relative deviation. Furthermore, we can infer that the relative deviation for
rhodium anode spectra will be lower than for molybdenum within the studied
kVp interval.

C. Data Set Generation and Parameterization

The complete normalized glandular dose dataset was generated using Eqgs. (2)
and (3) and the developed simulation code for breast glandularities of 100%
and 50%. The dataset corresponding to f, = 50% is shown in Fig. 3 [Figure
3: see original paper]; plots for fqg = 100% are similar. Table 2 presents the
parameters resulting from fitting the complete DgN values using Eq. (4) for the
energy interval 11-120 keV. No subdivision of energy and thickness intervals was
needed for parameterization purposes. Statistical test p-values of 0.9999 were
obtained for both cases.

D. MGD Prediction Ability

To investigate MGD prediction capability using the current DgN dataset with
the fitting method, we used Eq. (5) and photon fluence per exposure spectra
corresponding to anode/filter combinations of Mo/Mo (30 pm), W/Rh (50 pm),
and W/Pd (50 nm) generated according to the MASMIP and TASMIP Boone
codes [26] for various kVp and HVL X-ray tube parameters. The heel effect
associated with the spectra was not considered in this study, similar to [16].
Thus, the beam was assumed to have uniform intensity and spectral quality
within the field covering the entire breast. If accounted for, MGD would vary
as it is proportional to the fluence spectra.

From the data at 35 kVp in Table 1, we observe that MGD values become similar
due to the small contribution of DgN for low photon energies at high kVp. The
results are in acceptable agreement with those directly simulated.

E. Interpolation and Extrapolation Capability

The DgN data values in Table 3 demonstrate the effectiveness of interpolation
and extrapolation procedures in terms of glandularity. Direct calculations using
linear interpolation and extrapolation techniques and Monte Carlo simulation
were conducted for various glandularity cases, with data tabulated. We find ac-
ceptable agreement between the two datasets, allowing straightforward interpo-
lation and extrapolation of MGD for any given glandularity from approximately
0% to 100%.
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IV. Conclusion

We calculated the photon fluence per exposure conversion coefficient using Eq.
(1) for photon energies ranging from 1 keV to 120 keV. A computer simulation
program was developed to estimate radiation dose to breast phantoms during
quality control and quality assurance mammography tests. Monoenergetic DgN
coefficients were computed for various energies and thicknesses, and the data
were parameterized and presented as a general equation with parameters depend-
ing on two variables: E and T'. The Geant4-based DgN coefficients presented in
this work provide an updated version of those currently used in mammographic
dosimetry quality control tests. The ultimate need to recompute such coeffi-
cients relates to any updates in mass-energy absorption databases for materials,
which in turn influence all Monte Carlo simulation outputs. Although the rela-
tive difference found in K (F) parameter calculation reached 12% at 27 keV, the
relative difference in MGD values attained only 5% for the studied molybdenum
and tungsten anode spectra. The parameterization procedure allowed us to cor-
rectly compute MGD values for any X-ray spectra. Using linear interpolation
and extrapolation techniques, we can vary kVp up to 120 keV, breast phantom
thickness from 2 cm to 8 cm, and glandularity proportion from approximately
0% to 100%, correctly reproducing MGD values derived from direct simulation.
Such parameterization can be straightforwardly applied to modern techniques
such as breast CT and digital breast tomosynthesis, though compressed breast
CT is of particular concern.
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