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Abstract

Purpose—To develop tables of normalized glandular dose coefficients Dgy for a range of
anode—filter combinations and tube voltages used in contemporary breast imaging systems.

Methods—Previously published mono-energetic Dgy values were used with various spectra to
mathematically compute Dgy coefficients. The tungsten anode spectra from TASMICS were used;
Molybdenum and Rhodium anode-spectra were generated using MCNPx Monte Carlo code. The
spectra were filtered with various thicknesses of Al, Rh, Mo or Cu. An initial HVL calculation
was made using the anode and filter material. A range of the HVL values was produced with the
addition of small thicknesses of polymethyl methacrylate (PMMA) as a surrogate for the breast
compression paddle, to produce a range of HVL values at each tube voltage. Using a spectral
weighting method, Dgy coefficients for the generated spectra were calculated for breast glandular
densities of 0%, 12.5%, 25%, 37.5%, 50% and 100% for a range of compressed breast thicknesses
from 3 to 8 cm.

Results—Eleven tables of normalized glandular dose (Dgy) coefficients were produced for the
following anode/filter combinations: W + 50 um Ag, W + 500 um Al, W + 700 um Al, W + 200
pum Cu, W + 300 um Cu, W + 50 pm Rh, Mo + 400 pm Cu, Mo + 30 um Mo, Mo + 25 pm Rh, Rh
+ 400 pm Cu and Rh + 25 pm Rh. Where possible, these results were compared to previously
published Dgy values and were found to be on average less than 2% different than previously
reported values.
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Conclusion—Over 200-pages of Dgy coefficients were computed for modeled x-ray system
spectra that are used in a number of new breast imaging applications. The reported values were
found to be in excellent agreement when compared to published values.

1. Introduction

Breast tissue has been determined to be more sensitive to radiation than previously thought
during the days of screen-film mammography as evidenced by the increase in tissue-
weighting coefficients (from 0.05 to 0.12) published by ICRP 103. (Mountford and
Temperton 1992;Valentin 2007) Of the two prominent tissue types found within the breast
(glandular and adipose tissue), glandular tissue is the radiosensitive tissue at risk. Accurate
radiation dosimetry to the breast is a challenge given the large variability in quantity and
distribution of glandular tissue amongst individuals. Consequently the average of the overall
glandular dose is reported as the Mean Glandular Dose (MGD) as described by
Hammerstein. (Richard Hammerstein et al. 1979)

The dose to the breast is given by Dg = Dgy * k where k (mGy) is the incident air kerma at
the entrance surface of the breast. k is measured using an ion chamber free-in-air (no
backscatter) and positioned along the central ray of the x-ray source for a given kV, mAs,
source-to-chamber distance and beam quality. (Bushberg and Boone 2011) Dgy (MGY/mGy)
is the normalized glandular dose coefficient and has been studied by several investigators.
(Boone et al. 2004;Boone et al. 2005;Dance 1990;Sechopoulos et al. 2007;Sobol and Wu
1997;Thacker and Glick 2004;Vedantham et al. 2012;Wu et al. 1991;Wu et al. 1994) The
Dgn Vvalue is dependent on the quality of the radiation beam (x-ray tube voltage, half value
layer, x-ray tube target and filter material) and breast characteristics (breast composition and
breast thickness).

While there are many sources of Dgy values for conventional mammography applications
(Dance 1990;Sobol & Wu 1997;Wu, Barnes, & Tucker 1991;Wu, Gingold, Barnes, &
Tucker 1994) new breast imaging applications such as multi — energy imaging,
tomosynthesis and scanning slit mammaography have made use of a wide range of spectra for
which there are no tabulated Dgy values available. For example, the Hologic Selenia dual
mammography and digital breast tomosynthesis unit uses anode/filter combinations of
tungsten (W)/rhodium (Rh) or W/silver (Ag) in mammography mode and W/aluminum (Al)
for digital tomosynthesis. Hologic has also developed a dual energy breast imaging system
where images are acquired at higher tube voltages (45-49 kV) using a W/copper (Cu)
anode/filter combination. The spectral properties are very different in comparison to the GE
SenoClaire which utilizes molybdenum (Mo)/Cu or Mo/Rh target/filter combinations. The
(dual energy) GE SenoBright Contrast system uses the same anode and filter combinations
as the GE SenoClaire system for the low energy exposure and Cu filtration at high energies.
The Philips MicroDose system uses a W-anode with 0.5 mm of Al filtration and the Siemens
Mammomat system uses a W/Rh anode/filter combination. Lastly, IMS Giotto Tomo uses a
W-anode with either Rh or Ag filtration. Given these new breast imaging applications,
which use relatively exotic x-ray spectra compared to the days of screen film
mammography, Dgy coefficients are needed to enable accurate estimation of MGD.
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Previously reported Dgy values have primarily been for molybdenum (Mo) and rhodium
(Rh) anodes with Mo and Rh filtration. (Boone 1999;Dance 1990;Sobol & Wu 1997;Wu,
Barnes, & Tucker 1991;Wu, Gingold, Barnes, & Tucker 1994) Some compilations of Dgy
coefficients extend to tungsten (W) anodes, however differences in half value layer (HVL)
of the spectra are not addressed (Sechopoulos, Suryanarayanan, Vedantham, & Karellas
2007;Sechopoulos et al. 2014) as with traditional tables of Dgy values. Furthermore, there is
a recent focus on breast imaging applications where x-ray tube voltages are substantially
higher than with mammaography or digital breast tomosynthesis.

Investigators in the United States and Europe have developed coefficients that correct for the
geometric differences of dose distribution in digital breast tomosynthesis compared to
mammaography. Sechopolous et al use a relative glandular dose (RGD) metric that enables
calculation of breast dose as a function of projection angle, breast size and thickness for
various x-ray spectra. (Sechopoulos, Suryanarayanan, Vedantham, & Karellas
2007;Sechopoulos, Sabol, Berglund, Bolch, Brateman, Christodoulou, Flynn, Geiser,
Goodsitt, & Jones 2014) Dance et al have developed mean glandular dose conversion factors
that are a combination of physical measurements, calculations and Monte Carlo simulations
to determine MGD for a variety of x-ray spectra. ( Dance et al. 2009;Dance et al.
2011;Sechopoulos, Suryanarayanan, Vedantham, & Karellas 2007) However, medical
physicists in the United States still rely on traditional Dgy coefficients to calculate MGD and
thus there is a need to expand on these traditional methods.

The motivation for this work was to develop tables of Dgy coefficients that extend the tube
voltage and HVL range for Mo, Rh and W anodes and also to include additional filter
materials. In collaboration with investigators currently working on these new systems Dgy
tables were developed for a broad range of x-ray tube voltages, anode/filter combinations
and half value layer (HVL) values for breast thicknesses ranging from 3-8 cm for 0%,
12.5%, 25%, 37.5%, 50% and 100% breast composition. This work defines breast glandular
density to be the mass per volume of glandular tissue with respect to the total breast tissue as
described by Hammerstein et al. (Richard Hammerstein, Miller, White, Ellen Masterson,
Woodard, & Laughlin 1979) The Dgy coefficients reported here are based on calculations
made as a function of photon energy (Dgn(E)). (Boone 2002)

2. Methods

2A. Spectral modeling

The tungsten anode spectral model using interpolating cubic splines (TASMICS)
(Hernandez and Boone 2014) was employed in this study to generate W anode spectra for
the tube voltage of interest. This spectral model is based on Monte Carlo simulations
(MCNPx 2.6.0) and uses cubic spline interpolation to generate minimally-filtered (0.8 mm
Be) W anode spectra between 20 and 640 kV with an anode angle of 12 degrees and 1 keV
energy resolution. Rh and Mo minimally-filtered (0.8 mm Be) spectra were also simulated in
MCNPx using an identical fluence tally, source definition, and energy binning as in
TASMICS, but with a 24 degree “effective” anode angle as is typical in breast imaging, tube
voltages from 20 kV to 60 kV, and anode compositions of high purity Rh and Mo. The Rh
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and Mo x-ray spectra were simulated using the same methods utilized in TASMICS for 20
kV to 60 kV. (Hernandez & Boone 2014)

The TASMICS spectral model was used to generate W spectra which were filtered using
energy dependent elemental attenuation coefficients from the NIST XCOM: Photon Cross
Sections Database. (Berger et al. 1998) The Rh and Mo spectra were also filtered using the
same approach. The following lists the anode and filter combinations generated for this
study: Mo + 400 pm Cu!, Rh + 400 pm Cu!!, Mo + 30 pm Mo!!!, Mo + 25 ym Rh!V, Rh +
25 um RhY, W + 50 um AgV!, W + 500 pm AIVIL W + 700 um AIVIE W + 200 um cu'X,
W + 300 pm CuX and W + 50 um RhX!.

Matlab (7.14, The MathWorks Inc., 105 Natick, MA, 2012a) code was written to calculate
the HVL of the filtered spectra, this value served as the starting HVL value. In order to
obtain a range in HVL, the x-ray beam was filtered with various thicknesses of PMMA as a
surrogate for the breast compression paddle.

2B. Dy Calculations

The breast model used was a cylinder of semi-circular cross section and radius of 8.5 cm,
skin thickness of 4 mm under a 3 mm polystyrene compression paddle.(Boone 2002) For
each x-ray tube voltage and HVL value, the polyenergetic normalized glandular dose
coefficients p Dgy were calculated using:

_ P §(E)9(E)DgN(E)AE

E=Emin

N Emer g (pYY(E) AE

E=Emin

pD

where ®(E) (units of photons/mm?) represent the unnormalized spectra, J(E) (units of mGy
per photons/mm?) is the photon fluence to air kerma conversion factor and Dgn(E) (units of
mGy/mGy). (Boone 2002) Dgn(E) was calculated using the parameterisations given in
Appendix A-C of the work by Boone (Boone 2002) for 0%, 50% and 100% glandular
density. X!

The intermediate glandular densities (12.5%, 25% and 37.5% ) were calculated by weighing
the Dgn(E) coefficients for 0%, 50% and 100% by the volume glandular fraction Vg
(Equation 1) from Boone. (Boone 1999)

IGeneral System
General System
MGE Essential
IVGE SenoBright
VGE Essential
VIIMS Giotto

VIIPhilips MicroDose
Hologic Dimensions

Hologic Contrast

Hologic Contrast

ISiemens Mammomat

INote that in Appendix D (Boone 2002) the equation for exposure per photon/mm2 is incorrect. The x-ray quanta per unit exposure
(photons/mmsz) was calculated using Eq. 2 described in Boone (Boone and Seibert 1997) as derived by Johns. (Johns and
Cunningham 1974)

Phys Med Biol. Author manuscript; available in PMC 2016 September 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nosratieh et al. Page 5

_ (1-1) Pg -
Vg— |: fg pa+1:|

where fy is the weight fraction of glandular tissue, pq is the density of 100% glandular tissue
and p is the density of 100% adipose tissue (og = 1.04 glcm3 and p, = 0.93 g/cm3 from
Hammerstein et al.) (Richard Hammerstein, Miller, White, Ellen Masterson, Woodard, &
Laughlin 1979)

3. Results

3A. X-ray Spectra

The x-ray tube voltage, target/filter combinations and HVL range for this study are
summarized in Table 1.

A sample of x-ray spectra for the lowest, middle and highest tube voltage (kV) are displayed
in Figure 1.

3B. Dgn Values

The comprehensive set of Dgy values is quite large (over 200 pages) and therefore a
sampling of the results are shown here in Tables 2-12. The Dgy coefficients for breast
glandular density of 0%, 12.5%, 25%, 37.5%, 50% and 100% for compressed breast
thickness of 3-8 cm as a function of kV and HVL are in Dgy Tables 2-12 which are
available by email request to: jmboone@ucdavis.edu.

3C. Comparison to previous publications

Comparisons to the Dgy values of Boone (Boone 1999) were made for 0% and 100%
glandular breast density for the following anode/filter combinations: W/Rh, W/Ag, Mo/Mo,
Mo/Rh and Rh/Rh (Figure 2). A linear fit of the Dgy values as a function of HVL from this
work was used for interpolation in order to compare the Dy values reported here to the
same HVL reported in Boone’s work. The y-axis in Figure 2 is the reported Dgy value from
Boone (Boone 1999) and the x-axis is the interpolated Dgy value for the same HVL for this
work. The individual points represent a single Dgy value for a given kV and breast thickness
(3-8 cm). The maximum differences between Dgy coefficients produced in this work to that
of Boone for a specific anode/filter material and breast composition were 3%, 6%, 2%, 3%,
8%, 6%, 4%, 4%, 4%, and 3% for W/Rh — 0%, W/Rh -100%, W/Ag — 0%, W/Ag — 100%,
Mo/Mo - 0%, Mo/Mo - 100%, Mo/Rh — 0%, Mo/Rh — 100%, Rh/Rh — 0% and Rh/Rh -
100%, respectively.

4. Discussion

The dramatic differences in spectral distribution between varying anode and filter
combinations are apparent in Figure 1. Depending upon the imaging modality, using one
anode/filter combination over another may yield better images with less radiation dose to the
breast. In the case of digital tomosynthesis, harder beams are typically used since the
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exposures are distributed over a number of projection images. Whereas in dual-energy
mammography, a high tube voltage projection image is subtracted from a low tube voltage
acquisition with different filtration, enabling differences in the spectral distribution to
enhance the presence of iodine contrast agent in lesions of interest.

This work was accomplished by combining previously published Monte Carlo x-ray spectra
with published mathematical equations describing monoenergetic values of Dgy. With
knowledge of a system’s tube voltage, HVL, anode/filter combination and entrance kerma,
breast thickness and composition, the coefficients in Dgy Tables 2-12 can be used to
estimate the MGD for a wide assortment of breast imaging applications. Please note that
Tables 2-12 are samples of the data set, for entire set of tables please contact the
corresponding author. For Dgy coefficients that were previously published, comparisons
were made to this work as shown in Figure 2.

The percent difference between this work and Boone (Boone 1999) is based on a maximum
difference in a single Dgn value (note that over 700-Dgn values were compared). This
difference ranged from 2—-8%. Although the exact cause of this difference unknown it may
have been a result of interpolating the HVL of this work to match the HVL values reported
by Boone (Boone 1999).

The range of glandular densities (0-50%) reported here reflect the “Myth of the 50-50
breast,” where 95% of over 2500 women in that study had volume glandular densities less
than 45%. (Yaffe et al. 2009) Thus to accurately represent the screening population, the data
presented here were computed with realistic glandular densities of 0%, 12.5%, 25%, 37.5%
and 50%. Tables for 100% breast composition are also available and used comparison to
previous publications.

Conclusion

The aim of this work was to address the need for Dgy cofficients for systems that employ
new x-ray spectra. Tables of Dgy coefficients for varying anode/filter combinations as a
function of kV, HVL, breast composition and thickness were presented. Results presented
compared well to previously published values. Comprehensive (over 200 pages) of Dgy
tables were generated in this study and are available by request to the corresponding author
jmboone@ucdavis.edu.
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Figure 1.

Sample of the spectra for the specified target and filter combinations shown in Table 1.
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Comparison of this work to Boone (Boone 1999) for a given Anode/Filter combination and

breast composition (%). The Dgy units are mGy/mGy. The solid line, y = x, represents

perfect agreement between the Dgy coefficients. Each point represents a single Dgy value

for a given kV and breast thickness (3-8 cm).
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Table 1
Summary of modeled spectra

Voltage (kV) | Target + Filter | HVL rangemm Al | DgN Table# Manufacturer
35-49 Mo + 400u Cu 2.24-3.80 2 General System
35-49 Rh + 400u Cu 221-3.79 General System
24-49 Mo + 30p Mo 0.28 - 0.52 4 GE Essential
24-49 Mo + 25u Rh 0.330-0.56 5 GE SenoBright Low Energy
24-49 Rh + 25p Rh 0.28 -0.65 6 GE Essential GE SenoBright Low Energy
26-34 W + 50U Ag 0.48 -0.69 7 Hologic Dimensions IMS Giotto TOMO
26-38 W +500u Al 0.34-0.61 8 Philips MicroDose
28-49 W + 700p Al 0.46 - 0.92 9 Hologic Dimensions
35-49 W +200u Cu 1.68 -2.89 10 Hologic Contrast
35-49 W + 300u Cu 2.04-3.45 11 Hologic Contrast
23-35 W +50p Rh 0.41-0.64 12 Siemens Mammomat Hologic Dimensions IMS Giotto TOMO
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