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Abstract
Background: Understanding the magnitude and variability of the radiation dose
absorbed by the breast fibroglandular tissue during mammography and digital
breast tomosynthesis (DBT) is of paramount importance to assess risks versus
benefits. Although homogeneous breast models have been proposed and used
for decades for this purpose, they do not accurately reflect the actual heteroge-
neous distribution of the fibroglandular tissue in the breast, leading to biases in
the estimation of dose from these modalities.
Purpose: To develop and validate a method to generate patient-derived, het-
erogeneous digital breast phantoms for breast dosimetry in mammography and
DBT.
Methods: The proposed phantoms were developed starting from patient-based
models of compressed breasts, generated for multiple thicknesses and repre-
senting the two standard views acquired in mammography and DBT, that is,
cranio-caudal (CC) and medio-lateral-oblique (MLO). Internally, the breast phan-
toms were defined as consisting of an adipose/fibroglandular tissue mixture,
with a nonspatially uniform relative concentration. The parenchyma distribu-
tions were obtained from a previously described model based on patient breast
computed tomography data that underwent simulated compression. Following
these distributions,phantoms with any glandular fraction (1%–100%) and breast
thickness (12–125 mm) can be generated, for both views. The phantoms were
validated, in terms of their accuracy for average normalized glandular dose
(DgN) estimation across samples of patient breasts, using 88 patient-specific
phantoms involving actual patient distribution of the fibroglandular tissue in the
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breast, and compared to that obtained using a homogeneous model similar to
those currently used for breast dosimetry.
Results: The average DgN estimated for the proposed phantoms was concor-
dant with that absorbed by the patient-specific phantoms to within 5% (CC) and
4% (MLO). These DgN estimates were over 30% lower than those estimated
with the homogeneous models, which overestimated the average DgN by 43%
(CC), and 32% (MLO) compared to the patient-specific phantoms.
Conclusions: The developed phantoms can be used for dosimetry simulations
to improve the accuracy of dose estimates in mammography and DBT.
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1 INTRODUCTION

Understanding the magnitude and variability of the
absorbed dose resulting from medical imaging modal-
ities involving ionizing radiation is important when
assessing risks versus benefits, especially for screen-
ing modalities. Given the widespread use of digital
mammography and, in some areas of the world, digital
breast tomosynthesis (DBT) for breast cancer screen-
ing, breast dosimetry has been a subject of extensive
study. In the breast, the fibroglandular tissue is the most
radiosensitive, and therefore the tissue at the highest
risk of developing cancer. Hence, in breast imaging, the
absorbed dose of primary concern is that deposited in
the fibroglandular tissue.1–6 A comprehensive overview
of breast dosimetry and its history has been previously
published.7 The most basic current breast models for
dosimetry assume that the breast consists of an outer
layer of skin surrounding a homogeneous 50%–50%
mixture of adipose and fibroglandular tissue. Varia-
tions of this model have been used for decades,3–5

and numerous studies have been performed to inves-
tigate the dependence of the mean glandular dose with
different breast thicknesses, sizes, and proportions of
adipose/fibroglandular tissue mixtures (i.e., glandular
fractions), both in mammography and DBT.6–10

With advancements in technology, especially with the
development of fully three-dimensional (3D) dedicated
breast computed tomography (breast CT),11 a better
characterization of the inner breast structure was made
possible.This opened the door to an accurate quantifica-
tion and localization of the different breast components
and to more realistic radiation dose estimates, obtained
with models based on real patient data.12–16 With these
3D image datasets,the average breast glandular fraction
(i.e.,breast density [BD]) was found to be ∼15%–20%,17

and the average thickness of the skin layer was found
to be about 1.5 mm.18

In addition to the overall lower BD, studies have also
shown that the fibroglandular tissue is not distributed
homogeneously throughout the breast but instead tends
to concentrate in certain regions. This was shown for

both uncompressed19–22 and, recently, for compressed
breasts,23 by simulating the tissue displacement due
to the mechanical compression during mammography
and DBT. This new understanding of the more typical
internal breast tissue distribution led to the realiza-
tion that the current breast dosimetry models result, on
average, to an overestimation of the mean glandular
dose during mammography and DBT.20–21,24 Further-
more, previous efforts for the development of dosimetry
models for mammography and DBT mostly considered
only the cranio-caudal (CC) projection, thus not account-
ing for possible differences in absorbed dose due to,
for example, the presence of the pectoralis muscle in
the medio-lateral-oblique (MLO) field of view. In the
few studies where the pectoral muscle was accounted
for,9,25 it was simply modeled based on subjective
opinion of a single expert reader.

Therefore, a new breast model that better describes
the heterogeneous distribution of the fibroglandular tis-
sue throughout the compressed breast, for both views,
is needed.

In this study, computational phantoms of compressed
breasts are presented, which reflect the heterogeneous
distribution of the fibroglandular tissue within the breast
as derived from mathematically compressed breast CT
images, and validated in terms of their appropriateness
for breast dose estimation. These phantoms, which may
be used for dose estimates in mammography and DBT,
will be made available upon reasonable request.

2 MATERIALS AND METHODS

The phantoms were developed starting from the real-
istic binary shapes of compressed breasts, generated
for the two views commonly used in mammography
and DBT, CC and MLO, and for multiple breast thick-
nesses. These binary shapes were filled with voxels
of adipose/fibroglandular tissue mixture, whose relative
prevalence varies throughout the breast volume and
whose magnitude depends on the overall glandular frac-
tion to be modeled. For the MLO view, the pectoral
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muscle was also modeled and included in the breast
shape.To guide the heterogeneous distribution of fibrog-
landular tissue, a patient-based model of the breast
parenchyma was used, which describes the amount of
fibroglandular tissue that can be found in different loca-
tions of a compressed breast. The methods described
can be used to generate multiple phantoms, for both the
CC and MLO compression, covering a range of breast
thicknesses and glandular fractions.

Two validation steps were performed to assess the
appropriateness of the developed phantoms. First, a
sensitivity analysis of the mean glandular dose (Dg) due
to variations in the pectoral muscle medio-lateral thick-
ness profile in the MLO view was performed, for various
breast thicknesses and glandular fractions, using Monte
Carlo (MC) simulations. Second, the spatially varying
internal distribution of fibroglandular tissue, and the
method to incorporate it in the phantoms, was validated,
from a dosimetric perspective.For this, the average dose
predictions using the proposed phantoms were com-
pared against a set of patient-based phantoms involving
the actual fibroglandular tissue distribution in patient
breasts. In addition, these estimates were compared
to those obtained using a homogeneous breast tis-
sue model similar to those currently used for breast
dosimetry.

2.1 Compressed breast shapes

Binary shapes of compressed breasts were obtained
using a previously developed patient-based 3D model
of breasts undergoing mammography and DBT.26

A dataset of compressed breast surfaces was first
obtained by imaging a group of women with structured
light surface imaging, performed in parallel with a DBT
exam. Subsequently, the breast surface between the
compression paddle and the support table from each
patient was characterized with a set of equidistant arcs,
which was then reduced to a smaller set of linearly inde-
pendent parameters via principal component analysis
(PCA). Finally, the results of the PCA were combined
with a 2D model of the projected outer breast shape
obtained separately from patient CC- and MLO-view
mammograms,27 to generate the final 3D models of
compressed breasts. This was achieved in a sequen-
tial procedure, by first generating, for a given thickness,
the 2D average breast shape based on mammography,
and subsequently the average set of PCA parameters
defined by the 3D surface model. Using these PCA
parameters, the set of arcs describing the breast curva-
ture was reconstructed, and the 3D shape of the breast
surface was built at each point of the 2D projection
through interpolation.27 For the MLO shape, the projec-
tion of the edge of the pectoralis muscle visible in the
MLO view was also characterized from the MLO-view
mammograms, resulting, together with the outer shape,

in models of the projection of the average muscle and
its variation with breast thickness and size.

This binary shape model was used to generate a set
of CC and MLO shapes of compressed breasts for 13
different breast thicknesses, with the PCA parameters
chosen to represent the average surface shape, for a
given thickness, within the study population.26 The val-
ues for the 13 thicknesses were chosen to be 10 mm,
and then 15–125 mm with 10-mm steps.However,as the
relationship between the PCA eigenvalue that defines
the thickness and the equidistant arcs is approximate,
the model generates actual shapes with thickness that
can actually vary from the desired one by up to 2 mm.For
example, the thinnest breast was desired to be 10-mm
thick, but the PCA-based method resulted in a shape
with an actual thickness of 12 mm, which therefore
defined the thinnest model used.

Each shape is represented by a 3D binary image with
a cubic voxel size of 1 mm, with breast voxels set to
1 and voxels outside the breast set to 0. Before filling
the breast voxels with the adipose/fibroglandular tissue
mixture, the outer skin layer was included in the shape
(inside the breast volume). To do so, the breast shapes
were resized to a voxel size of 0.5 mm through nearest
neighbor interpolation, and a 3-voxel layer (correspond-
ing to 1.5 mm18) was included in the shape through
morphological erosion.

2.2 Fibroglandular tissue model

A previously developed fibroglandular tissue model was
used for the internal tissue composition definition.23 The
model was obtained by characterizing the fibroglandu-
lar tissue distribution in patient breasts imaged using
3D dedicated breast CT. Briefly, 88 patient (mean age:
57-year old; range: 49–75) breast CT images were seg-
mented into the major breast tissue types (skin,adipose,
and fibroglandular tissue),28 and simulated mechanical
compression was applied to mimic the positioning for
mammographic acquisition in the CC and MLO views.29

From these compressed, patient-based phantoms, the
average fibroglandular distributions in the axial, coronal,
and sagittal directions were characterized separately
by analyzing how the glandular fraction is spatially dis-
tributed throughout the breast. This resulted in three
density distributions (one for each anatomical direc-
tion) that represent the heterogeneous concentration of
the fibroglandular tissue within an average compressed
breast.

As further detailed in Ref. [23], the fibroglandular
tissue tends to be more concentrated in the anterior
and caudal regions of the breast, with a symmetrical
distribution in the medio-lateral direction for the CC
compression, and a shifted distribution, by about 10%
toward the lateral direction, for the MLO compression.
As reported in Ref. [23], no significant differences in the
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F IGURE 1 Initial step of the development of the cranio-caudal (CC) phantoms. The input compressed breast shape (panel a,
three-dimensional [3D] rendering and central slice) was used to generate three initial breast density maps (panels b–d), each obtained by
replicating the respective fibroglandular tissue probability density function within the shape.

shape of the distributions were observed for breasts
of different sizes, thicknesses, and overall glandular
fractions.

These three distributions were used to define the inter-
nal tissue distributions for the phantoms developed in
this work, as described in the next sections.

2.3 Cranio-caudal phantoms

The method to generate the heterogeneous CC phan-
toms requires two inputs: a breast shape compressed
along the CC direction, and the desired overall glandu-
lar fraction of the final phantom. The latter represents
a constraint in the phantom generation process, which
forces each voxel to assume a value of the relative adi-
pose/fibroglandular tissue prevalence in the mixture so
that the desired global glandular fraction is obtained.
To achieve this, three copies of the input binary breast
shape (Figure 1a) were made, and each was filled with
fibroglandular/adipose tissue mixture according to one
of the three probability distributions of the fibroglan-
dular tissue model (Figure 1b–d). In other words, the
three density distributions of the model described in the
previous section, for the CC case, were separately repli-
cated in a copy of the compressed breast shape. The
CC distribution was replicated in the compressed breast
shape from paddle to support table, without accounting

for the skin layer position (Figure 1b). This was done
to avoid shrinking the input distribution in the locations
where the breast thickness varies, which would have
caused an unrealistic fibroglandular tissue distribution
in regions close to the nipple (where the fibroglandu-
lar tissue tends to concentrate uniformly and with high
density), and especially close to the outer portion of the
breast. The same process was applied for the anterior–
posterior distribution (Figure 1c), to avoid an unrealistic
fibroglandular tissue distribution in regions close to the
skin layer. The lateral–medial distribution (Figure 1d),
instead, was filled in the breast shape from skin to skin,
to more accurately reflect the symmetrical fibroglandular
tissue pattern in this direction, as identified in Ref. [23].

The three maps were then multiplied together and
normalized to a maximum of unity. This resulted in a
3D map, with voxels representing the relative concen-
tration of fibroglandular tissue at each breast location
(Figure 2).

The voxel values over the whole breast were then filled
according to this 3D map to generate phantoms with
the desired global glandular fraction. This was obtained
by multiplying the 3D map with a factor x, obtained by
minimizing the following function:

f (x) =

||||||
1
N

N∑
i = 1

minimum (Pi × x, 100) − G
|||||| (1)
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F IGURE 2 Three-dimensional probability map of the fibroglandular tissue concentration (shown for two views), obtained by the product and
the normalization of the three separate distributions shown in Figure 1

where Pi is a voxel of the 3D map (with N voxels in
total), and G the desired global glandular fraction. This
function models the error in glandular fraction over the
parameter x, with the minimum operator used as a con-
straint on the glandular fraction assigned to each voxel,
which cannot exceed 100%. It was minimized using a
nonlinear, derivative-free method based on the Nelder–
Mead simplex algorithm, which iteratively moves toward
the minimum by updating simplex directions in vari-
ous points of the function.30 Once the optimal value
of x according to f(x) is found, it was multiplied by the
probability map, and the voxel values that exceed the
maximum possible voxel-wise glandular fraction (i.e.,
100%) were cropped to 100%. This led to a simulta-
neous adjustment of all voxel values that result in the
desired global glandular fraction.

Through the process described in this section, phan-
toms with any desired thickness and global glandular
fraction can be generated, with the latter being dis-
tributed heterogeneously throughout the whole breast
volume.

2.4 Medio-lateral-oblique phantoms

The methodology applied to generate the heteroge-
neous MLO phantoms was similar to that used for
the CC phantoms. The fibroglandular tissue model was
given by the MLO density distributions from Ref. [23], as
described in Section 2.2. An example of the input com-
pressed breast shape used is shown in Figure 3a. As
can be seen, the MLO breast shapes include both the
breast and the pectoral muscle, whose planar coordi-
nates (x, y) in the axial view are provided with the input
breast shape.

To generate the MLO phantoms, the pectoral muscle
was separated from the rest of the breast volume, and

the latter rotated counter-clockwise to align the pectoral
muscle line to that of the chest wall edge (Figure 3a).
This was done to align the outer breast shape of the
MLO model with that of the fibroglandular tissue distribu-
tion. As for the CC model, the internal tissue distribution
was defined by replicating the three unidirectional distri-
butions in three copies of the breast volume, and then
combining them via multiplication and normalizing them
to a unity maximum (Figure 3b–d). The breast volume
was then rotated back to its initial position and reunited
with the volume that includes the pectoral muscle.

Based on the appearance of MLO mammography and
DBT images, the cross section of the pectoralis muscle
can be approximated as a triangle, located adjacent to
the posterior side of the breast. However, the thickness
of the pectoralis muscle in the MLO direction cannot
be determined from these images due to the lack of
true 3D information in the images of the breasts under
compression. The shape of the pectoral muscle was
therefore incorporated by modeling the pectoralis mus-
cle with a pyramidal shape (with the cross section based
on the average real shape of the pectoralis in MLO
mammograms27) of varying lateral–medial thickness.
This was defined as an additional input parameter for
the phantom generation process, as the ratio between
the maximum thickness of the pectoral muscle and the
total compressed breast thickness (excluding the 1.5-
mm skin layer) (Figure 4). The pectoral muscle was
therefore defined as a pyramid with the vertex at the
chest wall in-line with the nipple (or most anterior point
of the breast), the base at the cranial edge of the breast
volume, and the thickness at the base set according
to the input ratio (Figure 5). The remaining chest wall
tissue voxels not occupied by the added pectoralis mus-
cle were filled with breast tissue by extrapolating the
normalized 3D distribution along the anterior–posterior
direction (Figure 5c). Finally, similarly as performed in a
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F IGURE 3 Initial step of the development of the medio-lateral-oblique (MLO) phantoms. The breast volume from the input compressed
shape was first separated from the chest wall and rotated by the angle between the pectoral muscle line and the vertical axis (panel a). The
reoriented shape was then used to generate three initial breast distribution maps (panels b–d), each obtained by replicating the fibroglandular
tissue distributions within the shape.

F IGURE 4 (a) Schematics of the pectoral muscle developed and included in the medio-lateral-oblique (MLO) phantoms, modeled by a
pyramidal shape, with the width varying according to the defined ratio between the muscle and the breast volume thickness. Parts (b) and
(c) show the schematic examples of two different pectoral muscles, defined for large and small values of this ratio.
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F IGURE 5 (a) The pectoral muscle was generated by first identifying the pectoral midline (dotted line), defined as the line that joins the
lowest point of the chest wall with the center of its upper cross-section. (b) The pectoral muscle was then created around this midline
(represented as a dot in the cross-sectional images), with the width in the lateral–medial direction set according to the desired input ratio
between the muscle and the breast thickness. (c) The remaining chest wall tissue voxels not occupied by the added pectoral muscle were filled
with breast tissue, by extrapolating the normalized probability along the anterior–posterior direction.

previous study for breast dosimetry in DBT,9 the most
cranial part of the MLO phantoms was modeled with a
prism with triangular section. This part was not present
in the original breast shapes, as it is located outside the
mammographic field of view, but was included to allow
for an improved realism of the phantoms when used to
simulate DBT projections (i.e.,when the projection angle
differs from 0◦). The internal voxels of this added region
were assigned a value of adipose/fibroglandular tissue
mixture by extrapolating the values of the nearby voxels.

An example of the final representation of the normal-
ized MLO phantoms is shown in Figure 6.

Once all voxels of the input shape were assigned with
a value to either represent the pectoralis muscle or skin
(both of these being discrete indices), or breast voxels
(continuous values between 0 and 1), the latter were
iteratively filled with adipose/fibroglandular tissue mix-
ture according to the normalized 3D map, until the input
desired glandular fraction is reached, as performed for
the CC case.

Through this process, MLO phantoms with multiple
combinations of input parameters (breast thickness,
overall glandular fraction, and pectoral muscle latero-
medial thickness) can be generated. With the aim of
reducing the complexity of this framework, we investi-
gated the effect of the pectoral muscle thickness on
dose estimates, as described in the following section.

2.5 Pectoral muscle thickness
sensitivity analysis

The effect of the pectoral muscle latero-medial thick-
ness on the radiation dose in the MLO phantoms
was studied with MC simulations. The mean glandular
dose and its variability over different pectoral muscle
thicknesses was estimated, and the most appropriate
“average” geometric model for the muscle shape, from
a dosimetric point of view, was determined.

The MC simulation code used was previously devel-
oped and validated. It is based on the Geant4 toolkit
(release 10.07, February 2021)9,20,31,32 and designed
for breast dosimetry purposes. For simulations, different
MLO phantoms were generated for multiple breast
thicknesses (27, 56, and 85 mm), overall glandular
fractions (5%, 15%, and 45%), and ratios between the
maximum thickness of the pectoral muscle and the
total compressed breast thickness (10%–90%, in steps
of 10%). For each phantom, the muscle composition
was specified as that of skeletal muscle according to
ICRU Report 44.33 In the simulation of mammographic
image acquisition (0◦ projection), the X-ray source
was located 67 cm above the detector, with the X-ray
beam collimated to an area of 24 cm × 30 cm at the
source-to-detector distance (Figure 7). The compres-
sion paddle and breast support table were defined as



5430 BREAST PHANTOMS FOR ADVANCED DOSIMETRY

F IGURE 6 Three-dimensional probability maps of the fibroglandular tissue concentration (shown for two views), obtained by the product
and normalization of the three separate distributions shown in Figure 3, with the pectoral muscle included

F IGURE 7 Schematics of the side and top views of the geometry defined in the Monte Carlo (MC) simulations

a 2.7-mm-thick layer of polyethylene terephthalate, and
a 2-mm-thick layer of carbon fiber, respectively. The
detector air gap was set to 2.2 cm. The heel effect
was defined as the average of that measured on DM
systems from five different vendors.32 The border of
the phantom was positioned aligned with the detector
cranial and chest wall sides (Figure 7).Different spectra,
generated following the TASMICSM-T model,were used
according to each breast thickness.34 The target/filter
combination was tungsten/rhodium with 0.05-mm fil-
ter thickness for all simulations, but the tube voltage
was set according to compressed breast thickness as
follows: 26 kV (first HVL 0.436-mm Al, for breast thick-
ness 27 mm), 29 kV (first HVL 0.464-mm Al, for breast
thickness 56 mm), and 32 kV (first HVL 0.486-mm Al,
for breast thickness 85 mm). These exposure settings
were selected according to those used by the automatic
exposure control for a clinical digital mammography
system (Siemens Mammomat Inspiration, Forchheim,
Germany).

For each phantom, 107 X-rays were simulated, with
the resulting precision of the dose estimates calculated
using the method of35 and resulting in an uncertainty
of less than 1%. These photons were followed until
they were completely absorbed or left the simulation
volume. The simulations were performed using the
EPDL97 library36 by selecting the Geant4 electromag-
netic Physics List Option 4,37 and the default cut range
for photons was used.

As each voxel in the phantoms is a mixture of adipose
and fibroglandular tissue represented by a glandularity
gi, the mean glandular dose was computed by record-
ing each energy deposition event that occurred in each
breast voxel i, and weighted by the corresponding Gi
factor,5 following the equation:

Dg =

∑
i
∑

j Edep
i,j Gi

(
gi,e

)
∑

i
Vgi

gi
𝜌g

+
(1 − gi )
𝜌a

(2)
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where Ei,j
dep is the energy deposited in the voxel

i during event j by a photon with energy e at the
moment of the energy deposition, ρa and ρg are the adi-
pose and fibroglandular tissue densities (equal to 0.93
and 1.04 g/cm3, respectively),2 V is the voxel volume
(0.5 mm × 0.5 mm × 0.5 mm).

In the previous equation, the factor Gi for voxel i is
given by

Gi (gi, e) =

gi

(
𝜇en(e)

𝜌

)
g[

gi

(
𝜇en(e)

𝜌

)
g
+ (1 − gi)

(
𝜇en(e)

𝜌

)
a

] (3)

where (𝜇en(e)∕𝜌) represents the mass energy absorp-
tion coefficients for X-rays of energy e in fibroglandular
and adipose tissues (subscripts g and a, respectively).5

2.6 Dosimetric evaluation of the
internal heterogeneous tissue distribution

The heterogeneous distribution of fibroglandular tissue
used to represent the inner breast tissue in the proposed
phantoms was compared, from a dosimetric perspec-
tive, to patient-based compressed breast phantoms
that include the actual distribution of the fibroglandu-
lar tissue in the breast. The dose estimates resulting
from the proposed phantoms were also compared to
those obtained using the homogeneous distribution now
commonly used in breast dosimetry.

The patient-based phantoms were the same 88
phantoms described in Section 2.2, obtained by seg-
menting as many breast CT patient images into skin,
fibroglandular, and adipose tissue, which were then
mechanically compressed along both the CC- and the
MLO-view directions. The patient-based phantom thick-
nesses ranged between 30 and 82 mm for the CC
view, and 26–80 mm for the MLO view. Voxel size was
0.273 mm per side, and BD, by mass, varied between
2% and 70% (mean 20%, median 15%).

Given that the voxels in these patient phantoms
were labeled as either skin, 100% adipose, or 100%
fibroglandular tissue, BD was calculated as

BD =
ng𝜌g

ng𝜌g + na𝜌a
(4)

where ng and na are the total number of voxels classi-
fied as fibroglandular and adipose tissue, respectively,
and 𝜌g and 𝜌a the corresponding densities (0.93 and
1.04 g/cm3).2

To avoid any bias due to differences in breast shapes
or skin thickness, and thus to provide an objective dosi-
metric evaluation only of the heterogeneous fibroglan-
dular tissue distribution, the shapes of the patient-based

phantoms were used here to generate the correspond-
ing heterogeneous and homogeneous versions. That is,
using the shapes of the 88 breast CT patient phantoms,
another two sets of 88 phantoms each were generated.
For the homogeneous case, the breast tissue voxels in
the shape (i.e., those labeled as either fibroglandular
or adipose tissue) were replaced by voxels containing
a mixture of both materials with the corresponding BD
by mass. For the heterogeneous phantoms, the breast
tissue voxels were filled with adipose/fibroglandular tis-
sue mixture according to the distributions described in
Section 2.2, until reaching the corresponding BD. An
example of these patient-based, heterogeneous and
homogeneous phantoms used in the MC simulations
are shown in Figure 8.

To increase the generalizability of the results, these
heterogeneous phantoms were not generated from the
exact density distributions reported in Ref. [23] and
described in Section 2.2. Instead, the evaluation was
performed using five fold cross-validation.Therefore, the
88 patient-based phantoms were randomly divided into
five folds, the fibroglandular tissue distributions recalcu-
lated from four folds, and then used to fill the phantom
shapes in the remaining fold.The process was repeated
five times to cover all folds, resulting in the generation of
the 88 heterogeneous phantoms.

The three derived groups of phantoms (patient-based,
heterogeneous, and homogeneous, Figure 8), each
composed of 176 cases (88 CC, 88 MLO), were used
in MC simulations to estimate the normalized mean
glandular dose (DgN), which was estimated with the
same MC simulation code used for the pectoral muscle
sensitivity analysis described in the previous section.

For the segmented patient phantoms, which present
discretized voxel values for the inner breast tis-
sue (either 100% adipose, or 100% fibroglandular),
the DgNPatient was calculated from the total energy
deposited in the fibroglandular tissue voxels, and nor-
malized by the incident air kerma (AK) following the
equation:

Dg NPatient =

∑
i Edep

ng𝜌gV
⋅

1
AK

(5)

AK =
∑

e
Φee

(
𝜇en (e)
𝜌

)
air

(6)

where Edep is the energy deposited in all the fibroglan-
dular voxels, ng the total number of fibroglandular tissue
voxels, 𝜌g the fibroglandular tissue density, V the voxel
volume (0.273 mm × 0.273 mm × 0.273 mm for the
patient-based breast CT phantoms), Φe the fluence for
X-ray photon energy e, and (𝜇en(e)∕𝜌) the mass energy
absorption coefficients. The incident AK was calculated
within a 3 cm × 3 cm surface placed in contact with the
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F IGURE 8 Examples of phantoms (central slice) used in the Monte Carlo (MC) simulations to estimate the DgN values for (a)
patient-based, (b) heterogeneous, and (c) homogeneous phantoms. All three examples contain the same overall glandular fraction (17%).

phantom, 6 cm from the chest wall, laterally centered,
with the compression paddle in place.

On the other hand, as each voxel in the heteroge-
neous and homogeneous phantoms is a mixture of
adipose and fibroglandular tissue represented by a glan-
dularity gi, the respective DgNHetero, and DgNHomo were
calculated as done in the pectoral muscle sensitivity
analysis, and normalizing by AK:

Dg NHetero∕Homo =

∑
i
∑

j Edep
i,j Gi

(
gi,e

)
∑

i
Vgi

gi
𝜌g

+
(1 − gi )
𝜌a

⋅
1

AK
(7)

For all simulations described in this section, the
exposure settings were selected based on those
set by the automatic exposure control of a clinical
digital mammography system (Siemens Mammo-
mat Inspiration, Forchheim, Germany) obtained
from mammograms of real patients, with com-
pressed thicknesses matching those of the phantoms
used.

3 RESULTS

The actual thicknesses for all breast shapes generated
for this study, together with breast volume and largest
cross-sectional area, are reported in Table 1.

Using the developed methodology, compressed
breast phantoms for the CC and MLO views can be
generated for multiple breast thicknesses, and any
value of overall glandular fraction and maximum pec-
toral muscle thickness. As an example, Figure 9 shows
eight different phantoms (four CC, top row, and four
MLO, bottom row) generated for four compressed
breast thicknesses, and two overall glandular fractions.
As can be seen, the fibroglandular tissue is distributed
heterogeneously within the breast according to the
patient-based density model of23 briefly described in
Section 2.2, and its amount in different breast regions
depends on the overall desired glandular fraction.

3.1 Pectoral muscle thickness
sensitivity analysis

Figure 10 presents the mean glandular dose (Dg)
obtained in the MC simulations for phantoms with differ-
ent thicknesses and glandularities as a function of the
maximum thickness of the pectoral muscle in the phan-
tom. In all cases, the relative variation was less than 1%.
As expected, Dg depends strongly on the compressed
breast thickness, and on the BD to a smaller degree.
However, it is almost completely insensitive to the thick-
ness profile of the muscle. Specifically, for all conditions
evaluated, the average coefficient of variation (COV)
was 0.48% (min: 0.28%; max: 0.77%).
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F IGURE 9 Central slices through eight different examples of cranio-caudal (CC) (top row) and medio-lateral-oblique (MLO) phantoms
(bottom row) generated for four compressed breast thicknesses (T), and two overall glandular fractions (GF)

F IGURE 10 Dg as a function of the pectoral muscle thickness
(defined as the percentage of the thickest portion of the muscle
relative to the total breast tissue thickness) in the phantom for
different configurations of breast thickness (in mm)/glandularity (in
%)

Figure 11 shows the relative deviations of Dg from
their respective mean values as a function of the rel-
ative pectoral muscle thickness. For most breasts, the
relative deviations cross zero when the pectoral mus-
cle thickness is 45%–65% of the total breast thickness
(horizontal axis in Figure 11). The results for each
breast thickness and glandularity were fit to a quadratic
(R2 > 0.82), also shown in the figure, and the mean val-

ues of the corresponding polynomial roots were found
to be 8% and 58%. Therefore, if the pectoral muscle to
total breast tissue thickness ratio was set to 58%, the
MLO model would result in a relative deviation in Dg of
less than 0.5% for breasts with any other pectoral mus-
cle thickness. Therefore, this pectoral muscle thickness
is the one used in the rest of the study.

3.2 Dosimetric evaluation of the
internal heterogeneous tissue distribution

When the average DgN for the heterogeneous fibrog-
landular tissue distribution was compared to that of
the phantoms with actual patient-based tissue distri-
bution, similar results were found, and both were, on
average, over 30% lower than the DgN estimated with
the homogeneous models. As shown in Figure 12 (top
row), in the CC view the homogeneous model overes-
timated the DgNPatient by a mean factor of 1.43 (range:
0.79–1.90, Wilcoxon signed rank test p < 0.0001),
whereas the heterogeneous model underestimated the
DgNPatient by a mean factor of 0.95 (range: 0.45–1.29,
Wilcoxon signed rank test p= 0.0004).For the MLO view,
Figure 12 (bottom row) shows that the homogeneous
model overestimated the DgNPatient by a mean factor
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F IGURE 11 Normalized deviation of the Dg as a function of the maximum thickness of pectoral muscle (defined as the percentage of the
total breast thickness occupied by the pectoral muscle at its thickest section) included in the phantom for different configurations of breast
thickness and glandularity. The smooth curves are the quadratic fits for each normalized deviation of the Dg as a function of the pectoral muscle
thickness.

F IGURE 12 Top row: (a) comparison of the estimated DgN values for the homogeneous and heterogeneous models to the corresponding
DgN of the patient-based breast computed tomography (CT) phantoms for the cranio-caudal (CC) view, (b) box–whisker plot of the DgN ratios
of the homogeneous and heterogeneous model to patient DgN for the CC view. Bottom row: (c) comparison of the estimated DgN values for the
homogeneous and heterogeneous model to the corresponding DgN of the patient-based breast CT phantoms for the medio-lateral-oblique
(MLO) view; (d) box–whisker plot of the DgN ratios of the homogeneous and heterogeneous model to patient DgN for the MLO view

of 1.32 (range: 0.79–1.71, Wilcoxon signed rank test
p < 0.0001), whereas the heterogeneous model under-
estimated the DgNPatient by a mean factor of 0.96 (range:
0.56–1.19, Wilcoxon signed rank test p = 0.0004).

3.3 Developed phantoms

A set of phantoms representing the most common glan-
dular fraction values17 in patient breasts was generated.
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These phantoms were generated for 13 different breast
thicknesses (Table 1),each with 6 overall glandular frac-
tions (1%, and then 10%–50% with 10% steps), with
the breast compressed for both the CC and MLO views.
This results in a total of 78 phantoms per view, cover-
ing a wide range of breast densities and thicknesses.
Each voxel in the phantoms has isotropic dimensions
of 0.5 mm and is labeled with a numerical integer
value that represents a different component: fibrog-
landular tissue percentage concentration (0–100), air
(101), skin (102), and, for the MLO case, pectoral mus-
cle (103). These phantoms will be made available upon
reasonable request.

4 DISCUSSION

In this study, we described a methodology to gener-
ate heterogeneous breast phantoms for dosimetry in
mammography and DBT. These phantoms were devel-
oped from realistic breast shapes compressed along
both the CC and MLO views and were filled with
adipose/fibroglandular tissue mixtures according to a
patient-based model of the breast parenchyma in com-
pressed breasts. With the developed methodology, het-
erogeneous breast phantoms of different thicknesses
can be generated for any desired overall glandular frac-
tion and, for the MLO case, thickness of the pectoral
muscle.

When validating these phantoms from a dosimet-
ric perspective, they showed high agreement with the
patient-based phantoms containing the actual distribu-
tion of the fibroglandular tissue in the breast as seen
in compressed breast CT images, for both the CC and
MLO views. This suggests, therefore, their adequacy
for use in dosimetric simulations in mammography and
DBT. It should be noted that adequate model dosimetry
phantoms are those that can be used to represent the
population of patient breasts of equal breast thickness
and density. Therefore, the dose to the model phantoms
should approximate the average of the patient popula-
tion dose,but it cannot equate to each specific individual
patient dose.Given the strong influence that the location
of the fibroglandular tissue in the breast has in the dose,
it would be impossible for a single breast model to repli-
cate the individual dose received by patient breasts. As
a result, the aim of a model dosimetry phantom is for the
median or mean of the ratio between model and patient
breasts to be close to unity, not for the spread of this
ratio to be minimized.

The more accurate dose estimates obtained with the
developed heterogeneous phantoms could correct for
the overestimation of dose provided by the currently
used homogeneous model (∼30%–40%). However, it
should be noted that this reduction in dose does not
necessarily imply that the dose-induced risk is reduced
by the same amount. Therefore, current risk models in
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breast dosimetry may also need to be updated, to bet-
ter reflect the improved, more realistic dosimetric results
obtained.

When performing the MC simulations to validate
the heterogeneous distribution of the proposed phan-
toms, the shapes of the patient-based compressed
breast CT phantoms were used, as opposed to the
shapes derived from mammograms described in Sec-
tion 2.1. This choice was made to assess the similarity
of the proposed heterogeneous distribution with the
patient phantoms and with the corresponding homo-
geneous models, without introducing any other source
of potential bias, such as the external breast shape. In
other words, for these MC simulations, only the inter-
nal breast tissue distribution changed between the three
groups of phantoms (heterogeneous, patient-based,
and homogeneous), allowing for the objective validation
of the proposed heterogeneous fibroglandular tissue
distribution.

Using MC simulations, the mean glandular dose was
observed to be only slightly sensitive to the pectoral
muscle thickness profile, as in all cases COV values
of less than 1% were obtained. These low COV val-
ues can be explained by the symmetrical position of the
pectoral muscle within the phantom, as the decrease in
the energy deposited seems to be closely compensated
by the decrease in fibroglandular tissue mass. We con-
cluded that an appropriate model value for the thickest
portion of the muscle in an “average breast”under com-
pression in the MLO view is equal to 58%. This value
was determined considering the geometry defined for
the muscle, and the fact that the pectoral muscle prob-
ably occupies the majority of the breast tissue space, in
general, at the cranial end of the image.

It should be noted that, for the pectoral muscle
thickness sensitivity analysis, only three shapes with
representative compressed thicknesses spanning the
range of breast thicknesses usually encountered clini-
cally were used (27,56,and 85 mm).Although additional
compressed breast thicknesses might be evaluated in
the future, we do not expect relevant changes in the
results obtained, as in all cases the relative variation
introduced by different pectoral muscle thicknesses was
less than 1%.

The heterogeneous phantoms reported herein were
validated both in terms of internal tissue distribution,and
of pectoral muscle thickness for the MLO case. Consid-
ering the good average agreement with patient data,and
the negligible effect of the pectoral muscle thickness
on the mean glandular dose, the proposed phantoms
hold the potential to improve radiation dose estimates
in mammography and DBT.

Although the appropriateness of the new heteroge-
neous phantom was evaluated only with X-ray spectra
that corresponded to those that would be used clini-
cally for each breast thickness, the results found here
could be expected to generalize to mismatches between

compressed breast thickness and X-ray spectrum. This
is because if the spectrum used were too soft for the
breast thickness, the falling dose profile from top to
bottom of the breast would be further accentuated,
increasing the dose overestimation by the homoge-
neous model even further and faster than that for the
heterogeneous model. If the X-ray spectrum were too
hard, then both models would converge to the real
patient dose in the limit of when the dose distribution
were perfectly uniform.

The limitations of the developed phantoms are mainly
related to the fibroglandular tissue model, which might
be improved through the refinement of the mechanical
compression simulation (as detailed in Ref. [23]), and
to the compressed binary breast shapes, whose real-
ism may be further improved through the acquisition and
analysis of additional cases.Another limitation is having
assumed that the pectoral muscle is symmetrical about
the breast thickness centerline. However, given the lack
of information on the vertical position of the muscle on a
per-acquisition basis, it would be impossible to select the
correct model to use for any given breast image acquisi-
tion.In other words,we will only have enough information
during breast dosimetry calculations to use one single
muscle model.

The validations performed present the limitation of
having used a single geometric system definition for all
MC simulations.However,the relatively small differences
in the geometry of all the currently available commer-
cial systems will most likely not contribute to generating
significant differences in our results. Finally, all simula-
tions were performed with the X-ray source positioned
for mammography (equivalent to also 0◦ DBT projec-
tion), but given the already low effect found, any further
differences due to nonzero DBT angles are expected to
be even smaller.38

Future work may include the enlargement of the
breast CT phantom dataset used to generate the
fibroglandular tissue model, the improvement of the
compression simulation algorithm, and the investigation
of additional methods to replicate the tissue model in
the presented heterogeneous phantoms (e.g., through
expectation-maximization methods that directly recon-
struct the 3D joint probability of the fibroglandular
tissue).

5 CONCLUSIONS

Digital phantoms of compressed breasts undergoing
mammography and DBT imaging, for both CC and MLO
views, were developed reflecting the average hetero-
geneous distribution of the fibroglandular tissue that
is found in the compressed patient breast. The phan-
toms, thanks to their improved realism, achieved more
accurate mean dose estimates compared to the cur-
rently used homogeneous BD model, showing good
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average agreement with patient-based data. Therefore,
they can be used to improve radiation dose estimates in
mammography and DBT.
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