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Purpose: Due to its capability to more accurately detect deep lesions inside the breast by removing
the effect of overlying anatomy, digital breast tomosynthesis (DBT) has the potential to replace the
standard mammography technique in clinical screening exams. However, the European Guidelines for
DBT dosimetry are still a work in progress and there are little data available on organ doses other than
to the breast. It is, therefore, of great importance to assess the dosimetric performance of DBT with
respect to the one obtained with standard digital mammography (DM) systems. The aim of this work
is twofold: (i) to study the dosimetric properties of a combined DBT/DM system (MAMMOMAT
Inspiration Siemens®) for a tungsten/rhodium (W/Rh) anode/filter combination and (ii) to evaluate
organs doses during a DBT examination.
Methods: For the first task, measurements were performed in manual and automatic exposure control
(AEC) modes, using two homogeneous breast phantoms: a PMMA slab phantom and a 4 cm thick
breast-shaped rigid phantom, with 50% of glandular tissue in its composition. Monte Carlo (MC)
simulations were performed using Monte Carlo N-Particle eXtended v.2.7.0. A MC model was
implemented to mimic DM and DBT acquisitions for a wide range of x-ray spectra (24–34 kV). This
was used to calculate mean glandular dose (MGD) and to compute series of backscatter factors (BSFs)
that could be inserted into the DBT dosimetric formalism proposed by Dance et al. Regarding the
second aim of the study, the implemented MC model of the clinical equipment, together with a female
voxel phantom (“Laura”), was used to calculate organ doses considering a typical DBT acquisition.
Results were compared with a standard two-view mammography craniocaudal (CC) acquisition.
Results: Considering the AEC mode, the acquisition of a single CC view results in a MGD ranging
from 0.53±0.07 mGy to 2.41±0.31 mGy in DM mode and from 0.77±0.11 mGy to 2.28±0.32
mGy in DBT mode. Regarding the BSF, the results achieved may lead to a MGD correction of about
6%, contributing to the improvement of the current guidelines used in these applications. Finally,
considering the MC results obtained for the organ dose study, the radiation doses found for the tissues
of the body other than the breast were in the range of tens of µSv, and are in part comparable to the
ones obtained in standard DM. Nevertheless, in a single DBT examination, some organs (such as lung
and thyroid) receive higher doses (of about 9% and 21%, respectively) with respect to the CC DM
acquisition.
Conclusions: Taking into account an average breast with a thickness of 4.5 cm, the MGDs for DM
and DBT acquisitions were below the achievable value (2.0 mGy) defined by the European protocol.
Additionally, in the case of a fusion imaging study (DM+DBT), the MGD for a 4.5 cm thick breast
is of the order of 1.88±0.36 mGy. Finally, organ dose evaluations underline the need to improve
awareness concerning dose estimation of DBT exams for some organs, especially when radiation
risk is assessed by using the effective dose. C 2015 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4921362]

Key words: breast tomosynthesis, Monte Carlo simulations, breast dosimetry, backscatter factors,
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1. INTRODUCTION

Breast cancer is the primary cause of cancer death among
women in developing countries, accounting for more than 1
×106 new cancer cases and more than 450 000 deaths annu-
ally.1 Digital mammography (DM) has been demonstrated to
be the most effective imaging modality in breast cancer detec-
tion, being widely used in screening programs. Nevertheless,
the detection of breast lesions using this technique is limited by
the obscuring effect of overlapping breast tissue, produced by
the projection of a three-dimensional (3D) object (the tumor
mass) onto a plane.2–4 The superposition of normal tissue
reduces the capability of detecting cancers and consequently
the sensitivity of mammography, particularly in woman with
radiographically dense breasts.5 It can also create image
artifacts in a mammogram, which increase false-positive rate
and reduce the specificity of DM.

To overcome these limitations, digital breast tomosynthesis
(DBT) is an emerging and promising 3D modality for
breast imaging, which involves the acquisition of low dose
projections by rotating an x-ray tube around the stationary
compressed breast in a limited angular range.6,7 Using specific
algorithms, these projections are reconstructed into slices
parallel to the image detector, which can be displayed
individually.4,8 The clinical use of DBT in the USA has already
been approved by the Food and Drug Administration (FDA)
for Hologic® Selenia Dimensions and GE Healthcare® Seno-
Claire systems. The applicability of breast tomosynthesis
for screening purposes is still under investigation, but some
prospective studies9,10 show the potential benefits of adding
DBT to DM in breast cancer screening.

Screening of the healthy female population implies a
comprehensive understanding of some dosimetric aspects
related to breast imaging technologies. In this field, the
radiation dose in the glandular tissue is one of the major
concerns, since it is the tissue at risk of cancer development.
To this end, the mean glandular dose (MGD) has been
used as the dosimetric quantity for dose estimation in breast
dosimetry.4,6 It has been argued that DBT involves cancer
risks that are one to two times higher than digital or screening-
film mammography. This assessment was performed through
cohort studies of the Biologic Effects of Ionizing Radiation
(BEIR) VII Group, where specific sex and age criteria were
taken into account for the assessment of cancer risk.11

Monte Carlo (MC) modeling and simulations play a
fundamental role in dose assessment and optimization of
exposure settings both in mammography12,13 and DBT.14–17

Regarding breast tomosynthesis dosimetry protocols, the
AAPM Task Group 223 report18 discusses a methodology
to estimate the MGD from a tomosynthesis acquisition. For
the European Guidelines, the available EUREF dosimetric
protocol for DBT (Ref. 19) is still in development and acts
as an extension of the UK, European, and IAEA standard
protocols for conventional mammography. This methodology
introduces the “tomo” factors, t-factors (t), and T-factors (T)
for the calculation of the breast dose for a single projection
and for a complete exposure series, respectively. Note that
this formalism only takes into account the incident free in

air kerma (Kair) at the surface of the breast, measured in
the 0◦ position, without the backscattered radiation from the
breast. Another dosimetric quantity used (both in DM and
DBT) is the entrance surface dose (ESD) which refers to the
absorbed dose in air, with the contribution of backscattered
radiation from the phantom at a point on the surface of
the phantom or female breast. When ESD measurements
are performed for patients or for a test phantom simulating
the breast using, for example, thermoluminescent dosimeters
(TLD), the backscatter properties of the phantom material
become important.20

Currently available data for the dose received from a DBT
exam by nonbreast tissue are limited. To our knowledge, only
one study has been published on the organ radiation doses
from a mammographic procedure, using MC simulations and
a female mathematical phantom (Cristy).21 Determination of
the organ doses during a DBT acquisition will allow collection
of information for epidemiologic studies of radiation-related
diseases and the assessment of the radiological risk involved
with DBT. Additionally, these data for organ doses will
contribute to the safety assessment of DBT examinations
performed during pregnancy.21

This study aims to characterize the dosimetric performance
of a clinical DBT system, using a W/Rh target/filter combina-
tion, and at assessing organ doses during a DBT examination.
In order to understand the magnitude of the backscattered
radiation in a 3D breast imaging modality, the calculation of
the backscattering factors (BSF)22 in DBT and DM mode was
performed. To the best of our knowledge, no BSF values have
previously been reported in the literature for a DBT acquisition
mode with the option of W/Rh target/filter combination.

To reach the aforementioned objectives, a set of dose
measurements were performed with a dual imaging DBT/DM
acquisition system in a Portuguese hospital. Additionally, MC
calculations were performed, mimicking the DBT acquisition
process, for different voltages (in the range between 24 and
34 kVp, in 2 kVp steps), considering the W/Rh target/filter
combination and different breast thicknesses (2, 4, 6, and
8 cm). The developed MC tool was used together with the
female voxel phantom “Laura” to perform a detailed study of
the organ doses in DBT.

2. METHODS AND MATERIALS

For the dose measurements, the MAMMOMAT Inspiration
system (Siemens®)23 available in Hospital da Luz, Lisbon,
Portugal was used. This equipment has a dual imaging
functionality, since it performs both DBT and DM image
acquisitions, allowing direct dose comparisons between both
breast imaging techniques. The target/filter combinations
available for DM examinations are Mo/Mo and W/Rh, while
for DBT examinations, only the second combination is acces-
sible. For this reason, the dosimetric comparisons between
DM and DBT presented in this study were only performed
taking into account the W/Rh target/filter combination. Also,
in digital systems, this combination offers better performances
in terms of image quality at a lower dose. Several studies13,24
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T I. Summary of the characteristics of the Siemens MAMMOMAT
Inspiration system (adapted from Ref. 4).

Siemens MAMMOMAT inspiration system

Detector type Full field-direct (a-Se)
Detector size (cm) 24×30
Detector motion Static
X-ray tube target W
X-ray tube filtration 0.05 mm Rh
X-ray tube motion Continuous
Angular range (deg) 50
Number of projections 25
Source to detector distance (cm) 65.5
Development stage Commercial system

have pointed out that, when studying digital systems with
Selenium detectors, the W/Rh anode/filter combination maxi-
mizes the figure of merits (FOMs) for contrast-to-noise
ratio (CNR) generally used in mammographic optimization
studies (i.e., CNR2/MGD). The characteristics of the breast
tomosynthesis clinical system used are shown in Table I.

Measurements were undertaken for two different acquisi-
tion modalities: manual mode, which allows for the selection
of the tube voltage and the current-exposure time product
(mAs), and automatic exposure control (AEC) mode, which
enables voltage selection ensuring the optimal exposure of the
image detector and compensating for the breast thickness and
composition.

2.A. Air kerma measurements with ionizing chamber

To perform the measurements, a SFD mammographic
ionization chamber (IC) (type 34069, PTW-Freiburg®) was
used. The IC has a sensitive volume of 6 cm3 and was
previously calibrated with an associated uncertainty of 5%.
To measure the ESD, the IC was placed above a 4 cm thick
breast-shaped rigid phantom (MTM 100/100R, CIRS®), with
a homogeneous composition of 50% glandular/50% adipose
tissue, coated with a 5 mm layer of 100% adipose tissue. The
following parameters for the clinical equipment were selected
for MC validation purposes: W/Rh anode/filter combination,
100 mAs, and a range of tube voltages between 24 and 34 kVp,
in 2 kVp steps. To obtain the results for Kair, the same set of

measurements was repeated without the phantom between the
compression plate and the detector, maintaining the IC at the
same height.

For the AEC measurements, a mammographic phototimer
consistency phantom (model 159A, GAMMEX®) was used.
This is composed by seven PMMA slabs with different
thicknesses: 2, 4, 6, and 7 cm.

2.B. Monte Carlo simulations

The state-of-the-art Monte Carlo N-Particle eXtended
(X) program version 2.7.0 (Ref. 25) was used for
photon and electron transport simulation, and a DM/DBT
computational model was implemented to perform dose
calculations for the determination of both MGD and BSF. In
order to compute the organ doses from a DBT examination,
a representation of the human body, based on the female
reference voxel phantom Laura, was used in the simulations.

The F6 tally in X represents the energy deposition
over a defined volume (in X called “cell”) and can be
employed in situations in which charged particle equilibrium
(CPE) is valid. Since the energy range of the x-ray photons is
relatively low in diagnostic and the tally volume considered in
the present work is large with respect to the electron range,25

it can be assumed that the condition of CPE is satisfied in the
breast tissue. Hence, the absorbed dose is equal to the collision
kerma and the energy locally transferred to the electrons is
absorbed at the interaction site. Therefore, only the photon
physics mode of the MC code was used25 and F6 tallies were
adopted to perform all the dose calculations mentioned in the
present study.

2.B.1. Geometrical model

The simplified geometrical model implemented inX is
shown in Fig. 1, mimicking the experimental setup adopted for
the IC measurements. Considering the different distributions
of glandular tissue in female breasts, an average breast is
defined as being 4–5 cm thick, with an outer skin layer of
0.5 cm, and an interior composed of a homogeneous mixture
of 50% adipose and 50% glandular tissue, where the MGD
is estimated.4,26,27 The phantom of the compressed breast was
modeled as a semicircular cylinder with 8.75 cm radius,28 at

F. 1. Representation of the experimental setup used during the IC measurements (A) and the geometry adopted for the X simulations, in top and profile
views (B).
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four different thicknesses: 2, 4, 6, and 8 cm. The composition
of the phantom was defined as a homogeneous mixture of 50%
glandular and 50% adipose tissue, surrounded by a 5 mm layer
of adipose tissue.29 The IC was modeled as a cylinder with
2 cm radius and 1 cm height, with a sensitive volume of 6 cm3

of air.
The MC model included an x-ray isotropic point source, as

an approximation of the focal spot of the x-ray tube, which was
collimated into a cone to ensure the emission in the direction
of the detector. The source-to-image distance (SID) was set
at 65 cm, for the 0◦ DBT projection. Each simulated DBT
examination consisted of a set of 25 projections, over an
angular range from −24◦ to +24◦, in 2◦ steps. A wide range
of polychromatic x-ray spectra was considered, between 24
and 34 kVp, in 2 kVp steps for a W target and a filter with
0.05 mm of Rh. The spectral data used as input source were
obtained through the simulation tool developed by Boone and
Seibert,30 which generates x-ray spectra typically used for
applications in diagnostic radiology and mammography. In
these catalogues, the uncertainty in photon fluence, and spatial
and energy distribution, is expected to be 10%–15%.31 For all
the simulations, 5×108 particle histories were run, leading to
a statistical uncertainty of about 2% in the results.

2.B.2. Voxel phantom for organ dose assessment
in DBT

To assess the organ doses during a DBT acquisition
[in a craniocaudal (CC) view], MC simulations including
the female voxel computational phantom Laura were used.
Mathematical phantoms describe internal organs shapes and
the outer body contour using surface equations. These have
limitations in their ability to describe complex 3D shapes. In
contrast, voxel phantoms are based on segmented images from
CT or magnetic resonance imaging (MRI), providing a more
realistic replication of human anatomy.32

Laura was developed by GSF-National Research Center
for Environment and Health (Germany) and was constructed
from a whole body CT scan of a 43 yr old female patient
of 167 cm height and 59 kg weight (ICRP reference values:
163 cm and 60 kg). The voxel size is 5 mm height with
an in-plane resolution of 1.875 mm, which corresponds to a
voxel volume of 17.6 mm3.33 The organs that were taken into
account during a general DBT/DM examination are reported
in Table II.

This type of voxel phantom is created when the individuals
are in a supine posture, so some difference in organ shape and
position can be envisaged.34 For this reason, in Laura’s voxel
phantom implementation, some geometric modifications were
made. The head of the phantom was removed, since it was
inside the primary x-ray field, which does not happen during a
real DBT acquisition. In addition, the MC simulation included
a breast compression plate, a breast support plate, and the
image detector, whose material composition is shown in
Table III.29 The geometry implemented can be seen in Fig. 2.

It is generally assumed that the MGD delivered during
DBT is approximately the same of a one-view standard DM
acquisition19 which, according to the European guidelines for

T II. Organs and masses that were considered for the radiation organ
dose calculations.

Organ phantom Mass (g)

Breast 502.00
Ovaries 11.30
Liver 1334.00
Thyroid 24.75
Uterus 82.50
Left lung 305.80
Right lung 375.78
Left kidney 172.31
Right kidney 108.14

quality assurance in breast cancer screening, is 2.0 mGy,35

given an average breast thickness of 4.5 cm. As such, the
dose to each organ from a complete DBT examination was
calculated considering a fixed MGD value of 2.0 mGy for the
female breast.

2.C. Dosimetric formalism in DM and DBT

In this work, the dosimetric formulation related to the
European Guidelines for quality assurance in breast cancer
screening35 was considered, both for DM and DBT. The MGD
for a DM examination (MGDDM) is determined using the
following expression:

MGDDM=K ×g×c× s, (1)

where g and c are conversion factors related with the
glandularity of the breast and the s-factor is related to the
x-ray spectra. These multiplicative factors are tabulated in
the extensive work by Dance et al.14,28,36 K is the incident
air kerma, measured at the upper surface of the phantom or
female breast without the backscatter effect.

In DBT, the MGD is the sum of the doses received
from individual projections.19 As an extension of the existing
standard protocols, the DBT dosimetric formalism14

MGD(θ)DBT=K ×g×c× s× t (θ) (2)

gives the MGD(θ)DBT for the projection at angle θ and t (θ)
is the tomofactor at this angle. K is the incident air kerma,
measured at the upper surface of the phantom at 0◦ projection
(x-ray vertical above the breast), without the backscatter
effect, and for the current-time product (mAs) applied at
projection θ. The t-factor t (θ) is calculated using

T III. Material composition and densities of the breast compression
plate, breast support plate, and the image detector of the model implemented
with X.

Structure Material Density (g/cm3)

Compression plate PMMA 1.2
Breast support plate Carbon 1.7
Image detector Selenium 4.5

Medical Physics, Vol. 42, No. 7, July 2015
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F. 2. Voxel phantom setup without head is shown. This configuration was used to calculate the doses for all the organs reported in Table II. The compression
paddle, breast support, and image detector were also simulated.

t (θ)= MGD(θ)
MGD(0) , (3)

where the MGD(0) at 0◦ is the same as the one for
mammography using the same tube loading and energy
spectrum, so at this projection, t (θ) is 1.14,19

In a complete DBT examination,14,19 the MGDDBT is
determined using

MGDDBT=KT ×g×c× s×T, (4)

where KT is the incident air kerma measured at 0◦ but for the
total tube loading for the complete exam. T is the T-factor14,19

for the complete exam and is given by

T =

i

αit (θi). (5)

The summation in Eq. (5) is over all the projections for the
examination and αi refers to the fraction of the total mAs for
the different projections. In the case of the same tube loading
for each projection, T is calculated using the expression

T =
1
N


i

t (θi), (6)

where N is the number of projections.
MGD can be determined from KT or from ESD, measured

with an IC. In this last case, a correction factor 1/BSF should
be applied in order to remove the backscatter effect. BSF was
calculated for each x-ray spectrum and for both DM and DBT
acquisition modes, according to the following expression:

BSF=
ESD
Kair

, (7)

where ESD and Kair (air kerma free in air) were obtained
with X simulations with and without the breast phantom,
respectively. In this way, whenever it is not possible to obtain
Kair,22 for a DM examination, the MGDDM is given by

MGDDM=ESD×g×c× s× 1
BSF

. (8)

For a complete DBT acquisition, a total BSF (BSFT) was
determined and the MGDDBT is calculated by

MGDDBT=ESDT ×g×c× s×T × 1
BSFT

, (9)

where BSFT is the sum of the BSF obtained in each of the 25
projections and ESDT is the ESD for a complete examination
measured at the upper surface of the phantom.

For the estimation of the MGD with MC calculations in
DM and DBT, Eqs. (1) and (4), respectively, were used. In the
DBT case, the air kerma K was computed by modeling the IC,
without the breast phantom and for each angular projection.
As such, KT in Eq. (4) results from the sum of the 25 projection
views. Moreover, the T-factors, for each spectrum and breast
thickness evaluated, were obtained by X calculations as
ratio of absorbed doses within the adipose-glandular mixture
breast tissue and used for the MGDDBT calculations. For the
remaining multiplicative parameters (g, c, and s factors) used
in Eqs. (1) and (4), the tabulated values of Dance et al. were
used.14,28,36

3. RESULTS
3.A. MC model validation

Measurements were performed by placing the IC at the
center of the breast phantom and the entire system (breast
phantom, IC, and x-ray focusing tube) was aligned to the
0◦ projection angle. The same alignment was implemented in
the MC model used for calculations.

The ESD and Kair measurements, as well as the simulated
results for DBT acquisition, are displayed in Table IV, for
all the tube voltages considered in this part of the study. For
ESD, taking into account both measurements and simulations,
the smallest difference was achieved for 24 kVp (1.60%
difference), while the highest discrepancy was registered for
28 kVp (2.65% difference). Regarding the Kair results obtained
from free in air measurements and from X calculations,
the higher difference was verified for 32 kVp (4.65%

Medical Physics, Vol. 42, No. 7, July 2015
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T IV. Comparison between the ESD and Kair measurements performed without the breast phantom and the X simulation results in DBT mode. The
current-exposure time product selected in all cases was 100 mAs. The uncertainty related to measurements is 5% and to the MC simulations is 2%.

Tube voltage (kVp)
ESDmeasured

(mGy)
ESDsimulated

(mGy)
Relative difference

(%)
Kair-measured

(mGy)
Kair-simulated

(mGy) Relative difference (%)

24 2.140 ± 0.107 2.174 ± 0.043 −1.574 2.120 ± 0.106 2.041 ± 0.041 3.703
26 2.190 ± 0.146 2.983 ± 0.060 −2.504 2.890 ± 0.145 2.786 ± 0.056 3.582
28 3.630 ± 0.182 3.726 ± 0.075 −2.647 3.600 ± 0.180 3.478 ± 0.070 3.394
30 4.345 ± 0.217 4.436 ± 0.089 −2.103 4.295 ± 0.215 4.122 ± 0.082 4.019
32 5.050 ± 0.253 5.135 ± 0.103 −1.691 4.990 ± 0.250 4.758 ± 0.095 4.647
34 5.765 ± 0.288 5.907 ± 0.118 −2.468 5.680 ± 0.284 5.473 ± 0.109 3.645

difference) and the lower for 28 kVp (3.40% difference).
The uncertainties associated with the dose measurements are
related to the uncertainty of the mammographic IC (5%), while
the simulation results present a statistical uncertainty of 2%.

Concerning the DM acquisition mode, the ESD and Kair
results obtained from the IC measurements and from the
MC simulations are shown in Table V, for all tube voltages
considered. The smallest relative difference between measured
and simulated ESD results was obtained for 26 kVp (0.07%
difference), whereas the greatest discrepancy was registered
for 30 kVp (1.60% difference). Comparing the experimental
and the simulated Kair values, the smallest relative difference
was achieved for 24 kVp (0.90% difference), while for 30 kVp,
an higher relative difference was observed (3.61%).

A good agreement between the ESD and Kair experimental
values and MC simulation results is achieved, at the level
of 5% (uncertainty associated with the IC). As such, it can
be considered that the implemented computational model
accurately reproduces the clinical DM/DBT system.

3.B. MGD assessment in DBT and DM

The MGDs in the two acquisition modes were assessed
from both measurements and computational results, taking
into account exactly the same exposure parameters and
x-ray spectra mentioned in Sec. 2.A. To calculate the
MGD, the dosimetric formalisms proposed by Dance et al.
were followed, both for DM (Refs. 28 and 36) and DBT
acquisitions,14 as described in Sec. 2.C. The conversion factors
c (c = 1.000) and s [s(W/Rh) = 1.042] were obtained from
the published literature.28,36 The g-factors were determined
at each peak tube voltage (24–34 kVp), considering also the
ones calculated by Dance.36

In this work, the tomo factors were calculated with X
simulations for each peak tube voltage (24–34 kVp) and for the
different breast thicknesses (2, 4, 6, and 8 cm), considering an
angular range between−24◦ and+24◦, in 2◦ increments. Dance
et al. also calculated these values for the dose estimations
in DBT and tabulated t-factors for each breast thickness
and projection angle reported.14 The t-factors published by
Dance et al. were obtained as an average between maximum
and minimum values found for different x-ray spectra. For
this reason, in order to obtain more precise results, the t-
factors were calculated for different spectra, and the results
are presented in Fig. 3. As an example, the results achieved
for a breast thickness of 4 cm show a good agreement with the
ones calculated by Dance et al.,14 especially when considering
projection angles below 10◦–12◦. For wider angles and higher
voltages, the discrepancies with the Dance et al. values are
slightly larger. Similar trends were obtained also for the
remaining thicknesses. The statistical uncertainty associated
with the calculated MC t-factors was of the order of 3% for
all the projections.

Additionally, in Table VI, the T-factors calculated with
X simulations are reported with a statistical uncertainty
of about 3%. These parameters were applied to the DBT
dosimetric formalism described in Eq. (4), in order to obtain
the MGDDBT from both measurements and simulations.

As a first step, the MGDs obtained from measurements,
for the two imaging modalities, were compared, taking into
consideration the different tube voltages (24–34 kVp) and a
breast thickness of 4 cm. All the acquisitions were performed
with the same current-exposure time product (100 mAs).
The absolute uncertainty of the MGDDM measurements was
estimated to be 13%. This value was based on (i) the
inherent uncertainty in the determination of Kair given by the

T V. Comparison between ESD and Kair measurements performed without the breast phantom versus X simulation results in DM mode. The
current-exposure time product selected in all cases was 100 mAs. The uncertainty related to measurements is 5% and to the MC simulations is 2%.

Tube voltage (kVp)
ESDmeasured

(mGy)
ESDsimulated

(mGy)
Relative difference

(%)
Kair-measured

(mGy)
Kair-simulated

(mGy) Relative difference (%)

24 2.388 ± 0.119 2.407 ± 0.046 −0.818 2.278 ± 0.114 2.258 ± 0.044 0.911
26 3.222 ± 0.161 3.219 ± 0.063 0.067 3.065 ± 0.153 3.012 ± 0.061 1.716
28 4.000 ± 0.200 3.940 ± 0.080 1.501 3.797 ± 0.189 3.683 ± 0.077 3.006
30 4.755 ± 0.238 4.680 ± 0.097 1.577 4.512 ± 0.226 4.349 ± 0.093 3.608
32 5.478 ± 0.274 5.438 ± 0.114 0.740 5.205 ± 0.260 5.019 ± 0.109 3.566
34 6.267 ± 0.313 6.342 ± 0.134 −1.200 5.917 ± 0.296 5.843 ± 0.129 1.246
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F. 3. Comparison between the Dance t-factors for a 4 cm thick breast and
the calculated t-factors, from 0◦ to +24◦ for each tube voltage (24–34 kVp).
The obtained t-factors have an associated uncertainty of about 3%.

European protocol on dosimetry in mammography (±12%),37

(ii) uncertainty in the measurement of the Kair using the IC
(±5%), and (iii) the error estimations on the conversion factors
reported by Dance et al.36 Regarding MGDDBT measurements,
an absolute uncertainty of 14% was achieved, based on
the aforementioned uncertainties and the error estimation
associated with the T-factors (±2%). In this way, as shown
in Table VII, for DM mode, the MGD varies from 0.68±0.09
mGy to 2.13±0.28 mGy, whereas for DBT mode, the MGD
ranges from 0.61±0.09 mGy to 1.99±0.28 mGy.

Table VIII shows the MGDDM, calculated through MC
simulations, considering an energy range between 24 and
34 kVp and the four different breast thicknesses. The absolute
uncertainty of MGDDM was estimated to be 10%, due to the
X statistical uncertainty (which in this case was also
±2%), the uncertainty associated to the x-ray spectral data
(±10%) and the error estimations on the conversion factors
reported by Dance et al.36 Regarding this imaging modality,
the MGDDM varies from 0.38±0.04 mGy to 3.31±0.34 mGy
and the results increase with decreasing breast thickness.

Table IX displays the MGDDBT, obtained with MC
calculations, for an energy range between 24 and 34 kVp and
the four different breast thicknesses. The absolute uncertainty
of MGDDBT was estimated to be also 10%. In DBT, the

T VII. Comparison between MGD for mammography and for DBT,
considering the results obtained with measurements, for a breast thickness
of 4 cm and a glandularity of 50%. The uncertainties related to MGDDM and
MGDDBT are 13% and 14%, respectively.

Tube voltage
(kVp)

MGDDM

(mGy)
MGDDBT

(mGy) Difference (%)

24 0.68 ± 0.09 0.61 ± 0.09 10.04
26 0.97 ± 0.13 0.89 ± 0.12 8.72
28 1.25 ± 0.17 1.15 ± 0.16 8.16
30 1.54 ± 0.21 1.42 ± 0.20 7.75
32 1.83 ± 0.24 1.70 ± 0.24 6.97
34 2.13 ± 0.28 1.99 ± 0.28 6.82

maximum MGDDBT calculated was 2.97±0.31 mGy, while
the lower value of MGDDBT was 0.32±0.03 mGy.

3.C. Measurements in AEC

The exposure parameters chosen by the AEC mode for DM
and DBT, together with the respective MGDs, are shown in
Table X. For all cases evaluated, the AEC selected a higher
tube current-exposure time product with increasing PMMA
phantom thickness (whereas the glandularity of the equivalent
breast decreases).

In case of a single DM CC view acquisition, the MGDDM
calculated given the Dance et al. dosimetric formalism36

can range from 0.53± 0.07 mGy to 2.41± 0.31 mGy, for
the assessed equivalent breast thicknesses. Regarding DBT
acquisitions, MGDDBT can vary from 0.77± 0.11 mGy to
2.28±0.32 mGy.

3.D. BSF evaluation

In order to study the backscattered radiation in DM and
DBT, BSFs were calculated through X simulations, and
measured both in DBT and DM mode for a standard breast
of 4 cm thickness, with 50% glandular composition. Table XI
shows the measured and calculated BSF values in DM mode,
obtained for a range of mammographic x-ray spectra for the
four different breast phantom thicknesses. The uncertainties
related to BSFmeasured refer to the uncertainty of the IC, while
the uncertainties of the BSFT computed results refer to the
statistical uncertainty of the MC calculations. As can be

T VI. X calculation of the T -factors for each tube voltage (24–34 kVp) and for the different breast
thicknesses assessed (2, 4, 6, and 8 cm), to be applied at the DBT dosimetric formalism. The obtained T -factors
have an associated statistical uncertainty of about 2%.

Breast thickness (cm)

Tube voltage (kVp) 2 4 6 8

24 0.978 ± 0.028 0.967 ± 0.027 0.961 ± 0.027 0.959 ± 0.027
26 0.979 ± 0.028 0.968 ± 0.027 0.962 ± 0.027 0.961 ± 0.027
28 0.980 ± 0.028 0.969 ± 0.027 0.963 ± 0.027 0.961 ± 0.027
30 0.980 ± 0.028 0.969 ± 0.027 0.964 ± 0.027 0.962 ± 0.027
32 0.981 ± 0.028 0.970 ± 0.027 0.965 ± 0.027 0.963 ± 0.027
34 0.981 ± 0.028 0.971 ± 0.027 0.965 ± 0.027 0.963 ± 0.027
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T VIII. X calculation of the MGDDM, considering a breast thick-
ness of 2, 4, 6, and 8 cm and a breast glandularity of 50%. The uncertainty
for MGDDM results is of about 10%.

Tube voltage Breast thickness (cm)

(kVp) 2 4 6 8

24 1.11 ± 0.11 0.67 ± 0.07 0.50 ± 0.05 0.38 ± 0.04
26 1.54 ± 0.16 0.96 ± 0.10 0.70 ± 0.07 0.54 ± 0.06
28 1.93 ± 0.20 1.22 ± 0.12 0.91 ± 0.09 0.71 ± 0.07
30 2.35 ± 0.24 1.49 ± 0.15 1.10 ± 0.11 0.87 ± 0.09
32 2.79 ± 0.28 1.76 ± 0.18 1.30 ± 0.13 1.04 ± 0.11
34 3.31 ± 0.34 2.11 ± 0.22 1.57 ± 0.16 1.25 ± 0.13

observed, the thickness of the breast seems to have a limited
influence on the BSF computed values, but they appear to
increase with increasing energy spectrum.

In Table XII, the relative difference between the BSFmeasured
and the simulated values for BSF4cm is displayed. The
results obtained for the IC measurements present a small
underestimation with respect to the calculated ones.

Table XIII shows the results of BSFT , for a complete
breast tomosynthesis examination, taking into account the x-
ray spectra generated for the different energies, as well as
the different breast thicknesses. The BSFT -measured calculated
through ESD and Kair measurements is also presented. The
uncertainties associated with BSFT -measured are related to
the uncertainty of the IC, whereas the uncertainties of the
BSFT computed results refer to the statistical uncertainty
of the X simulations. As can be seen in this table, the
backscatter influence is more pronounced when, for each
breast thickness, the tube voltage is increased.

In Table XIV is shown the relative differences between the
BSTT values, obtained through the measurements performed
with the IC, and the BSFT -4cm values calculated with the
X simulations.

3.E. Organ doses in DBT and DM

The radiation doses received by the organs of the voxel
phantom Laura33 were calculated in the MC calculations
considering a W/Rh x-ray spectrum with a voltage of 28 kVp
as a source. The x-ray source was aligned with the center of
the left breast and the X simulations were performed for
an angular range between −24◦ and +24◦.

T IX. X calculation of the MGDDBT, considering a breast thickness
of 2, 4, 6, and 8 cm and a breast glandularity of 50%. The uncertainty for
MGDDBT results is of about 10%.

Tube voltage Breast thickness (cm)

(kVp) 2 4 6 8

24 0.97 ± 0.10 0.59 ± 0.06 0.42 ± 0.04 0.32 ± 0.03
26 1.39 ± 0.14 0.85 ± 0.09 0.62 ± 0.06 0.48 ± 0.05
28 1.78 ± 0.18 1.11 ± 0.12 0.80 ± 0.08 0.63 ± 0.07
30 2.15 ± 0.22 1.35 ± 0.14 0.98 ± 0.10 0.78 ± 0.08
32 2.54 ± 0.26 1.61 ± 0.17 1.17 ± 0.12 0.93 ± 0.10
34 2.97 ± 0.31 1.91 ± 0.20 1.39 ± 0.14 1.11 ± 0.12

In Table XV, the radiation dose received by the organs
from a complete DM examination, performed in CC view,
is displayed. In this case, the simulations were performed
assuming a MGD of 2.0 mGy for the examined breast;
subsequently, the radiation doses for other organs were
calculated relative to this value. The dose received by the
contralateral (CL) breast corresponds to approximately 0.6%
of the glandular dose absorbed by the imaged breast. With
exception of the CL breast, the organs that absorbed the
highest dose levels from DM examinations are the thyroid,
left lung (lung near the imaged breast), and liver. Regarding
the most distant organs (kidneys, ovaries, and uterus), the dose
absorbed is negligible.

In Table XVI, the radiation dose received by the organs
is shown, considering a W/Rh 28 kVp x-ray spectrum and
half DBT acquisition angular range (from 0◦ to +24◦, in
2◦ steps). Here, the simulations were performed assuming
the same total tube loading (in this case divided for each of
the 25 projections) used for the CC DM acquisition previously
described. By increasing the projection angle, the glandular
dose absorbed by the imaged breast is decreased. The highest
dose levels for each projection are received by the thyroid
and the left lung, whose dose increases also with increasing
projection angle.

4. DISCUSSION
4.A. MGD assessment in DBT and DM

Regarding the measurements performed for a breast with
4 cm of thickness and 50% of glandular tissue, the MGDs

T X. AEC setting selection (tube voltage and tube current-exposure time product) and MGD calculation for DM and DBT acquisition modes, considering
a PMMA phantom thickness of 2, 4, 6, and 7 cm. The equivalent breast thickness and the associated glandularity are also presented (Ref. 19). The uncertainties
related to MGDDM and MGDDBT are 13% and 14%, respectively.

DM DBT

PMMA phantom
thickness (cm)

Equivalent breast
thicknesses (cm)

Glandularity of
equivalent breast (%)

Exposure
(mAs)

Tube voltage
(kVp)

MGDDM

(mGy)
Exposure

(mAs)
Tube voltage

(kVp)
MGDDBT

(mGy)

2 2.1 97 56 24 0.53 ± 0.07 71 25 0.77 ± 0.11
4 4.5 41 80 27 0.90 ± 0.12 80 28 0.98 ± 0.14
6 7.5 9 160 28 1.65 ± 0.21 160 30 2.04 ± 0.29
7 9.0 4 220 29 2.41 ± 0.31 180 31 2.28 ± 0.32
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T XI. BSFmeasured, calculated through the IC measurements, and BSF obtained with MC simulations for DM
mode for the following breast thicknesses: 2, 4, 6, and 8 cm.

Tube voltage (kVp) BSFmeasured BSF2cm BSF4cm BSF6cm BSF8cm

24 1.048 ± 0.052 1.062 ± 0.021 1.066 ± 0.021 1.063 ± 0.021 1.068 ± 0.021
26 1.051 ± 0.053 1.064 ± 0.021 1.069 ± 0.021 1.070 ± 0.021 1.071 ± 0.021
28 1.054 ± 0.053 1.065 ± 0.021 1.070 ± 0.021 1.066 ± 0.021 1.068 ± 0.021
30 1.054 ± 0.053 1.075 ± 0.021 1.076 ± 0.021 1.080 ± 0.022 1.075 ± 0.022
32 1.053 ± 0.053 1.077 ± 0.022 1.083 ± 0.021 1.078 ± 0.022 1.079 ± 0.022
34 1.059 ± 0.053 1.081 ± 0.022 1.085 ± 0.021 1.085 ± 0.022 1.084 ± 0.022

obtained for both DM and DBT, displayed in Table VII, show
differences which reach a value of about 10%. This could
be in part explained by considering the difference between
the two acquisition modalities. In fact, as shown in several
studies,14,18 a variation in DBT dosimetric formalism with
respect to the DM one is mainly due to the differences in
the geometry adopted for the acquisition process. This issue
was addressed by introducing the angle-dependent dose t-
factors that take into account the change in the distance
between the tube and the entrance surface of the breast. For
example, as shown in the tabulated t(θ) values published by
Dance et al.,14 for a breast thickness of 4 cm, the MGD
calculated at 25◦ projection decreases by about 10% when
compared to the 0◦ projection, when the same tube loading
is considered. Furthermore (as explained in Sec. 4.C), the
Kair measurements introduce some uncertainty inherent to
the acquisition process (angular dependence of IC and its
calibration factor). Concerning the X results obtained for
the MGDDM and MGDDBT, displayed in Tables VIII and IX,
respectively, when an average breast (4 cm thick with 50%
of glandular tissue) is taken into account, the MGDs ranged
from 0.67±0.07 mGy to 2.11±0.22 mGy for DM and from
0.59±0.06 mGy to 1.91±0.20 mGy for DBT. In this case,
the differences between the two modalities range from 9% to
12%.

The MGD of one view DM acquisition (Tables VIII and IX)
is, on average, greater than the one obtained with DBT for each
voltage setting with the same exposure parameter (100 mAs).
This issue may have some influence on the optimal image
quality evaluation for each detection task. For this reason,
in order to better evaluate the dosimetric performance of the
DBT/DM system, AEC acquisitions for each breast thickness
were also analyzed.

T XII. Relative difference between BSFmeasured and BSF4cm calculated
through X simulations for DM examination mode.

Tube voltage (kVp) Relative difference (%)

24 −1.718
26 −1.713
28 −1.518
30 −2.087
32 −2.849
34 −2.455

4.B. AEC measurements

As reported in Table X, the optimal kVp settings for AEC
DBT acquisitions are higher than for DM. The higher kVp
allows for a lower MGD than would be achievable given the
possibility to decrease the mAs when increasing the kVp.
Thus, the increased kVp in DBT may be possible due to the
tolerance in loss of contrast, allowing for a lower dose and
a higher flux, which results in a lower focal spot motion
blur due to decreased exposure time. However, in DBT,
probably higher energies are needed in order to decrease the
quantum noise in each single projection since in this case,
the total dose results from the contribution of 25 angular
projections. Therefore, in each single projection, the photon
fluence reaching the detector is relatively low, causing an
increased quantum noise. For this reason, an increase of the
tube voltage may be necessary in order to reduce the quantum
noise in each single projection (a high quantum noise may
lead to a noisy image reconstruction) and to reach the optimal
imaging quality for each task considered.

Observing Table X, for an average breast (4.5 cm of
equivalent thickness with 41% of glandular tissue), the MGDs
for DM and DBT acquisitions were 0.90± 0.12 mGy and
0.98± 0.14 mGy, respectively, resulting in a difference of
about 8.9% between the two modalities. For a thicker breast
(9 cm of equivalent thickness), DBT acquisition resulted in
a lower MGD (less 5.4% of radiation dose), when compared
with the MGD calculated for a DM examination.

Feng and Sechopoulos developed an analogous dosimetric
characterization for other clinical DBT equipment, the Ho-
logic Selenia Dimensions.15 For a single CC view DM acqui-
sition, they reported MGD values ranging from 0.31 mGy, for
a 2 cm thick breast, to 5.26 mGy, for an 8 cm thick breast, given
various glandular fractions. Concerning DBT, they calculated
MGDs ranging from 0.76 mGy, for a 2 cm thick breast,
to 3.52 mGy, for an 8 cm thick breast, also for several
glandular fractions. Comparing the Feng and Sechopoulos
results with the values obtained in this work, an agreement
can be observed. The existing variations may be due to the
differences that exist between the two clinical systems, due
to their operation mode (different angular range, number of
projection images, detector movement, and AEC systems).
However, the results from both studies present limitations
regarding the use of homogeneous breast phantoms and a
lack of MGD data from mediolateral oblique (MLO) image
acquisitions.15 Nevertheless, the presented study contributes a
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T XIII. BSFT -measured, calculated through the IC measurements, and BSFT obtained with MC simulations for
a complete DBT examination for the following breast thicknesses: 2, 4, 6, and 8 cm.

Tube voltage (kVp) BSFT -measured BSFT -2cm BSFT -4cm BSFT -6cm BSFT -8cm

24 1.009 ± 0.050 1.065 ± 0.021 1.065 ± 0.021 1.064 ± 0.021 1.066 ± 0.021
26 1.007 ± 0.050 1.071 ± 0.021 1.070 ± 0.021 1.069 ± 0.021 1.071 ± 0.021
28 1.008 ± 0.050 1.078 ± 0.022 1.071 ± 0.021 1.076 ± 0.022 1.076 ± 0.022
30 1.012 ± 0.051 1.078 ± 0.022 1.076 ± 0.022 1.084 ± 0.022 1.076 ± 0.022
32 1.012 ± 0.051 1.078 ± 0.022 1.079 ± 0.022 1.081 ± 0.022 1.084 ± 0.022
34 1.015 ± 0.051 1.083 ± 0.022 1.079 ± 0.022 1.083 ± 0.022 1.083 ± 0.022

comparison of the dosimetric characteristics between existing
medical equipment used for DBT examinations.

Moreover, as can be seen in Table X, the MGDs achieved
for the one-view DM AEC acquisitions are below the
achievable values defined by the European protocol35 for
the equivalent breast thicknesses assessed in this part of the
study. In case of the 2.1 cm thick breast, the MGDDM result
(0.53±0.07 mGy) is below the achievable value of 0.6 mGy
defined by the European guidelines for a PMMA 2.0 cm thick
phantom.35 The same is observed for the 4.5 and 7.5 cm thick
breasts, whose MGDDM (0.90± 0.12 mGy and 1.65± 0.21
mGy, respectively) is below the achievable value of 2.0 mGy
for a PMMA 4.5 cm thick phantom.35 Finally, for the 9 cm
thick breast, the MGDDM value (2.41±0.31 mGy) is below
the achievable value of 5.1 mGy defined for a PMMA 7 cm
thick phantom.35 Regarding DBT, since there are no limiting
MGD values yet, the same international established thresholds
were considered. In this way, looking at Table X, it can be
observed that for all the breast thicknesses evaluated, the
MGDs achieved are below the limits mentioned previously.

Fusion imaging studies (DBT plus DM) are a novel
aspect of breast examinations that require careful dosimetric
assessment. It has been shown that DBT, in combination with
DM, increases detection sensitivity while decreasing false-
positive and recall rates.38,39 Taking into account the example
of a 4.5 cm thick breast in Table X, the present work shows
that a fusion imaging acquisition leads to a MGD of about
1.88±0.36 mGy, which continues to remain below the limit
of 2.0 mGy. Dose savings may be achieved if in the future
a one-view DBT examination replaces the standard two-view
DM screening technique.15,40,41

4.C. BSF evaluation

The BSF results obtained for DM mode (Table XI) using
a W/Rh clinical system are in good agreement with others

T XIV. Relative difference between BSFT -measured and BSFT -4cm calcu-
lated through X simulations for DBT examination.

Tube voltage (kVp) Relative difference (%)

24 −5.480
26 −6.312
28 −6.253
30 −6.379
32 −6.646
34 −6.343

published in the literature for mammography, considering
other target/filter combinations. The European Protocol on
Dosimetry in Mammography42 refers BSF values between
1.07 and 1.13, for HVL of 0.25–0.65 mm Al and BSF
= 1.09, in case of lack of HVL information. Similarly to
the present work, considering an irradiation setup where
no compression plate is simulated, Kramer et al. published
several values of BSF, taking into account different target/filter
combinations:22 for Mo/Mo, BSF in the range of 1.08–1.10
(HVL of 0.282–0.388 mm Al); for Mo/Rh, BSF in the range
1.09–1.12 (HVL of 0.328–0.433 mm Al); and for Rh/Rh, in
the range 1.09–1.14 (HVL of 0.297–0.497 mm Al).

The discrepancy found in Table XII between BSFmeasured
and BSF4cm calculated through MC simulations for DM
examination mode may be explained due to (i) the IC was
calibrated only for a voltage of 28 kVp and (ii) only the
air kerma free-in-air calibration coefficient was obtained.
Rigorous BSF measurements, however, would additionally
require the use of the backscatter spectrum so that an air kerma
measured at the phantom entrance is included. As also stated
in the work of Benmakhlouf et al.,43 an accurate BSF could
be determined only by MC simulations, since experimentally,
BSF evaluation would be excessively time consuming.

For the results achieved in Table XIII for the BSFT in a
complete DBT examination, when comparing the values of
BSFT -measured with the computed results for BSFT , a small
underestimation of the backscatter effect is observed, for
all the energies evaluated. Moreover, when comparing the
calculated BSF values in Tables XI and XIII, it is possible to
note that very small differences in the two acquisition modes
are present. This means that in absence of calculated BSFs

T XV. Dose to organs resulting from a complete DM examination, in
CC view, for a W/Rh 28 kVp x-ray spectrum calculated through X
simulations.

Organs Dose (µGy) X statistical uncertainty (%)

Examined breast 2000.000 0.080
CL breast 12.000 0.080
Liver 15.200 0.570
Ovaries — —
Thyroid 273.000 0.930
Uterus 0.017 70.900
Left lung 385.000 0.2
Right lung 21.600 0.890
Left kidney 0.404 9.850
Right kidney 0.039 40.000
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T XVI. Dose to organs (in µGy) obtained for half DBT acquisition angular range (from 0◦ to +24◦, in
2◦ steps) and for a W/Rh 28 kVp x-ray spectrum, calculated through X simulations.

Organs 0◦ 2◦ 4◦ 6◦ 8◦ 10◦ 12◦

Examined breast 80.100 77.800 75.949 74.188 72.774 71.364 70.205
CL breast 0.480 0.466 0.456 0.444 0.432 0.426 0.420
Liver 0.606 0.600 0.576 0.533 0.492 0.454 0.417
Ovaries — — — — — — —
Thyroid 10.900 11.700 12.070 12.159 12.794 13.097 13.513
Uterus 0.001 0.001 0.001 — — — —
Left lung 15.400 15.600 15.888 16.066 16.269 16.546 16.839
Right lung 0.863 0.864 0.844 0.823 0.830 0.845 0.835
Left kidney 0.016 0.014 0.014 0.015 0.015 0.015 0.013
Right kidney 0.002 0.001 0.002 0.001 0.001 0.000 0.001

Organs 14◦ 16◦ 18◦ 20◦ 22◦ 24◦

Examined breast 69.100 68.031 67.242 66.475 65.781 65.118
CL breast 0.414 0.408 0.402 0.396 0.396 0.390
Liver 0.396 0.371 0.359 0.340 0.325 0.311
Ovaries — — — — — —
Thyroid 13.900 14.455 15.071 15.818 16.428 17.096
Uterus — — — — — —
Left lung 17.100 17.307 17.556 17.709 17.921 18.146
Right lung 0.842 0.858 0.872 0.862 0.879 0.888
Left kidney 0.017 0.014 0.017 0.013 0.013 0.011
Right kidney 0.001 — — — — —

in DBT mode and for the W/Rh anode/filter combination, the
DM ones could be used instead. The relative differences of
about 6% (see Table XIV) between BSFT -measured and BSFT -4cm
calculated withX simulations can be explained due to two
main reasons: (i) weak angular response of the IC used during
the dose measurements44 and (ii) the calibration process of
the IC explained previously. This may have influence in the
obtained results, since the calibration was performed in the
absence of the breast phantom below the IC. However, for
a complete DBT exam, the BSFT values achieved are in the
same order of those found in standard mammography.22,42

4.D. Organ dose in DBT and DM

For DM, the radiation dose to the organs outside the
primary x-ray field is minimal (Table XV). The radiation
dose received by the uterus is less than 0.02 µGy, which
may represent the dose to the fetus during the first trimester,
since the volume of the simulated uterus in this study is
still comparable to that of a woman at this stage of the
pregnancy.21 Sechopoulos et al. performed an organ dose
study in mammography, using a mathematical phantom,
where an absorbed dose of 0.03 µGy for the uterus is reported.
Analyzing these data in the same manner as the paper by
Sechopoulos et al., it can be concluded that if a patient is
submitted to a DBT exam unaware that they were in the first
trimester of pregnancy, according to these results, the dose to
the fetus is minimal. Nevertheless, any choice regarding the
feasibility of such a diagnostic procedure during pregnancy
should be carefully determined by expert medical staff.

In Table XVI, a reduction of the glandular dose absorbed
by the imaged breast when the projection angle increases was

observed because for steep angulations, part of the examined
breast is not totally irradiated by the primary x-ray field.
Conversely, the increasing doses received by thyroid and the
left lung may be due to the fact that for steep projections,
the distance between the radiation source and these organs is
reduced. Summing the organ doses in all the 25 projections
and assuming the symmetric geometry of the x-ray source
relatively to the breast (−24◦ to +24◦), in DBT, some organs
receive a greater dose with respect to the DM. For example,
in a CC DM, the left lung receives about 385 µGy (see
Table XV), whereas in DBT, the total dose in all projections
is about 421 µGy (see Table XVI). In this case, an increase
of about 9% is envisaged for the left lung in DBT. Another
evident dose increase in DBT with respect to DM occurs to the
thyroid. In DM, the thyroid receives about 273 µGy, while in
DBT, a dose of about 347 µGy is delivered, registering a dose
increase of about 21%. The different geometry acquisition
setup between DM and DBT could partially explain these
radiation dose differences (as discussed in Sec. 4.A).

Looking at Tables XV and XVI, some organ dose values
present high statistical uncertainties, while others are missing.
These issues are a consequence of the poor statistics obtained
when organs further from the x-ray source were scored in
MC simulations (to obtain statistically significant dose value
in distant organs is very time consuming). Nevertheless, even
in the presence of values with high uncertainty, the assessed
doses are quite conservative, given their order of magnitude
(of the order of µGy).

The main limitation of this organ dose study refers to
the applicability of the voxel phantoms as a representative
of the female human body. A voxel phantom is based on
CT images of one patient, therefore lacking the anatomical
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variability associated with organ size, shape, and location. The
boundary of an organ is defined by uneven steps, whereby
the anatomical fidelity depends on the voxel size.45 The
computational reference phantom used in the present study
aims to match the 50th-percentile population-average values
in terms of body height and weight, which is not representative
for a large group of people. Since voxel phantoms are
associated with a given patient anatomy, they are inflexible
regarding anatomic individual variability to represent either
a reference 50th-percentile individual, or non-50th-percentile
individuals, whose body morphometry differs substantially.46

These anatomical variations associated with body size and
organ shape can cause as much as 100% difference in the
estimated organ doses.45

Another source of uncertainty that could affect the present
results is related to cardiac and respiratory motion of the
patient. In the Laura phantom, these effects are not considered.
In standard DM, the exam duration is less than a second,
since very high photon fluences are used in order to avoid
movements of the patients and image blurring. In this case,
given the scan time, it is reasonable to affirm that the
use of a static geometry, as the one used in the LAURA
phantom calculations, represents a good approximation for
a standard DM. The situation is different in DBT, where,
for example, the scan time of the MAMMOMAT Inspiration
system (Siemens®) used for these measurements is around
25 s.4 Here, the cardiac and respiratory motion, as well as
the movement of the patient, could affect the organ dose
estimations to a major extent relative to those obtained for
DM. Nevertheless, it is difficult to quantitatively estimate
the bias introduced by these effects. From the perspective
of the present study, the inclusion of cardiac, respiratory, and
general movement features in DBT could generate a greater
impact in the imaging performances of the acquisition system,
especially taking into account that an image-reconstruction
process is involved. The use of phantoms able to consider
movement, cardiac, and respiratory effects could be an asset.
Nevertheless, the use of such sophisticated voxel phantoms
remains limited, in part due to the complexity of the
computational effort necessary for their development and
execution.45

5. CONCLUSION

The aim of this study was to improve the knowledge
about dosimetric issues concerning the DBT technique.
For this reason, several dose-related aspects were taken
into account and discussed considering a MAMMOMAT
Inspiration system (Siemens®) in a Portuguese Hospital.

We have implemented and validated a MC computational
model to simulate the DBT acquisition process. The MC
model permitted us to study important dosimetric issues such
as backscatter factors, angle-dependent doses, and organ doses
other than to the breast using the Laura voxel phantom.
The model was validated by IC measurements and a good
agreement (at a level of 5%) was observed between the MC
simulation results and the experimental values.

Considering, the experimental acquisitions performed in
AEC mode, for an average breast (4.5 cm thick with 41% of
glandular tissue), the MGDs for DM and DBT acquisitions
were 0.90±0.12 mGy and 0.98±0.14 mGy, respectively—
both below the achievable value (2.0 mGy) defined by
the European protocol. Additionally, if it is necessary to
perform a fusion imaging study, the MGD is expected to be
approximately 1.88±0.36 mGy.

The determination of the BSFs could be useful if in vivo
MGD estimations are performed during a DBT examination.
In such a case, an accurate free-in-air kerma measurement
is quite difficult to accomplish, given also the experimental
difficulties previously described (i.e., dedicated detectors with
angular dependence response). Moreover, in terms of accuracy
for a given diagnostic exam, the improvement of the current
guidelines used in breast tomosynthesis applications is of
paramount importance. This is particularly true for a relatively
new technique, as the DBT one, that is being introduced in
clinical trials and/or that could replace the DM in screening
programs. The MC results obtained in this work confirm that in
DBT, as in DM, an average contribution of the back scattered
radiation is of the order of 6%. However, in DBT mode, the
acquisition at different projections seems not to have too much
influence on the final BSF estimation.

The radiation doses to the organs and tissues located
outside the primary x-ray field were found to be low. Neverthe-
less, CL breast, thyroid, left lung (lung near the imaged breast),
and liver are the organs that absorbed the highest radiation
dose from a complete DBT exam. Additionally, some organs
as left lung (the one aligned with the irradiated breast) and
the thyroid receive a greater dose in DBT than in DM (about
9% and 21% increase for left lung and thyroid, respectively),
when the total tube loading considered in the two techniques
is the same. These results underline the need to have a better
awareness concerning dose estimation of some organs when
DBT exams are performed, especially when radiation risk is
assessed by using the effective dose.

It is worth remarking that a similar study was performed
with a mathematical phantom21 for standard mammography.
Nevertheless, since we used a voxel phantom, this study streng-
thens the accuracy of the organ dose calculations by removing,
or at least reducing many uncertainties due to the organ shapes.
This issue, as above mentioned, is another fundamental point
in the perspective to use DBT in screening programs.

In the future, we plan to use the methodology adopted in
this work in order to implement a more accurate model of the
female breast, where different glandularities will be assessed
and MGD calculations for DM and DBT acquired in MLO
view will be performed.
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