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PO.Box 9101 (766), 6500 HB Nijmegen, The raphy and its variants in use throughout the world. This fact alone introduces
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by various limitations, in terms of overly simplified models of the breast and
its composition, as well as simplistic models of the imaging system. Many of
these simplifications were necessary, for the most part, due to the need to limit
the computational cost of obtaining the required dose conversion coefficients
decades ago, when these models were first implemented.

With the advancements in computational power, and to address most of
the known limitations of previous breast dosimetry methods, a new breast
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1 | INTRODUCTION

1.1 | Charge

The American Association of Physicists in Medicine
(AAPM) and the European Federation of Organiza-
tions for Medical Physics (EFOMP) established the
joint AAPM Task Group (TG) 282/EFOMP Working
Group (WG) in April 2016 with the aim to develop
and disseminate an improved model and corresponding
methodology to estimate the breast average glandu-
lar dose (Dy) from x-ray based image acquisitions,
including standard mammography, contrast-enhanced
mammography, and digital breast tomosynthesis.

1.2 | Background
Being widely used for screening for breast cancer, mam-
mography and digital breast tomosynthesis are among
the most commonly used radiographic tests in the world.
Therefore, although these imaging modalities result in
low dose to the imaged breast, their widespread use
in asymptomatic individuals calls for a comprehensive
understanding of their dosimetry. A model that allows
for an appropriate estimation of the radiation dose
to the breast, and its variation with image acquisition
parameters and breast characteristics, is needed to,
most importantly, optimize imaging systems and their
acquisition protocols, perform various quality control
procedures (such as type, acceptance, and periodic
testing), as well as to estimate any increase in risk for
development of breast cancer.

However, D, due to mammography and its variants
cannot be measured, only estimated, by measuring the
quality and quantity of the radiation incident on the
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dosimetry method, based on new breast models, has been developed, imple-
mented, and tested. This model, developed jointly by the American Association
of Physicists in Medicine and the European Federation for Organizations
of Medical Physics, is applicable to standard mammography, digital breast
tomosynthesis, and their contrast-enhanced variants. In addition, it includes
models of the breast in both the cranio-caudal and the medio-lateral oblique
views. Special emphasis was placed on the breast and system models used
being based on evidence, either by analysis of large sets of patient data or by
performing measurements on imaging devices from a range of manufacturers.
Due to the vast number of dose conversion coefficients resulting from the devel-
oped model, and the relative complexity of the calculations needed to apply it,a
software program has been made available for download or online use, free of
charge, to apply the developed breast dosimetry method. The program is avail-
able for download or it can be used directly online. A separate User's Guide is
provided with the software.

dosimetry, mammography, tomosynthesis

breast and using computer-obtained factors to con-
vert this measurement to D,. Therefore, models of the
imaged breast and of the acquisition process need to be
developed and used to obtain these conversion factors.
Currently, various breast dosimetry models have been
proposed in the literature and several of them are in use
by the medical physics community, the imaging system
vendors, and protocol-, standard-, and guideline-setting
bodies. Dance and Sechopoulos have recently reviewed
the history and current situation of breast dosimetry,and
therefore the interested reader is referred to that work,
and references therein.!

Briefly, most, if not all, current breast dosimetry
methods involve the definition of standard breast(s),
an x-ray field incident upon it, an air kerma (or expo-
sure) measurement location, and a set of Monte Carlo
simulation-derived air kerma-to-absorbed dose conver-
sion factors. In general, the standard breasts are simple
half-cylinders, reflecting the breast while compressed
for acquisition of a cranio-caudal (CC) view image.
The breast is defined as being composed of an outer
layer of skin or adipose tissue, with an interior tissue
composition of a homogeneous mixture of adipose and
fibroglandular tissue, with varying relative concentration
of each. Usually, the x-ray field does not include the
variation in air kerma incident upon the breast due to
the heel effect. In most cases, the conversion factors
have been derived and/or published for x-ray spectra
as produced by the different targets and added filters
common in breast imaging.

As described by Dance and Sechopoulos, current
models have various limitations." In the first place, the
mere existence of various models results in confu-
sion among the community. It is in many cases not
clear which model and methodology an imaging sys-
tem is using internally, making it difficult to compare
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manually obtained dose estimates to those displayed
by the system. Sometimes, the same imaging systems
installed in different countries are set internally to use
different models, depending on the laws, guidelines, or
preferences in that country. In some cases, the model
used by the system is specified in the accompanying
documentation, but this is not always the case, and it
is not easily apparent to the user. In addition, some
implementations include simplifications of the model
used.

As mentioned, most current models only attempt to
reflect Dy during acquisition of the CC view, although the
medio-lateral oblique (MLO) view is also acquired during
screening. Due to the difference in overall shape of the
breast and location in the x-ray field, and especially due
to the inclusion of a portion of the pectoralis muscle in
the field of view, the conversion factors for the MLO-view
breast are expected to be different than those for the CC
view?

Due to the development and publication of conver-
sion factors corresponding to specific x-ray spectra, the
introduction of new materials for the additional filtration
of the x-ray field, and the increase over time in the
tube voltages used in digital mammography, has pre-
viously necessitated the continuous computation and
publication of new conversion factors. The introduction
of contrast-enhanced spectral mammography to the
clinical realm has increased this need, with the addition
of even more filters and an expansion of the tube
voltage ranges needed to be considered. This results in
the need for repeated updating and publishing of tables
of conversion coefficients >0

Most importantly, the recent introduction of dedicated
breast computed tomography has allowed for a novel
comprehension of breast composition and anatomy
and its impact on breast dosimetry estimates. In the first
place, new information is now available on the thickness
of the skin,'" and the distribution of the fibroglandular
tissue throughout the breast.'? In addition, the actual
range of breast densities in the screening population,
the portion of internal breast tissue that consists of
fibroglandular tissue instead of adipose tissue, is now
better understood.'® Previous assumptions that the
average breast density was 50%'4 have now been
replaced with a more accepted model of the average
density being closer to 15%.'3

This new characterization of breast anatomy has
shown that current breast models tend to over-estimate
Dy during mammography in the vast majority of cases.
In fact, on average this over-estimation has been esti-
mated to be about 30%.'>'® Although the aim of
these dose models is not to reflect the dose to any
individual breast due to any specific acquisition, it is
desirable that the model dose is an accurate estimate
of the dose to an average patient breast of the same
thickness.

1.3 | Aim

Therefore, based on the above and other factors iden-
tified in the current breast dosimetry models, the aim
of this joint TG/WG was to develop a breast dosimetry
model with the following characteristics:

* Applicable to mammography and digital breast
tomosynthesis, and their contrast-enhanced variants.

» Compressed breast shapes reflecting both CC and
MLO views.

* Inclusion of the pectoralis muscle in the MLO view.

» Breast model representative of current understanding
of breast anatomy, including:

o Different breast sizes for different compressed
breast thicknesses.

o Appropriate breast skin thickness definition.

o Fibroglandular tissue magnitude and distribution
reflective of that found in the population.

* Realistic x-ray fields including the heel effect and
major components of the x-ray systems.

* Computation of mono-energetic conversion factors,
allowing for the computation of spectral conversion
factors for any x-ray spectrum without the need for
follow-up publications.

* Definition of a single new reference incident air kerma
and a simplified method to determine it.

* Release of easily accessible computer software to
obtain the average glandular dose estimates from
measurements of air kerma.

It is the aim of this joint TG/WG that the model
and methodology described herein replaces all cur-
rently used breast dosimetry models, thereby achieving
hegemony and uniformity in the breast dosimetry work
performed by the medical physics community and our
industry partners.

This Report describes the developed dosimetry
model and the required inputs, the methodology for
measuring the air kerma, the recommended values
for the inputs to the model when these are unknown,
and the characteristics and use of the developed soft-
ware released together with this publication. In the
next Section, the recommended nomenclature and
symbols used throughout this Report are listed and
defined. In Section lll, an overview of the developed
model and method are provided with an introduction to
the included dosimetry software. Review of these two
Sections should be sufficient to be able to use the devel-
oped breast dose model. Detailed instructions on the
use of the dosimetry software are included in the User’s
Guide provided with the software. Further details on the
entire methodology are provided in Section IV, including
the basis for the dose conversion coefficients, the devel-
opment of the breast and spectral models, the details
of the Monte Carlo simulations, and the processing
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performed by the dosimetry software. Finally, in the
Appendices, additional information on various aspects
of the model is provided and a comparison between
D, estimates obtained with this and previous models
is made.

2 | NOMENCLATURE

2.1 | List of definitions and symbols
This joint TG/WG recommends and uses throughout this
report the following terms and definitions:

* Average glandular dose (D,): The absorbed dose
to the fibroglandular tissue averaged over the entire
imaged breast. D, is expressed in units of milliGray
(mGy).

* Measured air kerma (K,,): The air kerma, without
backscatter, measured just above the breast support
table, as described in Section III.B of this Report. K,
is expressed in units of milliGray (mGy).

* Reference air kerma (K,.f): The air kerma free-in-air,
measured or estimated at the reference point. Ref-
erence air kerma is expressed in units of milliGray
(MGy).

» Dose conversion coefficient (y for monochromatic x
rays, I' for x-ray spectra): The coefficient to convert
the reference air kerma to an estimate of the average
glandular dose. Strictly speaking, the dose conver-
sion coefficients are unitless, but can be expressed
as having units of milliGray per milliGray air kerma
(mGy/mGy).

* Source-to-K,,, distance (/;,): The shortest distance
between the x-ray source and the plane where K,
is measured. /,,, is expressed in units of millimeters
(mm).

* Source-to-support table distance (/;): The shortest
distance between the x-ray source and the breast
support table. /; is expressed in units of millimeters
(mm).

* Reference point: The point on a plane 500 mm away
from the x-ray source towards the imaging detector,
centered laterally with the detector,and 40 mm in from
the chest wall side edge of the x-ray field.

* Incident air kerma correction factor (cy): Correction
for differences beyond the inverse square distance
relationship between K, and K.

* Volumetric breast density or breast density: The pro-
portion of the total breast volume, including skin,
occupied by fibroglandular tissue, in percentage (%),
in whole numbers. In the case of the MLO view, both
the numerator and denominator used to calculate this
proportion exclude the portion of the breast (including
skin, adipose/fibroglandular mixture, and pectoralis
muscle) that is projected onto the pectoralis muscle at
the imaging detector surface during imaging with the
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x-ray source positioned at the 0° position, equivalent
to the DM/CEDM location.

* Phantom dosimetry or model dosimetry: Estimation
of Dy using the K resulting from using physical
breast phantoms to drive the automatic exposure con-
trol (AEC) of an imaging system and breast model
parameters as represented by those breast phantoms.

» Patient-based model dosimetry or patient-based
dosimetry: Estimation of D, using the K resulting
from the acquisition conditions obtained from records
of actual breast acquisitions and the breast model
parameters representative of typical breasts of that
thickness.

* Prospective dosimetry: Equivalent to phantom
dosimetry.

* Retrospective dosimetry: Equivalent to patient-based
model dosimetry.

* Patient-specific dosimetry: Estimation of D, using the
K,of resulting from the acquisition conditions obtained
from records of actual breast acquisitions and the
representation of the actual individual breast imaged
in its true form. This includes the amount and loca-
tion of the fibroglandular tissue in the breast. Note
that patient-specific dosimetry is beyond the scope of
this report, and it is impossible to perform in standard
two-dimensional mammography.

2.2 | List of abbreviations
This joint TG/WG recommends and uses throughout this
report the following abbreviations:

CC Cranio-caudal
CEDBT Contrast-enhanced digital breast tomosynthe-
sis
CEDM Contrast-enhanced digital mammography

DBT Digital breast tomosynthesis
DM Digital mammography

HVL 18! half-value layer

MLO Medio-lateral oblique

PMMA polymethyl methacrylate

3 | BREAST DOSIMETRY METHOD

3.1 | Breast dosimetry model

The fibroglandular tissue of the breast is the compo-
nent most at risk for development of breast cancer. As
such, breast dosimetry aims to estimate the absorbed
dose to only this tissue of the breast. Given the currently
accepted models of increased risk of development of
cancer, which are whole-organ based,'” and the strong
gradients of absorbed dose in the breast due to the
use of low energy x-rays,'® the metric of interest in
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breast dosimetry is the average of the absorbed dose to
the fibroglandular tissue over the entire breast, denoted
average glandular dose (D). Since D, cannot be mea-
sured directly, it must be estimated, based on a reference
air kerma and specific conversion factors, according to
the following equation:

Dg =Krer T (1)

where D is the average glandular dose, in units of mil-
liGray (mGy), K¢ is the reference air kerma free-in-air
at 500 mm from the source and 40 mm anterior from the
chest wall edge of the x-ray beam, in units of mGy, and
T is the air kerma to dose conversion coefficient, which
is, strictly speaking unitless, but can be thought of as
having units of mGy/mGy.

The reference air kerma, K¢, does not need to be
measured at the defined location. Rather, a measure-
ment of the air kerma, denoted K,,,, can be taken at any
distance, I, from the source, as long as the source, ref-
erence point, and measurement point are colinear, and
from this measurement the Ko+ can be calculated. For
this dosimetry method, a specific location to measure
K., has been defined, as described in Section I11.B.

However, due to the presence of the compression
paddle in the x-ray beam, which introduces different
amounts of forward scatter to K, and K¢, a correction
factor, ¢, is needed for the correct conversion from
Ky, to K. Since this correction factor was determined
empirically, it includes any other small variations in
forward- or back-scatter present at the measurement
point compared to the reference point. The relationship
between the two air kerma values is then given by:

2
/
Kref = Km<500#> Ck (2)

Empirically, the value of ¢, was established to be
1.032. Details on the method and results used to obtain
this value are given in Appendix A. It should be noted
that the 40 and 50 mm distances from the chest
wall edge to the reference and measurement points
(as described in Section Ill.B), respectively, introduce
an additional geometric variation in the relationship
between K, and K, that is not taken into account
in Equation 2. However, this variation, of the order
of < 0.1% depending on the value of /,, is inherently
included in cy.

As described in Section IV, the conversion coeffi-
cients T were obtained using Monte Carlo simulations
for a specific image acquisition geometry and post-
processed using a least squares fourth-order spline
approximation method. In this simulated geometry, the
distance from the source to the breast support table,
and therefore to the bottom of the breast, was set to
648 mm. Therefore, these values need to be corrected

for the actual distance from the source to the breast
support table, /s, of the system being assessed, using:

2
648 mm —t
['= Tsim <?> (3)

where I';,, are the conversion coefficients obtained with
the simulation geometry, and t is the compressed breast
thickness, in mm. By using Equation 3, the coefficients
are corrected to allow for the change in the incident air
kerma at the top of the breast relative to that modelled
in the Monte Carlo simulations.

In the case of contrast-enhanced applications, the
acquisitions performed with the different x-ray spectra
(low energy and high energy) should be treated as
two separate acquisitions. Therefore, separate mea-
surements of K, should be performed and separate
estimates of D, should be obtained. The total dose
for the CEDM or CEDBT exam is then the sum of the
estimated D, for the low energy (LE) and high energy
(HE) acquisitions:

Dy ce = KrefLe TLE + Kref HET HE (4)

The software included with this Report automatically
performs the calculations described in Equations1, 2,
and 3 for the acquisition technique and the breast char-
acteristics specified. The details of how to measure K,,
to be input into the program are described in Section
llI.B. The options available to describe the spectrum
and breast to be used by the software program and
to obtain the D, estimate are provided in Section III.C.
Finally, the use of the dosimetry software program is
described in Section 11I.D and the step-by-step instruc-
tions for its use are given in the accompanying User’s
Guide.

3.2 | Measurement of air kerma

The measurement of air kerma should be performed
only with the x-ray tube positioned at 0°, that is, at the
DM/CEDM position. The setup to measure K, is shown
in Figure 1. As can be seen, the dosimeter should be
placed on the breast support table, with the center of the
active area of the dosimeter located on the centerline of
the imaging detector perpendicular to the chest wall,and
at the intersection of the breast support plane and a line
extending from the source through the reference point.
This point is approximately 50 mm in from the chest wall
at the breast support table, and for practical purposes
can be assumed to be at 50 mm. The compression pad-
dle should be left in the beam but positioned as close to
the x-ray tube output as allowed by the system. Finally,
the collimation of the system to produce the largest x-
ray field should be selected. It is recommended that
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FIGURE 1 Schematic showing the setup for the measurement of the Kj,, and the location of the reference point at which K¢ is specified.

The x-ray tube should be located at the DM/CEDM position. The red line on the dosimeter marks the effective measurement location of the
dosimeter, and /,, is the vertical distance between this location and the source. /; is the distance between the source and the top of the breast
support table. The compression paddle should be placed between the source and the dosimeter, as close to the source as possible.

when performing these measurements some type of
attenuating material (e.g., steel plate, lead apron, etc.)
be placed on the breast support table, underneath the
dosimeter, to protect the image receptor during repeated
measurements.

Since the source to support-table distance varies
across systems, in theory the distance between the
chest wall edge and the projection of the air kerma
reference point actually varies. However, for systems
with source to support-table distances between 620 and
675 mm, this projected point varies only from 49.6 to
54.3 mm. As of the writing of this report, there are
no systems that deviate substantially from this source-
to-support table distance range. Therefore, this report
recommends that the dosimeter should be placed on the
breast support table with the center of the active area
at 50 mm in from the chest wall edge for all systems.
The error that this simplification may introduce across
system geometries is minimal.

For dose estimations for magnification views, the air
kerma should still be measured as suggested here, on
the support table for the standard views. This ensures
that the distance between the measurement loca-
tion and the compression paddle is still as large as
possible. The correct distance from the source to the
magnification support table should then be entered
for f.

The measurement can be performed with either an
ionization chamber- or a solid-state detector-based
dosimeter designed and calibrated for mammography.
If performing CEDM/CEDBT, the calibration should be
ensured to be also valid at the higher x-ray energies
involved. As of this writing, it is known that solid-state
dosimeters are backscatter insensitive, guaranteeing
that the measurement performed with this setup is the
air kerma without backscatter. Currently, this TG/WG
understands that most, if not all,ionization chambers are
also backscatter insensitive, but it is up to the medical
physicist using this equipment to ensure that this is the
case. If there is doubt as to whether the dosimeter used
is backscatter insensitive, then this measurement can
be performed with the dosimeter raised from the breast
support table, at least 100 mm, so as to approximate
a free-in-air measurement, keeping the measurement
point colinear with the source and reference point. Along
with K,,,, the vertical distance between the source and
the effective measurement location of the dosimeter
(usually marked in the dosimeter), /,,, needs to be
measured and recorded, since it is a required input
to the dosimetry software, as shown in Equation 2, to
determine the K,or used by the dosimetry model.

The measurement of K, should be made using
a reasonable tube current-exposure time product, for
example, 50 mAs, and then weighted by the actual tube
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current-exposure time product for which Dy is being
calculated. Note that for DBT acquisitions, the actual
tube current-exposure time product value used should
be that of the total projection set acquisition, not
that of a single projection. As of this writing, the tube
current-exposure time product input and displayed by
all DBT systems is the total for the entire acquisition,
and therefore no additional calculations need to be
made. As specified later, the software allows for spec-
ifying non-constant tube current DBT protocols. In the
case of contrast-enhanced calculations, the separate
tube current-exposure time products corresponding to
the LE and HE exposures should be used for each
corresponding K,,, measurement.

This setup for the measurement of the K, was
selected as it was deemed the most convenient and
repeatable to perform. By placing the dosimeter directly
on the breast support table, no special holder or separa-
tor is needed. Furthermore, the measurement no longer
needs to represent the K, at the entrance surface of
the breast, which required a separate inverse-square-
distance adjustment for each compressed breast thick-
ness. In addition, allowing for the measurement to be
performed with the full-field x-ray beam removes the
need to use specific additional collimating shields of
lead or other material.

As mentioned, the joint TG/WG evaluated the magni-
tude of the correction factor ¢, needed to compensate
for differences in x-ray scatter and any other errors
introduced in the K,,, measurements by the simplifica-
tions involved in this recommended setup, as opposed
to measuring the actual K, free-in-air at the reference
point. This is described in detail in Appendix A.

3.3 |
dose

Determination of average glandular

In addition to the measured incident air kerma, K,,,, cal-
culation of D, requires modeling of the x-ray beam and
the breast. The details for these two items are as follows.

3.3.1 | X-ray spectrum

Two different spectrum models can be used with the
software to determine Dgy: a system-specific model or
a generic model. The use of a system-specific model is
strongly recommended and is the default option in the
dosimetry software.

System-specific spectrum model

For the dosimetry software to develop and use a spec-
trum model that is specific to the imaging system being
evaluated, a measure of the 15! half value layer (HVL,
in mm Al) for the x-ray spectrum being assessed is
needed. This measurement should be performed with

the breast compression paddle in the x-ray beam, again
located as close to the x-ray tube output as possible.
Instructions for how to measure the HVL are beyond
the scope of this Report. In addition, the user must
input the anode material (either molybdenum, rhodium,
or tungsten), the tube voltage (between 20 and 49 kV),
and the composition and thickness (in mm) of each
added filtration used by the imaging system. In general,
the composition and thickness of the added filtration is
specified in the documentation of the imaging system.
With these inputs, the x-ray spectrum is modeled by
the software so that the model matches the measured
HVL to within 1%. This is done by modifying the thick-
ness of the additional filtration input with the highest
atomic number until this maximum difference between
measured and modeled HVL is achieved. It should be
noted that manufacturer tolerances for the thickness of
the additional filtration are usually + 10%, therefore the
adjustment performed here by the software to match
the measured HVL is reasonable and expected, and is
a common approach in spectrum modeling.

Generic spectrum model

If the HVL of the spectrum being analyzed is not known,
then a generic model can be used. In this case, the soft-
ware will use the spectrum as modeled given only the
anode, tube voltage, and additional filtration inputs, and
reports the HVL that the modeled spectrum gives.

3.3.2 | Breast model

The dose conversion coefficients were obtained from
Monte Carlo simulations as described in Section IV. The
dosimetry software uses two separate sets of coeffi-
cients, one for the compressed breast in the CC view,
and another for the breast compressed for the MLO view.
Therefore, the software user must select which view is
desired. For other views, such as ML, LM, XCC, etc.,
this TG/WG recommends specifying the CC view as the
model to be used by the software.

For both views, two different breast models can be
used by the software: a population-based model or a
generic model. The use of the population-based model
is strongly recommended and is the default option in the
dosimetry software.

Population-based breast model

The population-based model uses volumetric breast
density data from a very large dataset of real breast
DM images to set specific breast density percentages
at each compressed breast thickness that are rep-
resentative of the population of breasts encountered
clinically (see Appendix B for details). To do this, the
volumetric breast densities that correspond to the 5,
25t 50t (median), 75", and 95™ percentiles for a range
of compressed breast thickness were obtained.
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TABLE 1 List of standard breasts in the population-based breast
model automatically evaluated by the dosimetry software program.

20, 30, 40, 50, 60, 70, 80, 90
5th 251h 501h 751h 95th

Breast thickness (mm)

Volumetric breast density (percentile)
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compressed breast thickness [mm]
FIGURE 2 Dependence of the maximum volumetric breast

density possible for the breast models for each view on compressed
breast thickness.

The TG/WG recommends the use of percentile vol-
umetric breast densities to define the composition of
the breast models, so that the dosimetry estimates are
performed for breasts with characteristics representa-
tive of those found in the population. The software can
estimate the D, for these five percentiles for a speci-
fied single compressed breast thickness, in the range
15 to 120 mm, or for the standard breast model set
listed in Table 1. If the calculation of doses to this
entire set of breast models in both views is desired,
then the standard breast model set should be selected
as the first input in the software accompanying this
Report.

Generic breast model

The generic breast model allows for the specification of
any single compressed breast thickness, ranging from
15 to 120 mm, and for any volumetric breast density,
up to the equivalent of the internal breast tissue being
composed of 100% fibroglandular tissue. If estimating
Dy for a compressed breast thickness below 15 mm
or above 120 mm is needed, then this TG/WG recom-
mends that Dy to a 15 or a 120 mm thick compressed
breast, respectively, be estimated. Furthermore, given
the varied volume of the breast models occupied by the
internal tissue, the skin, and the pectoralis muscle, the
possible maximum volumetric breast density varies by
view and breast thickness, as depicted in Figure 2. For
any compressed breast thickness within the supported
range, the software will calculate the maximum possible
volumetric breast density for that thickness and accept
input values of density up to this maximum. If this
generic breast model is desired to be used, then no

TABLE 2 List of EU legacy model breasts based on the use of
PMMA slabs possible to be evaluated by the dosimetry software
program.

PMMA thickness Equivalent breast  Equivalent volumetric

(mm) thickness (mm) breast density (%)
20 21 44

30 32 39

40 45 26

45 53 19

50 60 13

60 75

70 90

breast model set should be selected when prompted
when using the accompanying software.

For legacy purposes, the software includes two spe-
cific legacy breast dose models to estimate the D for
specific breast phantoms that, up to this writing, are
commonly used. The EU legacy model defines the
breasts to be evaluated as those closest to the set
of standard breasts commonly used in Europe and
other countries that are a result of the established
equivalency between polymethyl methacrylate (PMMA)
thicknesses and breasts thicknesses and densities, as
listed in Table 2. The US legacy model involves using
a 42 mm thick breast model with 50% breast density
by mass, representative of the American College of
Radiology (ACR) accreditation phantom. Considering
the description of that model by Wu et al.* for the US
legacy model the breast is defined as 42 mm thick with
a 35% volumetric breast density.

Note that these resulting breast models are only
approximately equivalent to the European standard
breasts and to the ACR phantom since the shape of
the breast models and the presence of the 1.5 mm
skin layer does not allow for defining the exactly equal
breasts.

3.4 | Dosimetry software

As previously mentioned, this report is accompanied
by a software program that performs the calculations
needed to estimate D, for one or various breast expo-
sures performed during acquisition of any of four differ-
ent imaging modalities: DM, CEDM, DBT, and CEDBT.
The software is made available, free of charge, for Win-
dows, Mac, and Linux operating systems at https://doi.
org/10.5281/zenodo.10030302. A web-based version of
this program is also available for use at https://medphys.
royalsurrey.nhs.uk/TG282doseCalculator. The underly-
ing code of this software is available for system man-
ufacturers to implement in their devices directly, upon
request.
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A separate User’s Guide is provided together with the
software that provides the most up-to-date information
on the program inputs and outputs. Here an introduction
to the software is provided, but any future changes that
may be made to the software will be reflected on the
separate user’s guide. In case of any inconsistencies
between this Report and the User’'s Guide of the soft-
ware, the latter should be considered valid and up to
date.

As of this writing, the program has four working
modes, interactive, input-file based, batch processing,
and graphical user input based. The functions performed
by the program are the same in all modes, although
when used with input files, a number of dosimetry calcu-
lations can be done with one execution. In addition, with
input files, the projection angles in DBT/CEDBT can be
irregularly spaced, and a variable tube current-exposure
time product across projections can be specified. In
interactive mode only a regular distribution of projec-
tion angles, symmetric about 0°, with constant tube
output setting at each projection is allowed. Finally,
in interactive mode, the number of dose estimations
is limited to only a single breast or to the set of
standard breasts, as listed in Table 1. Table 3 summa-
rizes the inputs to the program, their format, and valid
ranges.

As mentioned in Section III.B, the vertical distance
from the source to the effective K,,, measurement point
(as marked on the dosimeter used), /,,, and to the
breast support table, /;, are needed. Both of these dis-
tances should be measured with the x-ray tube at
the 0° position, equivalent to the DM/CEDM location
(Figure 1).

It should be noted that for CEDBT acquisitions, the
software program assumes that both the LE and HE
acquisitions are performed at each and every projec-
tion angle listed. If this is not the case, two separate
calculations need to be made.

For the contrast-enhanced modalities, a single breast
and acquisition system specification is given, as for non-
contrast DM and DBT, but two exposures are specified,
one for the LE acquisition and one for the HE acquisi-
tion. This means that two sets of anode, tube voltage,
additional filtration, and HVLs (if applicable) are to be
provided.

4 | METHODOLOGY AND
IMPLEMENTATION DETAILS
41 | Conversion coefficients I'

In theory, the conversion coefficient I is obtained from

the combination of multiple factors, including the mono-
energetic version of these conversion coefficients, y,

according to the following equation:

T P@ETE v (L) (@r g ea)

air
I =

Pt Torg, ¥(0) (£2) (o)

air

(5)
where:
Amax

Y is the sum over all projection angles included

a =Amin
in the acquisition.

Emax
Y is the sum over all x-ray energies modeled to

e =Epin
be included in the x-ray beam.

P(a) is the tube current-exposure time product used
for the acquisition at projection angle a.

Piotar is the total tube current-exposure time product
of the complete acquisition.

1(e) is the modeled mono-energetic energy fluence
of x-rays of energy e of the incident x-ray beam, at the
reference point, when the x-ray source is positioned at
the 0° projection angle.

(%)a,-,(e) is the mass energy transfer coefficient in air

for x-rays of energy e.

y(t, g, e, a) is the mono-energetic conversion coef-
ficient from K to Dy for the compressed breast of
thickness t and density g, for x-rays of energy e at the a
projection angle per unit air kerma at the reference point.

In short, the T' spectral conversion coefficient is
obtained from a set of mono-energetic y(t, g, e, a)
coefficients that are a function of compressed breast
thickness, breast fibroglandular density, x-ray energy,
and projection angle. The interior sum in Equation 5 is to
convert the mono-energetic coefficients to spectral coef-
ficients. Therefore, the weighing factors are given by the
relative contribution of the x-rays at each energy in the
beam to the total air kerma, as specified by the spectrum
model (e).

Because Equation 5 contains 3(e) in both the numer-
ator and denominator, the energy fluence values in this
model need not be normalized to any specific total
energy fluence for the whole spectrum. In the case
of DBT/CEDBT applications, as shown by the exte-
rior sum in Equation 5, the projection-angle-specific
spectral conversion coefficients are summed over all
projection angles, to obtain the final T for the entire
acquisition. The inclusion of the P(a) in this sum and
Piotzs in the denominator allows for any variation in
the tube current-exposure time product with projection
angle during DBT/CEDBT acquisitions.

To simplify the subsequent air kerma measurement
needed to calculate D, as per Equation 1, even for DBT
and CEDBT exposures, the air kerma measurement is
defined to be made only for the 0° projection, using the
total tube current-exposure time product for the entire
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TABLE 3 Summary of inputs to the dosimetry software program, with specification of the format required, units used, and valid ranges.

Input Unit Format Valid range

Breast model

Breast model set® - Text Standard (default), EU, US, none

Breast view - Text CC (default) or MLO

Breast thickness® mm Integer 15-120

Volumetric breast density percentile® - Integer 5,25, 50 (default), 75, or 95

Volumetric breast density percentage®® % Integer 1 — varies by thickness (see Figure 2)
Acquisition

Modality - Text DM (default), DBT, CEDM, or CEDBT

Source to dosimeter distance, /,,, mm Integer >0

Source to breast support table distance, /; mm Integer >0

DBT/CEDBT projection angle range deg Decimal >0.0t0 <60.0

DBT/CEDBT number of projection angles® — Integer >1

DBT/CEDBT specific projection angles®® deg Decimal -30.0 - +30.0

DBT/CEDBT relative variation in tube current-exposure — Decimal >0.0

time product across projections®-¢

Spectrum model (in case of CE imaging, both low- and
high-energy)

Anode material - Text Mo, Rh, or W

Tube voltage kV Integer 20-49

Filter elements’ — Text Any chemical element symbol
Filter thicknesses' mm Decimal > 0.0

First half value layer mm Al Decimal > 0.0

Measured air kerma, K,,, mGy Decimal > 0.0

Other program inputs
Process pairs of breast thicknesses and densities® - Boolean True/False

Adjust spectrum model to first HVL - Boolean True/False

This information is accurate as of the publication of this Report. Any changes will be reflected in the accompanying User’s Guide.

2|f either the standard, EU, or US breast model set is input, then no other input for breast model is needed.

bMultiple values for these inputs can be specified in input-file mode.

°Only available when “none”is selected as breast model.

dIf provided, the number of inputs for the exposure variation with projection angle must match the number of projection angles.

¢Inputs available in input-file mode only.

fThe number of inputs for filter element and thickness is unlimited, but they must be the same for these two inputs.

91f set to True, then an equal number of breast thicknesses and densities must be specified, and the program will process each pair of these inputs. If set to False,
then all combinations of input thicknesses and densities will be processed.

DBT acquisition. Therefore, y(f, g, e, a) is actually nor- Alternatively, if the DBT system uses a constant tech-
malized by the air kerma at the reference point when nique for all projection angles, as is the case for most
the x-ray source is at the 0° projection, regardless of current DBT systems, the exterior weighted sum in
the value of a. Equation 5 reduces to a simple summation with a divi-

Equation 5 is implemented in the dosimetry soft- sion by the number of projections in the DBT acquisition:
ware program provided. Of course, in the case

of DM and CEDM, Equation 5 can be reduced Amax Enmax e) (“r e) v (t e a
to the following, relevant only for mammographic = za:Amiﬂ Ze:Emf"Zp( )<p >air( )r(t g ea) @)
acquisitions: a Emax Hir
NaEl2, 0 (%) (o)
Emax Hir
- t! ;
- 26=Emin¢(e)< P )a,-r ©)y(t g e 6 where:
- ZEmaX ¥ (e) <&) (©) ©6) N, is the number of projections in the DBT/CEDBT
e=Enmin o/ air acquisition.
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TABLE 4 Characteristics of the breast phantoms developed for
use in the Monte Carlo simulations to compute y4n(t, 9, e, a).

Parameter Unit Values
View - CC and MLO
Compressed thickness mm CC:12,17,27, 36, 46, 56, 66,

75,85,95,105,115, 124

MLO: 12,17, 27, 36, 46, 56, 66,
76,85,95,105,115,125

Fibroglandular density of the % 1,10, 20, 30, ..., 100

inner breast tissue, by mass

The resulting 286 breast phantoms are voxelized 3D arrays, with voxels of size
0.5 mm x 0.5 mm x 0.5 mm?2" It should be noted that in this PCA-based breast
model, the relationship between the PCA eigenvalue that mostly defines thick-
ness and the resulting thickness of the breast is approximate, and that other
eigenvalues have an effect on the relationship between shape and thickness.
Therefore, the generated breast shapes are 1 or 2 mm from the desired input
compressed breast thicknesses.

4.2 | Breast model

As discussed in Section I, the aim of this TG/WG in
terms of the breast model was to develop separate
models for the CC and MLO views that are repre-
sentative of the exterior and interior characteristics
of non-augmented breasts undergoing mammographic
compression.

Although other mammographic views, such as spot
views, magnification, medio-lateral, etc., are acquired
clinically, especially for diagnostic purposes, the TG/WG
decided to focus solely on the two standard CC and
MLO views. This decision was based, to some extent, on
the results of an investigation on the factors that affect
the dose estimates in views involving partial irradiation,
such as spot and magnification views.'® Furthermore,
other whole irradiation views, such as medio-lateral,
caudal-cranial, etc., were excluded to limit the extent of
the work to be performed. In any case, the CC and MLO
views comprise the vast majority of mammographic
acquisitions, especially after the introduction of DBT,
which is replacing the use of other special diagnostic
views .20

421 | Breast model representation and
availability

The breast models were based on work performed to
characterize the exterior shape and interior fibroglan-
dular tissue distribution in actual compressed breasts.
The overall process, resulting in the creation of 286 dif-
ferent voxelized breast phantoms, 143 for each view,
with voxels of size 0.5 mm x 0.5 mm x 0.5 mm, is fully
described by Caballo et al 2! These 286 phantoms, used
for the Monte Carlo simulations for determination of
the dose conversion coefficients for the specific breasts
simulated, ysm(f, g, €, a), consist of breasts with the
characteristics listed in Table 4.

Note that the fibroglandular density was specified
in these phantoms by mass, and considering only the
inner breast tissue (i.e., excluding the skin). However,
most of the commercial and academic software that
estimates breast density from DM and DBT images
quantitatively, defines breast density differently. Specif-
ically, breast density is quantified by volume, denoted
volumetric breast density, and it is defined as the
volume of the entire breast, including the skin, that
is occupied by fibroglandular tissue. In addition, in
the case of MLO-view images, these software algo-
rithms first detect and exclude the area of the image
containing the pectoralis muscle. Therefore, in the case
of breasts compressed for this view, the volumetric
breast density only considers the portion of the breast
that does not project onto the same area of the image
as the pectoralis muscle. Thus, to be consistent with
clinical practice, the dosimetry software provided with
this Report refers to and estimates dose to breast
models defined by volumetric breast density as just
described, not on density by mass. Therefore, the soft-
ware performs the conversion required so that all breast
densities are input and output by volume, including the
breast skin in the calculation of the entire breast vol-
ume, and excluding the tissue that projects onto the
same area as the pectoralis muscle in the MLO-view
breast.

4.2.2 | Exterior breast shape
The exterior shapes of the breasts under compression
are based on two previous publications, as follows.

4.2.3 | Two-dimensional shape
Rodriguez-Ruiz et al objectively analyzed the projected
2D shape of the compressed breasts in 1000 CC and
MLO view mammograms using automated segmen-
tation and principal component analysis (PCA)?? In
the case of the MLO view mammograms, the projec-
tion of the edge of the pectoral muscle was included
in the analysis. From the results of the PCA, com-
pressed breast thickness-dependent models, one for
each view, were obtained. Using the models, the aver-
age shape and size of a breast of a user-specified
compressed breast thickness can be generated. The
external 2D shapes (including the edge of the pec-
toral muscle in the MLO view breasts) of 26 dif-
ferent breast models, 13 for each view, were thus
generated corresponding to the thicknesses listed in
Table 4.

It should be noted that, contrary to most previous
breast dosimetry models, the breast area changes with
compressed breast thickness, as shown in the examples
in Figure 3.
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FIGURE 3 Examples of slices through the center of the breast models showing the variation in shape and size of the breasts with
increasing compressed breast thickness. The internal grayscale variation shows the fibroglandular density distribution, by mass, throughout the
depicted slice, while the white area in the MLO-view breast represents the pectoralis muscle. GF: glandular fraction; T: compressed breast
thickness. Reprinted with permission from Caballo et al., Medical Physics, 2022;49(8): 5423—-5438.

4.2.4 | Three-dimensional shape

To set the curvature of the breast models in the third
dimension (i.e., between the breast compression paddle
and the support table), the results of the characterization
of this curvature in patient breasts undergoing compres-
sion by Rodriguez-Ruiz et al. were used.?® In that work,
the authors used a structured light surface scanning
system to capture the vertical curvature of 45 breasts
under compression for the CC view. From this informa-
tion, another PCA-based model was obtained, which
characterized the variation in this curvature with breast
thickness. To do this, average-shaped model breasts
were generated by setting the PCA eigenvalues to their
corresponding population average values, except for the
eigenvalue that mostly defines the breast thickness. This
eigenvalue was set so to obtain the desired breast thick-
ness for each breast model. From this model, the vertical
profiles of compressed breasts of specific thicknesses
for both views were generated (Figure 4), and combined
with the 2D shapes generated above, to obtain the
complete 3D shapes of the 26 breast phantoms corre-
sponding to the first two rows in Table 4. It should be
noted that the relationship between the PCA eigenvalue
that mostly defines thickness and the resulting thickness

of the breast, is approximate, and that other eigenvalues
have an effect on the relationship between shape and
thickness. However, to obtain average-shaped breasts,
those other PCA eigenvalues need to be maintained
at their population averages, so their slight impact on
overall thickness cannot be compensated for. Therefore,
the generated breast shapes are 1 or 2 mm from the
input compressed breast thicknesses (e.g., the second
thinnest breast was desired to be 15 mm thick, but the
PCA-based method resulted in a 17 mm thick breast
shape). Since all y5in(t, g, e, a) values are the result of
approximations across breast thicknesses, the accuracy
of the dose estimates is not affected in any way.

4.2.5 | Interior breast tissue

The voxels located within the breast volume in the
resulting shapes from the above process were defined
to contain either skin or a homogeneous mixture of
adipose and fibroglandular tissue of varying relative
concentration of each, according to the following pro-
cess. The chemical compositions and densities of
the three tissues were set according to the work by
Hammerstein et al.'*
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FIGURE 4 Examples of the breast model profiles showing the differences in curvature between the breast compression paddle and

support table for breasts with increasing compressed breast thickness.

4.2.6 | Breastskin
Based on the work by Huang et al. on analysis of dedi-
cated breast CT images of 100 breasts from 51 different
women, the layer of skin for all breasts was setto 1.5 mm
(i.e., three voxels thick).""

4.2.7 | Fibroglandular and adipose tissue
As mentioned above, over the last few years, with the
benefit of dedicated breast CT, it has become appar-
ent that previous breast dosimetry models on average
result in an overestimation of the breast dose of approx-
imately 30%.'%6 This is a result of the tendency, in
non-augmented breasts, of the fibroglandular tissue to
be concentrated towards the center of the breast (i.e.,
away from the outer areas). Therefore, the aim of this
breast modeling work was to produce a breast model
that reflected this non-uniformity in the breast density
throughout the breast volume.

The developed model, described in a previous pub-
lication by Fedon et al.?* is based on the analysis of
the internal distribution of fibroglandular tissue in 88
women'’s breasts. In that work, the dedicated breast CT
images of these breasts were automatically segmented
into their three major tissue components (skin, adipose,
and fibroglandular tissue), and their mechanical com-
pression during both CC and MLO positioning for DM
or DBT imaging was simulated using finite element
methods.2® The resulting distribution of the fibroglandu-
lar tissue in these compressed breasts was analyzed,
and three probability distribution functions (PDFs) per
view, one for each direction in 3D, were fit to the median
mass density of this tissue across all breasts.

As can be seen in Figure 5, the analysis performed
by Fedon et al demonstrates that the fibroglandular
tissue does indeed tend to be concentrated away from
the outer areas of the breast volume, with its highest
density location somewhat below the vertical midline
of the breast. This distribution in the axial (breast com-
pression paddle to support table) direction is the main
factor for the determination of the magnitude of the " in

the breast. In the coronal (chest wall to nipple) direction,
the distribution of the fibroglandular tissue can be seen
to be quite uniform, with a considerable increase in
density close to the nipple. Finally, in the sagittal (medial
to lateral) direction, the fibroglandular tissue distribution
is symmetric about the midline in the CC view breast,
while the peak is somewhat offset in the MLO view
compression.

These six functions were used to compose the dis-
tribution of adipose and fibroglandular tissue in the
286 breast phantoms listed in Table 4. This process is
described in Caballo et al?" Given that the fibroglandu-
lar density throughout the internal breast tissue portion
is non-uniform, obtaining the desired overall breast
density based on these PDFs involved an optimization
process. This is because above a certain overall density
threshold, the voxels with the highest densities will be
saturated by reaching a composition of 100% fibroglan-
dular tissue content (Figure 6). However, this threshold
does not set the maximum possible overall breast den-
sity. Rather, the rest of the internal breast volume should
continue to get denser with increasing overall density,
continuing to follow the distributions described by the
PDF. Therefore, for breast models of higher density, the
final tissue density distributions include a core of voxels
containing 100% fibroglandular tissue with a smooth
decrease in density outwards, as shown in Figure 6.

As described in Appendix C, the breast dose model
developed here results in an average reduction of the
breast dose estimate of approximately 30—40% when
compared to defining the fibroglandular tissue as being
uniformly distributed across the whole breast. Appendix
C also includes comparisons of new dose estimates to
those performed with previous models.

4.2.8 | Pectoral muscle

The pectoral muscle is included in an appropriately
acquired MLO view DM or DBT image, and the dose
absorbed by the muscle should not be included in the
estimate of TI'. Therefore, an appropriate model of the
MLO view breast should include a model of the muscle.
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Medical Physics, 2021; 48(3): 1436—1447.
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FIGURE 6
given by the model probability distribution functions.

For this, a multi-step process was used to add a repre-
sentation of the pectoral muscle to the MLO view breast
model, as described by Caballo et al?’ The muscle was
defined as having the 2D shape in the midplane of that
characterized by Rodriguez-Ruiz et al. in their analysis
of 1000 DM images.?? That is, the projected outline of
the muscle is similar to a triangle, from the posterior
edge of the image at the height of the nipple, getting
wider towards the cranial edge of the image. In the direc-
tion between the compression paddle and the support
table, the muscle was defined as positioned around the
midplane of the breast, increasing in thickness symmet-
rically from the caudal to the cranial side (Figure 7).

Although the 2D shape of the projection of the pec-
toral muscle was easily characterized from DM images
by Rodriguez-Ruiz et al.?? its thickness profile in the
direction between the compression paddle and support
table is challenging to characterize. The vertical reso-
lution in DBT images is not sufficient to determine the
variation in thickness of this structure throughout the
image. Furthermore, the corresponding portion of the
muscle is not included in most dedicated breast CT
images, making its appearance in any form in the simula-
tions of the compressed breast from segmented breast
CT images unrealistic.

Given these limitations, a study was performed in
which the sensitivity of the average glandular dose esti-
mates to different muscle shapes was evaluated.?! If
a low enough sensitivity was found, then the lack of
evidence in the modeling of this tissue structure would

Fibroglandular tissue density distributions obtained from analysis of 88 dedicated breast CT images. Adapted from Fedon et al.,

GF = 40% GF =50%

Example of voxel density saturation in high-density breast models and the resulting deviation in the density distribution from that

varying
thickness
pectoral /
muscle

thickness

varying
thickness /

A pectoral
chest wall - muscle
FIGURE 7 3D representation of the pectoral muscle solid

included in the model of the breast in the MLO view. Adapted from
Caballo et al., Medical Physics, 2022;49(8): 5423—-5438.

85U8017 SUOWILLIOD A1) 3ot [dde 8y Ag peusenob aJe sooile O ‘8sN JO Sa|nJ o} Akeld18U1jUO 3|1 UO (SUOPUOO-PUE-SWLBIAL00" A8 | M Aeq| Ul UO//SdhLy) SUORIPUOD pue swie 1 ay) 89S *[6202/20/2T] Uo Arldiauluo A8|1M ‘2@ [euoeN eloueby-1uy Ag Zy89T duw/Z00T 0T/I0pAW0d A8 1w Afe.d jpuluo"wdee//:sdny Wo.y pepeojumod ‘2 ‘v20z ‘602veLrZ



JOINT AAPM TG 282/EFOMP WG REPORT

¢ | MEDICAL PHYSICS

1 N
& S _
" o >A< Thickness/
0.5 P P Glandularity
X L] 4 B w25
) = [ |
e - Y *27/15
s 0 [ |
5 s g ®27/45
£ X % ® o 73
= 3 [ || A 56/5
X b4 ] A
=-0.5 . X X 56/15
+
GE"j ° ° 56/45
: | ,
éo 1 B ! 85/5
- 85/15
B 85/45
-1.5
0 10 20 30 40 50 60 70 80 90 100
% Thickness pectoralis muscle
FIGURE 8 Deviations from the mean I" estimates for 81 different phantoms with nine different breast thicknesses and densities. Each equal

breast thickness and density set of phantoms is defined as having one of nine different pectoral muscle thickness profiles. The resulting I’
deviation estimates are normalized by the average I' across muscle thickness profiles. The muscle thickness profile has a minimum impact on
the dose estimates, with all deviations being smaller than 1.2% and most being less than 0.5%. The mean of one of the roots of each
polynomial fit, 58%, was used as the final pectoral muscle relative thickness in the breast model for the MLO view. Adapted from Caballo et al,

Medical Physics, 2022;49(8): 5423—-5438.

not have a significant impact on the final T published
in this report. The study involved generating MLO view
breast phantoms with a range of compressed breast
thicknesses, breast densities, and with pectoral muscles
defined as having different thicknesses at the cranial
edge of the phantom. The T for all these different phan-
toms was estimated using Monte Carlo simulations and
its variation with muscle thickness profile characterized.
As can be seen in Figure 8, the variation in average
glandular dose with different definitions of the pectoral
muscle thickness is minimal, with most deviations from
the average being less than 0.5%.

As a result of further analysis, Caballo et al recom-
mended that the final pectoral muscle model be defined
as having a maximum thickness at the cranial edge of
the MLO view image of 58% of that of the thickness of
the internal breast tissue.?’

Based on these developments, the final breast model
used in this Report was used to generate the 286 dif-
ferent breast phantoms listed in Table 4 and used in
the Monte Carlo simulations described in Section IV.D to
obtain the estimated y4,(t, g, €, a) used for this breast
dosimetry method.

4.3 | X-ray field model

To obtain the dose conversion coefficients
vsim(t, g, €,a), Monte Carlo simulations of the
DM/DBT/CEDM/CEDBT exposures using the breast

phantoms generated as described in Section IV.A must
be performed. Therefore, a model of these exposures
was developed, with the parameters as listed in Table 5
and the geometry depicted in Figure 9.

4.3.1 | X-ray source and field shape

The x-ray source in the acquisition model was defined as
a point source, located exactly above the chest wall edge
of the breast and detector. The x-ray field emitted by the
source at the 0° projection (equivalent to the DM/CEDM
geometry) was 240 mm x 300 mm in area at the detector,
and congruent with the detector limits. For non-zero pro-
jection angles, the short sides of the virtual collimation
of the field were modified to maintain the congruence
of the x-ray field in these two sides with the detector
edges. The anterior side of the virtual collimation did not
change with projection angle. This collimation behavior
reflects many of the current DBT/CEDBT systems.

4.3.2 | X-ray intensity distribution

The x-ray intensity distribution incident upon the supe-
rior surface of the breast depends on the distance from
each point to the x-ray source and on the heel effect.
The variation due to these two effects was included in
the specification of the x-ray beam for these simula-
tions. To model them, the heel effect (and inherently the
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Characteristics of the image acquisition model for estimating the y4n,(f, g, e, a) for the four imaging modalities included in this

Parameter Unit Values
Geometry parameters
Source to support table distance mm 648
Source to detector distance mm 670
Air gap (including thickness of breast support) mm 22
Source center of rotation to detector distance mm 0
X-ray field size at detector mm 240 x 300
Projection angular range deg -30°—+30°
Number of projections — 21
System components
Breast compression paddle thickness mm 2.7

Breast compression paddle composition
Breast support table thickness
Breast support table composition
X-ray parameters
Energy range

Energy step size

- Polycarbonate
mm 2.0
— Carbon Fiber

keV 9.75-48.75
keV 1.0

/ source

x-ray field
el E
El o
el & compression
© paddle
_ voxelized
brea
1
o | \ \
body support table
\ detector
' 240 mm '
side view
FIGURE 9

variation due to the inverse square law) of nine differ-
entimaging systems, comprising seven different system
models from six different vendors including both DM and
CEDM acquisitions, was characterized using physical
measurements. In previous work, the independence of
the variation in the incident air kerma in the chest wall-to-
nipple direction from that in the direction along the chest

compression T
body paddle
source
€
_________________________ S
o
o
mid-line ™
\ voxelized
breast support
table
' 240 mm '

top view

Schematics of the geometry defined as the acquisition model for the estimation of the y4n(t, g, e, a) coefficients using Monte
Carlo simulations. In these schematics, only the a = 0° model is shown.

wall had already been verified 2 Therefore, for these nine
system measurements, only the incident air kerma vari-
ations along the midline of the detector in the chest wall
to nipple direction, and along the chest wall edge of
the detector were measured. The measurements were
performed with calibrated ionization chamber-based
dosimeters, with the entrance surface of the chamber
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Results of measuring the impact of the heel effect and the distance from the source on the x-ray field of nine different DM,

DBT, and CEDM imaging systems. For each perpendicular direction the average results in each position were fit to polynomial functions (black
lines, with 95% confidence intervals in light blue) and used to define the emission of the x-ray field in the Monte Carlo simulations.

rotated as needed to face the source at each location.
Figure 10 shows the graphs of the measured incident air
kerma variations along the two measurement lines, and
the functions fit to the average of these measured vari-
ations. The product of these two functions was used in
the Monte Carlo simulations as the PDF for the direction
of emission of the x-rays during the simulations.

Although there is an important dispersion in the mag-
nitude of the heel effect across systems, the error
introduced by this variability is expected to be minor. This
is because it has been shown that the total impact of the
presence of the heel effect on D, estimates is 7%, com-
pared to not including a heel effect at all.> Therefore, any
variability in the heel effect that could be encountered
in clinical systems must result in a considerably smaller
error.

4.4 | Monte Carlo simulations

441 | Simulations
Two sets of Monte Carlo simulations were performed to
estimate ygim(t, g, €, a). The firstinvolved the estimation
of the energy deposited in the fibroglandular tissue por-
tion of the breast models, Eg yc(f, g, e, a) as a result
of certain exposure conditions. These simulations were
performed for the breasts specified in Table 4 and the
conditions specified in Table 5. The second set of sim-
ulations was to estimate the incident air kerma at the
reference point, Ky,c(e) for those same exposure condi-
tions, that is, those listed in Table 5, but only for the 0°
projection angle.

All Monte Carlo simulations were performed with a
previously developed and validated program based on
the Geant4 toolkit, using the parameters listed in Table 6.

4.4.2 | Scored quantities

The first set of Monte Carlo simulations scored the
energy deposited in the fibroglandular tissue portion of
the breast voxels containing some percentage of fibrog-
landular tissue by the simulated 107 x-rays, denoted
Eg,MC-

During the simulation, each interaction event j by an
x-ray of energy ¢ that resulted in a deposition of energy
Eqep,i(9vox) in @ voxel partially occupied by fibroglandu-
lar tissue with mass fraction g, was detected. Note that
¢ is not necessarily equal to e due to the x-ray poten-
tially having already undergone an incoherent scatter
event. The energy deposition was then weighted by the
ratio of energy deposited in the fibroglandular portion
of the voxel, and added to the running total of Eg yc
using:

Eg,MC

= ep.i (Gvox)
Z o1 (9 gvox(% >gland (€) + (1= Guox) <uen >adl'P ©

o
(8)

where (%)g,and(s) and (‘%)ad,-p(s) are the mass-energy

absorption coefficients for fibroglandular and adipose
tissue, respectively.

The second set of Monte Carlo simulations
scored the air kerma at the reference point due
to the simulated 107 x-rays, denoted K. For
this, during the simulation, the photon fluence in
a 30 mm x 30 mm square area centered around
the reference point was scored, and the air kerma
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TABLE 6 Monte Carlo simulation parameters used to obtain yyc(t, g, €, a) estimates.

Parameter Description Ref.
Code, version/release date Geant4 toolkit (version 10.03, released December 2016) 26,27
Validation Against Case 3 of AAPM TG Report 19528 and against experimental dose measurements 29,30
Timing e.g., 55 mm thick breast, 10% density, 20 keV x-rays: ~1300 s

See Section IV.C
EM standard option 4

Source description
Cross-sections
Transport parameters

Variance reduction None

All cuts set to 1.0 mm, equivalent to 2.65 keV in 50% dense tissue -

Number of histories/statistical Egumc: 107 x-rays; maximum uncertainty < 0.7%.

uncertainty

Statistical methods

Running uncertainty calculation

Kuc: 107 x-rays; maximum uncertainty < 0.8%.

31

calculated using:

:Zs,(p)(e,) o

K
mc p Acosb;

where ¢; is the energy of the x-ray i crossing the scoring

surface, (££)(e;) is the mass-energy transfer coefficient

in air for photons with energy ¢, A is the area of the scor-
ing surface, in this case, 900 mm?, and 6; is the incidence
angle of x-ray i with the scoring surface.

As mentioned, this second set of simulations was
only performed with the x-ray source at the 0° location,
since all yyc(t, g, e, a) coefficients are normalized by
the reference air kerma with the x-ray source at that
location, independent of the projection angle a. Further-
more, since Ky¢ is independent of the characteristics of
the breast being exposed, the simulations did not have
to be repeated for the various breasts listed in Table 4.

443 |
results

Post-processing of Monte Carlo

Upon termination of each Monte Carlo simulation that
scored the energy deposited in the simulated breast, the
average glandular dose was calculated by:

Eg,MC

Dy (¢ 9, € @)= (10)

g

where mg is the total mass of fibroglandular tissue in the
simulated breast, obtained from:

g VOX,j

my = Vioxel Z (11)

Gvox,j + 1—Gvox,j
Pgland Padip

where Ve is the volume of each voxel, g,o; is the
mass fraction of fibroglandular tissue in voxel j, pgjang

is the density of fibroglandular tissue, and p,qj, is the
density of adipose tissue. The yc(t, g, €, a) conversion
coefficients were then computed using:

Dy(t, g, e a)

Kuc (e) (12)

)/MC (t’ g’ e’ a) =

With Equation 12, the resulting average glandular
dose values are normalized by the incident air kerma
at the reference point, to obtain the conversion coeffi-
cients for each combination of values of compressed
breast thickness, breast density, x-ray energy, and pro-
jection angle (i.e., t, g, e, and a, respectively) included in
the Monte Carlo simulations.

The final computation step to obtain the y ;i (f, g, €, a)
coefficients used by the dosimetry software involves
the interpolation of yuc(t, g, e, a) obtained by the
Monte Carlo simulations in 1.0 keV x-ray energy steps
by approximation to 0.5 keV steps. This is done to
match the energy resolution of the XASMICS-based x-
ray spectral models, and to denoise the Monte Carlo
results further. This was performed by fitting the original
yume(t, g, e, a)for the range of energies e to fourth-order
splines using a least squares spline approximation, for
each combination of values of compressed breast thick-
ness, breast density, and projection angle (i.e., t, g, and
a). The resulting y5in(t, g, e, a) are the final product of
this TG/WG dosimetry model.

4.5 | Dosimetry software processes
4.5.1 | Interpolation of conversion
coefficients to input conditions

At runtime, the y4n(t, g, €, a) are retrieved and used
by the dosimetry software for any user-selected breast
and exposure conditions that comply with the input
parameters specified in Table 3. For this, first, the
y(t, g, e, a) factors for all energies e, for the specific
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input breast thickness t, breast density g, and projection
angles a, are calculated from the neighboring retrieved
vsim(t, g, e, a) factors (which are available for the spe-
cific values of t, g, and a listed in Tables 4 and 5) using
three successive cubic splines interpolations. The result-
ing y(f, g, e, a) are used to calculate the desired T and
Dy as per Equations 1-5.

4.5.2 | Spectral conversion coefficients

To obtain the spectral dose conversion coefficients T’
the software uses the MASMICS/RASMICS/TASMICS
models of x-ray spectra, from now on referred to as
XASMICS?*? to calculate 1. These models describe the
x-ray fluence output from an x-ray tube with a molyb-
denum, rhodium, or tungsten anode and include the
inherent filtration. The output of the models is in units of
photons/mm? in x-ray energy bins 0.5 keV in width, from
1.25t0 48.75 keV. These fluence outputs are simply mul-
tiplied by the corresponding x-ray energy to obtain the
energy fluence 1.

As mentioned above, the Monte Carlo simulations
were performed only for the range from 9.75 to
48.75 keV, with the x-rays below this minimum deemed
non-relevant for dosimetry estimates. Furthermore, as
noted, the Monte Carlo simulations were performed in
1.0 keV steps, deeming these of sufficient resolution
to obtain accurate dose estimates, and the resulting
y(t, g, e, a) estimates interpolated to the energy step
size that matches that of the XASMICS model.

Finally, the mass-transfer coefficients for air, (££),;-(e)

used are the ones distributed together with the XAS-
MICS model. The rest of the parameters in Equation 6
are obtained from the user inputs, as described in
Section IlI.D.

5 | KEY RECOMMENDATIONS

The following are the key recommendations of this joint
TG/WG Report, the basis and rationale for them being
included throughout the Report:

* The breast model used for dosimetry estimates
should be based on fibroglandular density percentiles
across the population, rather than on fixed percentage
values.

* When referring to breast fibroglandular density, the
metric to be used should be the volumetric breast
density, defined as the volume of the entire breast,
including the skin, that is occupied by fibroglandular
tissue.

* When breast density is unknown (e.g., in the case of
retrospective dose estimation for patient acquisitions)
use the 50" percentile density corresponding to the

patient compressed breast thickness, do not use 50%
breast density.

* If estimating D, for a compressed breast thickness
below 15 mm or above 120 mm is needed, use the
Dy estimate for a 15 or a 120 mm thick compressed
breast, respectively.

* If estimating D, for other non-standard views is
needed, use the D, estimate for the CC view.

* For prospective (i.e., phantom-based) testing, use the
array of standard breasts.

* Use system-specific spectral models, allowing the
software to adjust the model to the measured first
HVL.

* The measurement of K, should be performed using
the collimation of the system that produces the largest
x-ray field possible.

* During measurement of K,,, the breast compression
paddle should be positioned as high as allowed by the
system.

* Ensure that the dosimeter used to measure Km is
backscatter insensitive, or measure Km free in air.
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_Kref<500mm> (A1)

=k N\
so that the correct value for K,of can be arrived at from
K, by Equation 2.

To arrive at the value of ¢, a survey involving the mea-
surement of K, and K,r across multiple mammography
systems of different models from various manufacturers,
using both solid-state- and ion-chamber-based dosime-
ters, at varying tube voltages, and where possible with
different x-ray tube anodes and filters, was undertaken.
In total, 128 measurements were performed, on 28 sys-
tems, involving ten different models from five different
manufacturers, at over a dozen sites. The median of the
128 individual ¢, values obtained according to Equa-
tion A1 was found to be 1.032 (range = [0.985, 1.069],
25M/75M percentiles = [1.017, 1.045], Figure A.1), and
hence the value set for ¢, in the breast dosimetry
software for Equation 2 was 1.032.

85U8017 SUOWILLIOD A1) 3ot [dde 8y Ag peusenob aJe sooile O ‘8sN JO Sa|nJ o} Akeld18U1jUO 3|1 UO (SUOPUOO-PUE-SWLBIAL00" A8 | M Aeq| Ul UO//SdhLy) SUORIPUOD pue swie 1 ay) 89S *[6202/20/2T] Uo Arldiauluo A8|1M ‘2@ [euoeN eloueby-1uy Ag Zy89T duw/Z00T 0T/I0pAW0d A8 1w Afe.d jpuluo"wdee//:sdny Wo.y pepeojumod ‘2 ‘v20z ‘602veLrZ


https://doi.org/10.1002/mp.12186
https://doi.org/10.1002/mp.14716
https://doi.org/10.1002/mp.14716
https://doi.org/10.1117/12.2564273
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1118/1.4928676
https://doi.org/10.1002/mp.12792
https://doi.org/10.1002/mp.13069
https://doi.org/10.1088/0031-9155/46/4/318
https://doi.org/10.1002/mp.12222
https://doi.org/10.1148/radiol.14141508
https://doi.org/10.1148/radiol.14141508
https://doi.org/10.1007/s00330-017-5104-5
https://doi.org/10.1007/s00330-017-5104-5
https://doi.org/10.1016/j.acra.2017.06.002
https://doi.org/10.1016/j.acra.2017.06.002
https://doi.org/10.1371/journal.pone.0081653
https://doi.org/10.1002/mp.16842

JOINT AAPM TG 282/EFOMP WG REPORT

MEDICAL PHYSICS 22

9

8

7

6

Z5

[

Q

=]

o

o

w4

3

2

1

0 T T T T T T T T T
O o0 OO NS OO NS OO AN OO ANNSTS OVOMANTST OO NT OO AN OO N S O 0~
[co I eTe) o) Bie) INe) o)) OO0 000 ddd dOoO AN AN AN NOMMMNMOTITITITOWMWMLWMWMOWOWWWOWWOWOo
AN 9989686 500005999090 59000 599090959000 59990 4
o o o O O o o~ o - L I o B B | L I o B B | L I o B B | L I o I B | L I o B B |

(4
FIGURE A.1 Histogram of the ¢, values obtained from 128 measurements on 28 different imaging systems. The median of the

measurements is 1.032 (range = [0.985, 1.069], 25t/75™ percentiles = [1.017, 1.045]), and hence the value set for ¢, in the breast dosimetry

software for Equation 2 is 1.032.

APPENDIX B: POPULATION BREAST
DENSITY DISTRIBUTION

To estimate the relationship between breast density
percentiles and percentages for different compressed
breast thicknesses, a retrospective survey of volumetric
breast densities from digital mammograms acquired
in various countries around the world was performed.
The inclusion criteria involved four-view digital mam-
mography screening cases of women 50 years old
or above. If a case included more than four views,
then it was excluded since this might be associated
with unsatisfactory positioning. All cases of repeated
women attending screening over multiple rounds were
included. Volpara Density was used on all images of
all cases to estimate the volumetric breast density
present in each mammogram. The “for processing”
digital mammograms had to be available for analysis by
the software, or the analysis could have been already
performed at the source and only the results made
available. For each case, an anonymized exam ID, age,
side, view, compressed breast thickness, and volumetric
breast density were obtained. In the case of datasets

that could not include the individual age information
due to anonymization regulations, the datasets included
only data for women age 50 years old or above. A
volumetric breast density per view for each case was
calculated by averaging the value obtained for each
side, and all analysis was performed separately for each
view.

In total, data from 4 507 108 screening digital mam-
mography images were collected and included in the
analysis, from ten different datasets from as many
countries, according to the breakdown in Table B.1.

The volumetric breast densities for each view were
grouped in bins of 10 mm in compressed breast thick-
ness, starting at 16 mm, up to 95 mm. From each
of these eight thickness and two view bins, the 5™,
25t 50t 75" and 95" percentiles of VBD were
estimated using SPSS software version 25 (SPSS
Inc., Chicago, lllinois, USA), including an estimation
of the 95% confidence intervals for each percentile
estimate, via bootstrapping 1,000 times. Due to the low
prevalence of compressed breasts with thicknesses
below 16 mm and above 95 mm, it was not possible
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TABLE B.1 Listing of countries and dataset size obtained for
the population breast density distribution analysis that resulted in the
standard breast model.

Country Images Cases Women
Norway 2190 110 548 012 206 953
Canada 816 450 204 142

USA 743 998 189 859

United Kingdom 282724 71018 70 848
Taiwan 251192 65 094 50 831
Netherlands 130 786 32780 30916
Australia 46 960 11740 11740
Brazil 25148 6402 5879
Greece 11278 2873 2393
Malaysia 8462 2122 2121
Total 4 507 108 1134 042 381681

Note: The datasets from Canada and the USA did not include individual
identifiers so as to be able to calculate the number of distinct women.

to estimate the density percentiles for the thicknesses
ranges below and above these thresholds. Therefore,
density percentiles for 15 mm and for 96—120 mm
breast thicknesses could not be estimated directly

from the data obtained. To obtain a model for the
complete range of breast thicknesses included in the
population-based model, the density percentiles for
the closest thickness bin are used for these missing
thicknesses.

Tables B.2 and B.3 list the resulting percentage den-
sities for the five density percentiles and the eight
compressed breast thicknesses that comprise the
standard breast model. This data is also shown in
Figures B.1 and B.2, which also include the correspond-
ing 95% confidence intervals for each estimate. The
larger differences observed for the higher percentiles
are anticipated due to the known asymmetric nature
of population breast density distributions, which exhibit
long tails towards higher densities.'?

The analysis of the population distribution of den-
sities within specific compressed breast thicknesses,
and therefore the resulting model, has several limita-
tions. In the first place, it is impossible to include women
from all different ethnicities or countries of the world
in the analysis. A very substantial effort was made
to be as inclusive as possible, but the availability of
digital mammography data worldwide is limited, espe-
cially in numbers large enough to be able to provide

TABLE B.2 Volumetric breast densities, in percentages, and corresponding 95% confidence intervals, used by the standard
population-based breast model for the CC view breasts, including the nearest-neighbor extrapolations to complete the model.

Volumetric breast density (percentile)

Compressed breast thickness (mm) sth 25th 50th 75th g5th

15-25 10 (8.6-10.8) 14 (13.0-15.1)  18(16.4-18.6) 22 (20.5-22.7) 8 (26.6-28.7)
26-35 7 (5.7-7.9) 10 (9.2-11.4) 14 (13.0-15.3) 19 (18.0-20.1) 6 (24.9-27.1)
36-45 5 (3.6-5.8) 7 (6.0-8.2) 10 (8.7-11.0) 14 (13.3-15.4) 3 (22.1-24.3)
46-55 4(2.6-4.8) 5(4.1-6.3) 7(6.1-8.3) 10 (9.3-11.5) 9(17.6-19.8)
56-65 3(2.0-4.2) 4(3.0-5.2) 5 (4.4-6.6) 8 (6.7-8.9) 13 (12.2-14.4)
66-75 3(1.7-3.8) 4(2.5-4.7) 5 (3.55.7) 6 (5.3-7.5) 1(10.0-12.2)
76-85 2 (1.3-3.6) 3 (2.1-4.4) 4 (3.1-5.3) 5 (4.3-6.6) 0 (8.5-10.8)
86-95 2 (1.2-3.8) 3(1.9-4.5) 4(2.8-5.4) 5 (4.2-6.8) 0(8.6-11.2)
96-120 2 (1.2-3.8) 3(1.9-4.5) 4(2.8-5.4) 5 (4.2-6.8) 0(8.6-11.2)

TABLE B.3 Volumetric breast densities, in percentages, and corresponding 95% confidence intervals, used by the standard
population-based breast model for the MLO view breasts, including the nearest-neighbor extrapolations to complete the model.

Volumetric breast density (percentile)

Compressed breast thickness (mm) 5th 25th 50th 75th g5th

15-25 10 (8.6-10.5) 13 (12.1-14.0) 17 (15.7-17.6) 1(19.7-21.6) 8 (26.7-28.6)
26-35 7 (6.3-8.1) 10 (9.5-11.3) 14 (12.9-14.7) 19 (17.6-19.4) 5 (24.2-26.0)
36-45 5 (4.2-6.0) 7 (6.6-8.4) 10 (9.4-11.2) 4(13.6-15.4) 22 (21.4-23.2)
46-55 4(3.0-4.8) 6 (4.6-6.4) 7 (6.6-8.4) 11 (9.8-11.6) 8 (17.2-19.0)
56-65 3(2.3-4.1) 4(3.4-5.2) 6 (4.8-6.6) 8(7.1-8.9) 3 (12.5-14.3)
66-75 2 (1.8-3.6) 3(2.7-4.5) 5 (3.8-5.6) 6 (5.5-7.3) 11 (9.7-11.5)
76-85 2 (1.5-3.4) 3(2.3-4.1) 4 (3.2-5.0) 5 (4.5-6.3) 9 (8.0-9.9)
86-95 2(1.33.2) 3(1.9-3.8) 4 (2.6-4.5) 5 (3.7-5.6) 8 (7.1-9.0)
96-120 23(1332)  2.8(1.9-3.8) 4 (2.6-4.5) 5 (3.7-5.6) 8 (7.1-9.0)
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development of the breast model and for the resulting single worldwide model. Although the values diverge from the model ones for some
regions, the impact of the differences is minor, as can be seen in Table B.4. Missing data points are due to lack of data in the original datasets.

meaningful data when divided per breast density and
compressed breast thickness. This limitation is com-
pounded by the need to have “for processing” images
available, which are routinely not saved after a few
weeks post acquisition, or for those images to have
been already analyzed with density estimation software.
Therefore, if the distribution of breast densities within
each bin of compressed breast thickness varies around
the world due to different ethnicities, this is not consid-
ered. In any case, if country of origin or ethnicity were
to be considered in the model, then the standard breast
model used in each country would have to be different,
introducing a lack of consistency throughout different
countries.

To gauge the additional variability in the relationship
between density percentiles and percentages that could
be introduced due to variations in country of origin,
an explanatory model analysis was performed on the
data available. This involved analyzing the data with an
explanatory model based on general linear models. This
analysis showed that the country of origin explained
10.1% and 7.3% of the variance seen in the data for
CC and MLO projections respectively.

To depict the impact of this variance not being con-
sidered in the model, as an example, Figure B.3 shows

the 50" percentile volumetric breast densities for the
CC view estimated for each of the 10 different datasets
and the global model, including the corresponding 95t
percentile confidence intervals. In addition, Table B.4
shows the six specific conditions that have the largest
positive or negative divergence from the global estimate
for the 5, 50t and 95" percentile densities, and the
resulting difference in T, and therefore, the differences
that would result in the estimated average glandular
dose. As can be seen, the simplification of using a sin-
gle breast density model worldwide as opposed to one
per country or region, introduces errors in the dose
estimates of mostly < 3%, and, in one case, of 5.6%.
Therefore, clearly, in addition to the challenge of obtain-
ing enough data to develop country- or region-specific
models, the added effort of attempting to use the cor-
rect model for each dose estimate individually seems
unjustified.

As shown in Tables B.2 and B.3 and the corre-
sponding graphs, the volumetric breast density of the
population datasets is overall low, with values that could
seem low compared to prior breast densities used or
assumed for dosimetry estimates. However, it is impor-
tant to point out two differences between these values
and those previously used.
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TABLE B.4 Example estimates of dose conversion coefficients, T, for different breasts when using the single worldwide breast model to
define the density of the breast versus using the value obtained for the corresponding region.

Worldwide model

Region-specific model

Dose conversion

Dose conversion

Percentile Breast Volumetric breast coefficient Volumetric breast coefficient % difference
Region breast density thickness (mm) density (%) (mGy/mGy) density (%) (mGy/mGy) Dose
USA 5t 40 5 0.174 3 0.175 —0.6%
Taiwan 5t 90 2 0.078 4 0.077 1.3%
USA 50t 50 7 0.143 5 0.145 -1.4%
Taiwan 50t 90 4 0.077 7 0.077 0.0%
Netherlands 95" 90 10 0.075 7 0.077 -2.6%
USA g5t 90 10 0.075 15 0.071 5.6%

The spectra assumed for the dose estimates were those selected by the automatic exposure control of a clinical digital mammography system.
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FIGURE B.4 Comparison between breast glandularity by mass
and volumetric breast density for a sample of 152 137 screening
digital mammograms, and their corresponding summary statistics,
showing the difference in magnitude between these two metrics and
the differences reflected between the mean and the median.

In the first place, breast dosimetry methods until now
have, for the most part, used breast density by mass
rather than by volume. As discussed above, this differs
from the density metric used by most clinical density
quantization algorithms, and it is advantageous to be
consistent across these two different applications. In
addition, it is common for breast density distributions to
be summarized using the mean rather than the median,
even though the distributions are not normal. Figure B.4
shows the distribution of volumetric breast density
and breast density by mass for the entire Dutch dataset
listed in Table B.1. As can be seen, breast density values
are considerably higher when evaluated by mass rather
than by volume. In addition, the medians of population
breast density distributions are also lower than their
means. Therefore, with these two effects combined, as

in this example, a population mean density by mass of
about 14% actually reflects a distribution with a median
volumetric breast density of only 6%.

It should also be noted that some breast density quan-
tifications evaluate area breast density as opposed to
volumetric. Morrish et al has shown that area-based
breast density evaluations also results in higher breast
density values than those describing volumetric breast
density?

When considering distributions of volumetric breast
density estimates and equivalent summary values, var-
ious prior publications have shown ranges and values
comparable to those used here for the population-
based breast model 3334 In addition, and importantly,
prior publications have also shown that the breast
density quantification software used for this Report
results in values comparable to those from other
algorithms,233% although some other studies have found
important deviations, but usually with lower number of
patients.2®

APPENDIX C: DIFFERENCES BETWEEN
AVERAGE GLANDULAR DOSE
ESTIMATES WITH THIS MODEL VS.
PREVIOUS MODELS

To compare the estimates of average breast glan-
dular dose of this new method to those obtained
with prior existing methods, large datasets of acqui-
sition techniques of digital mammography of patients
or screened women were retrieved. The information
retrieved for each of these acquisitions was the imag-
ing system used, mammographic view, compressed
breast thickness, target/filter combination, tube volt-
age, 15t half value layer, the incident air kerma, and
the average glandular dose estimate. For the new
method, the source-to-breast support table distance
was also obtained for each imaging system in ques-
tion. In addition, as recommended in this Report, the
volumetric breast density for each record was set
to the 50" percentile density (for that compressed
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FIGURE C.1 Comparison of average glandular dose estimates for 13 555 digital mammography and digital breast tomosynthesis

acquisitions of diagnostic and screening exams, for five different vendor systems, from five different sites. Please note the different ranges of

values used in each graph.

breast thickness and view, as done automatically
by the software). Data for both DM and DBT acqui-
sitions from systems from different manufacturers,
including both CC and MLO views and the expected
wide range of compressed breast thicknesses, was
included.

As can be seen in Figure C.1 the average breast
glandular dose estimated with the new methodology
sometimes results in considerably lower estimates,
spanning in reduction from ~15% to ~40%, while for
some cases the difference is small or even results in
an increase in the D, estimates, depending on the
system being compared. Of course, this ratio varies
depending on each case, as can be expected due to
intra-acquisition variabilities. It should be noted that the
existing Dy estimates for Systems A and B are those
output by the imaging system in the DICOM header cor-
responding to each acquisition, while the estimates for
Systems C-F were calculated separately with the Dance
method®’8 using the acquisition information obtained
from the DICOM header. When sub-analyzing these
results, as can be seen in Figure C.1, no substantial dif-
ferences in these trends were found for the CC vs. the
MLO views.

APPENDIX D: DIFFERENCES BETWEEN
DOSE ESTIMATES WITH THIS MODEL
VS. PATIENT-SPECIFIC DOSE
ESTIMATES

A Monte Carlo study was performed to compare the
resulting dose estimates when using the new breast

Heterogeneous Homogeneous
adipose/fibroglandular adipose/fibroglandular
mixture mixture

100% adipose

100% fibroglandular

£

(a) Patient-specific (b) Heterogeneous (c) Homogeneous
FIGURE D.1 Central slice of one example breast used for the
validation of the heterogeneous fibroglandular tissue model. (a)
Patient-specific, (b) heterogeneous, and (c) homogeneous
fibroglandular tissue distribution model. All three examples contain
the same overall glandular fraction (17%). Adapted from Caballo et
al, Medical Physics, 2022;49(8): 5423—-5438.
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(right) Estimated dose conversion coefficient for the homogeneous and heterogeneous breast models compared to the

corresponding patient-based models ones, for the (top) CC and (bottom) MLO views. (left) Box-whisker plots of the ratios of the dose
conversion coefficients comparing these same two models to the patient-specific one. The boxes depict the 25!, 501, and 75! percentiles, the
lower and upper whiskers depict the 1.5*interquartile ranges below and above the 25" and 75™ percentiles, respectively, and the cross and the
specified value are the means. Adapted from Caballo et al, Medical Physics, 2022;49(8): 5423—-5438.

model distribution with non-uniform fibroglandular tis-
sue to the original structured distribution found in actual
patients’ breasts vs. to a uniform homogeneous fibrog-
landular tissue distribution?" In this comparison, only
the internal fibroglandular tissue distribution of the three
breast representations was modified, while maintaining
the breast shape and skin thickness across representa-
tions, based on the patient-specific model, as shown in
Figure D.1.

As can be seen in Figure D.2,the comparison between
the glandular dose estimates resulting from the new
non-uniform fibroglandular distribution model and those
from the actual patients’ fibroglandular distribution show
a median deviation of only 5%, while the dose estimates
using a homogeneous model show a ~30—45% devia-
tion. Therefore, the new breast fibroglandular distribution
model results in a non-biased estimate of the average

patient dose. Of course, as explained in Section I, this
model dosimetry still reflects large deviations from indi-
vidual dose estimates of specific patient breasts, which
are shown in the box-whisker plots in Figure D.2 as a
large variation in the ratio between the dose conversion
coefficients for the heterogeneous models versus the
patient-specific one. However, individual, patient-specific
dose estimates are only achievable with patient-specific
dosimetry, which is not the aim of this breast dosimetry
model.

It should be noted that this comparison is differ-
ent from that made in Appendix C, and therefore, as
expected, the results of these comparisons differ. The
analysis described in this section aims to determine
the validity of the heterogeneous fibroglandular tissue
distribution, whereas that in Appendix C compares prior
dosimetry models to the one proposed here.
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