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Abstract

Background: To propose a practical and simple method to individually evaluate the average absorbed dose for
digital breast tomosynthesis.

Methods: The method is based on the estimate of incident air kerma (ka,i) on the breast surface. An analytical
model was developed to calculate the ka,i from the tube voltage, tube load, breast thickness, x-ray tube yield, and
anode-filter combination. A homogeneous phantom was employed to simulate the breast in experimental
measurements and to assess the dose-depth relationship. The ka,i values were employed to calculate the “average
absorbed breast dose” (2ABD) index. Four mammographic units were used to develop and test our method under
many conditions close to clinical settings. The average glandular dose (AGD) calculated following the method
described by Dance et al., and the 2ABD computed through our method (i.e., from the exposure parameters) were
compared in a number of conditions.

Results: A good agreement was obtained between the ka,i computed through our model and that measured
under different clinical conditions: discrepancies < 6% were found in all conditions. 2ABD matches with a good
accuracy the AGD for a 100% glandular-breast: the minimum, maximum, and mean differences were < 0.1%, 7%,
and 2.4%, respectively; the discrepancies increase with decreasing breast glandularity.

Conclusions: The proposed model, based on only few exposure parameters, represents a simple way to
individually calculate an index, 2ABD, which can be interpreted as the average absorbed dose in a homogeneous
phantom, approximating a 100% glandular breast. The method could be easily implemented in any
mammographic device performing DBT.
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Key points

� A dosimetry index (average absorbed breast dose,
2ABD) for digital breast tomosynthesis (DBT) is
presented.

� 2ABD is a physical quantity directly computable
from measurable quantities.

� 2ABD could be easily implemented on clinical
mammographic devices performing DBT.

Background
Digital mammography (DM) represents the reference
x-ray imaging technique for the early detection and
diagnosis of breast cancer. It is a fast and low radiation
dose modality, which allows to explore the breast with a
diagnostic performance enabling to reduce breast cancer
mortality [1].
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The main limitation of DM is its intrinsic two-
dimensional nature, resulting in tissue overlapping
which can lead to limited sensitivity and specificity. In
order to reduce these limitations and improve accuracy,
two new x-ray-based imaging modalities have been de-
veloped: dedicated breast computed tomography [2] and
digital breast tomosynthesis (DBT) [3, 4]. To date, how-
ever, only DBT has been introduced in clinical routine
worldwide: different DBT systems have received ap-
proval for clinical use around the world and their
employment increased in recent years [4–6].
DBT produces pseudo-three dimensional images by

acquiring a limited number of projections of the breast
from a limited angular range. Similarly to DM, the breast
is compressed and held stationary between the compres-
sion paddle and the detector. The x-ray tube rotates in
one plane around the compressed breast, over a limited
angular range, and a projection every few degrees is ac-
quired [4]. Depending on the specific DBT device, a fil-
tered back-projection or an iterative reconstruction
algorithm is applied to the acquired projections, and a
set of reconstructed slices is produced [5]. Thus, differ-
ently from DM, DBT provides tomographic slices of an
entire tissue volume, likewise CT scans, and the total
number of reconstructed images depends on the thick-
ness of the examined compressed breast.
In DBT, many parameters may influence the breast

absorbed dose. Exposure parameters such as kVp and
mAs values play the same role in DBT as in DM;
however, the number of projections and the x-ray
tube angular range are main factors to be considered
for DBT only [7].
The current reference dosimetry index employed to

estimate the radiation dose in DM is the average glandu-
lar dose (AGD), which is representative of the absorbed
dose by the glandular tissue, which is more radiosensi-
tive than skin and adipose tissue [8, 9]. In DBT, the con-
cept of AGD has been extended to take into account
each projection at a given angle [10–12]. More in detail,
a “tomo” factor Tf was introduced to incorporate the an-
gular aspects of DBT data acquisition in the method
proposed by Dance et al. [11]. The Tf factor has been
provided as a function of breast thickness, ranging from
2 to 11 cm at 1-cm step [11]. The AGD method requires
measurements of incident air kerma (ka,i) and a number
of correction and conversion factors must be applied to
ka,i to obtain the AGD [11]. These factors are calculated
from Monte Carlo simulations, but they cannot be
directly measured.
In a previous study, a practical and simple approach

based on measurable physical quantities was introduced
to evaluate a quantity called average absorbed breast
dose (2ABD) in DM [13]. The aim of this work was to
extend the 2ABD method to DBT and to perform a

dosimetry comparison between 2ABD and AGD evalu-
ated by the Dance method.

Methods
Extension of the 2ABD model to DBT
To evaluate 2ABD for DBT, we followed the same
approach developed for DM procedures [13].
Four mammographic devices were utilised: two Selenia

Dimensions (Hologic, Bedford, Mass, USA), devices A
and B and two Amulet Innovality (Fujifilm Medical Sys-
tem Inc., USA), devices C and D. Device A was used to
develop and validate our method through experimental
measurements. Therefore, this device was chosen as ref-
erence. Additionally, in order to further test our method,
a set of measurements was performed on the other three
devices.
The Selenia Dimensions model performs both DM

and DBT and offers three anode-filter combinations (W-
Rh or W-Ag for DM, W-Al for DBT). The DBT angular
range of the x-ray tube is ± 7.5°. The Amulet Innovality
model employs the W-Rh anode-filter combination for
DM and the W-Al anode-filter combination for DBT;
two acquisition modes can be selected: the standard
mode with a ± 7.5° x-ray tube angular range and the
high-resolution mode with a ± 20° x-ray tube angular
range.
The 2ABD calculation method for DBT was developed

starting from two main approximations: a homogeneous
phantom (polystyrene, C8H8, with admixture of 2.1 ±
0.2% of TiO2) with planar dimensions of 16 × 16 cm2,
and variable thickness was employed to simulate the
breast in experimental measurements; the beam attenu-
ation was expressed as a function of the phantom depth
following the exponential decay model.
Under these assumptions, the 2ABD was defined as

follows:

2ABD ≈
1
T
�
Z T

0
ka;i � C � exp −m � xð Þ dx ð1Þ

where T is the breast thickness, ka,i is the incident air
kerma on the breast/phantom surface, m is a parameter
related to the beam attenuation in the phantom, and C
is a conversion factor from the ka,i to dose in the phan-
tom. The factor C accounts also for the backscatter con-
tribution to the ka,i. Specifically, the C factor is given by:

C ¼ B∙ðμenρ Þ
ph

air
, where B is the backscatter factor and

ðμenρ Þ
ph

air
is the ratio between the mass energy absorption

coefficient of the phantom and the mass energy absorp-
tion coefficient of air, averaged over the x-ray energy
spectrum. The B factor was evaluated from experimental
measurements, and a value of 1.1 was adopted in this
work. The B value was obtained by performing two air
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kerma measurements, with and without the phantom,
and taking the ratio of the two detector readings
respectively. No appreciable variations were observed in
the range 2–9 cm of the phantom thickness. A value of

~ 0.7 was adopted for ðμenρ Þ
ph

air
(no significant variations

were observed by varying the tube voltage, for all the
anode/filter combination employed in our study). The

ðμenρ Þ
ph

air
value was computed by considering the weight

average value of the ðμenρ Þ
ph

air
on the x-ray energy spectrum

of the mammographic device. The ðμenρ Þ
ph

air
values were

obtained from the National Institute of Standards and
Technology website (https://www.nist.gov/pml/x-ray-
mass-attenuation-coefficients). The above mentioned
quantities (ka, i, C, m) are required in order to calculate
2ABD in any clinical condition. Therefore, a simple
model for estimating ka,i and m was developed.

Evaluation of ka,i
A set of air kerma measurements were performed on the
Selenia Dimensions device in DBT modality through a
flat 60-cm3 ionisation chamber coupled to an electrom-
eter (20X60E chamber model, 2026C Radcal Corpor-
ation®, Monrovia, CA, USA) setting different kVp and
mAs values. In order to better simulate the clinical set-
tings, the ka,i was measured by adopting the closest ex-
posure parameters to the automatic exposure control
(AEC) conditions. Additionally, the x-ray tube was free
to rotate as in clinical examinations.
The ka,i at the breast surface depends on tube-voltage,

tube load, anode-filter combination, breast thickness,
and distance between the x-ray source and the upper
surface of the breast. The following relationship was
employed:

ka;i ¼ η � α � kVp2 þ β � kVpþ γ
� � �mAs � FSD

FSD−T

� �2

ð2Þ

where FSD is the focus-to-support distance (67.5 cm for
the Selenia Dimensions model, 65 cm for the Amulet
Innovality model), T is the breast thickness, η is a cor-
rection factor which takes into account differences in
the x-ray tube yield (air kerma to tube load ratio) of
different mammographic devices. It can be defined as:

η ¼ Y tb FSDð Þ
Y 0 FSD0ð Þ �

FSD0ð Þ
FSDð Þ

� �2

ð3Þ

where Ytb represents the yield (mGy/mAs) of the x-ray
tube used, and Y0 is the reference tube yield (i.e., the
tube yield of the device A). FSD and FSD0 are the dis-
tances from the x-ray source at which Ytb and Y0 are
evaluated (a reference distance of FSD0 = 67.5 cm was

chosen in our case for the device A). Both Y0 and Ytb

must be evaluated at the same tube voltage (32 kVp in
our case). α, β, and γ are fitting parameters derived from
the experimental measurements for a fixed anode-filter
combination (W-Al in our case). The choice of 32 kVp
as reference tube voltage was due to two main reasons:
it is one of the most used voltages at our centre, and it
lies in the middle of the tube voltage range used in DBT.
The accuracy of our method was evaluated in a num-

ber of exposure settings by comparing the air kerma
measured through the ionisation chamber and the ka,i
calculated through Eq. (2).
Uncertainties in measured air kerma were referred to

the accuracy of the detector, while uncertainties associ-
ated to the parameters involved in Eq. (2) were
employed to estimate the final uncertainties of the
computed air kerma values.

Evaluation of m
The following exponential relationship was employed to
derive m as a function of kVp:

I dð Þ ¼ I0 � exp −m � dð Þ ð4Þ

To simulate the breast, a homogeneous phantom with
a density of 1.04 ± 0.04 g/cm3 (mean ± standard devi-
ation), composed of polystyrene (C8H8) with admixture
of 2.1 ± 0.2 % TiO2, consisting of many squared plates
(16 × 16 cm2) was used. The thickness of each plate was
0.5 or 1.0 cm. The ionisation chamber was placed be-
tween the phantom plates to measure the beam inten-
sities I at different depths d.
Measurements were performed on the Selenia Dimen-

sions equipment (device A) in a range of 26–48 kVp and
40mAs. The inverse square law was adopted to account
for the variations in source-to-chamber distance due to
the different depth of the phantom.
The m dependence from kVp was expressed as:

m ¼ a

kVpb
ð5Þ

where a and b are fitting parameters.

Calculation of 2ABD
Once ka,i from Eq. (2) and m from Eq. (5) were evalu-
ated, 2ABD was computed from Eq. (1) in a number of
clinical settings. Only the tube voltage, the tube load, the
breast thickness, the value of the η parameter, and the
FSD are required to estimate ka,i and m for a given
anode-filter combination and, therefore, to calculate
2ABD. The overall uncertainties in 2ABD calculations
were estimated by applying the uncertainty propagation
formula for α, β, γ, η, kVp, mAs, T, and FSD.
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The 2ABD calculated by applying Eq. (1)—i.e., by
employing only the abovementioned input parameters
of the model—was compared to AGD for different
breast glandularity. AGD was computed by consider-
ing a breast of the same phantom thickness with dif-
ferent breast glandularity and adopting the same
exposure parameters of the phantom. Uncertainties in
2ABD were obtained by considering a 4% of accuracy
in the ionisation chamber (as reported in the Model
2026C, Radiation Monitor Controller Manual) and by
propagating uncertainties of all quantities involved in
the calculation. The total uncertainty in AGD calcula-
tion was considered to be 20% [14].

Comparison of 2ABD in DM and DBT procedures
The homogeneous phantom was also employed for com-
paring the 2ABD values for DM and DBT in AEC condi-
tions on device A. A number of automatic exposures for
different phantom thicknesses (from 2.5 to 7.5 cm) were
executed in both modalities, and the corresponding in-
put parameters required for the 2ABD calculation were
recorded. The 2ABD values were computed according to
Eq. (1) for both modalities.
The AGD was calculated as the reference dosimetry

index by following the approach by Dance et al. [8] for
the same AEC conditions of the 2ABD calculation.

Results
Evaluation of ka,i
The comparison between measured and calculated ka,i
according to Eq. (2) for device A is presented in Table 1.
The two quantities are in good agreement within the

uncertainties and the maximum difference among all
considered cases was found to be around -5% of the
measured value. The values of the coefficients employed
to compute the incident air kerma by Eq. (2) are
presented in Table 2.

Evaluation of m
Equation (4) was employed to fit the beam intensity as a
function of the phantom depth (Fig. 1). The m values
obtained for different tube voltages (from 26 to 48 kVp)
are presented in Table 3 and graphically in Fig. 2. The
parameters of the fit (a and b) are reported in Table 2.

Calculation of 2ABD
The 2ABD values computed through Eq. (1) from the
exposure parameters were compared with AGD associ-
ated to different breast glandularities. A good agreement
was found between 2ABD and AGD corresponding to
100% of gland tissue (Table 4). Discrepancies between
the two quantities ranged from -6 to 7% by considering
all devices. All values were in good agreement within the
respective uncertainties.

Comparison of 2ABD in DM and DBT
The comparison between the 2ABD calculated for DBT
and that calculated for DM for the same phantom thick-
nesses on device A is shown in Fig. 3. A single view DM
was considered in this comparison. The exposure pa-
rameters (selected by the AEC system) and the complete
set of 2ABD and AGD data are presented in Table 5.
The 2ABD values for DBT acquisitions were higher

than those obtained in DM for all phantom thicknesses.

Table 1 Comparison between measured and calculated (Eq. (2)) incident air kerma for the reference Hologic Selenia Dimensions
(device A)

Phantom thickness (cm) Tube load (mAs) Tube voltage (kVp) Measured air kerma (mGy) Calculated air kerma (mGy) Relative difference (%)

2.0 37.5 26 2.11 ± 0.08 2.06 ± 0.15 -2.6

2.5 40 27 2.61 ± 0.10 2.54 ± 0.19 -2.8

3.0 37.5 28 2.74 ± 0.11 2.71 ± 0.20 -1.3

3.5 40 29 3.33 ± 0.13 3.24 ± 0.24 -2.7

4.0 50 29 4.14 ± 0.17 4.12 ± 0.31 -0.4

4.5 50 30 4.66 ± 0.19 4.59 ± 0.34 -1.6

5.0 55 31 5.80 ± 0.23 5.60 ± 0.42 -3.6

5.5 60 32 7.08 ± 0.28 6.73 ± 0.50 -5.3

6.0 65 33 8.18 ± 0.33 7.99 ± 0.59 -2.4

6.5 70 34 9.78 ± 0.39 9.40 ± 0.70 -4.1

7.0 80 35 12.03 ± 0.48 11.69 ± 0.87 -2.9

7.5 80 36 13.02 ± 0.52 12.68 ± 0.94 -2.7

8.5 80 38 15.19 ± 0.61 14.78 ± 1.10 -2.8

8.5 90 42 21.52 ± 0.86 20.55 ± 1.53 -4.7

Data for measured air kerma and calculated air kerma are presented as mean ± standard deviation. Note that the exposure parameters were chosen as close as
possible to the corresponding automatic exposure control settings for a given phantom thickness
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The maximum difference was expressed by the smallest
phantom thickness (2.5 cm), in whose case the 2ABD for
DBT resulted 92% higher than the 2ABD for DM. How-
ever, the median difference was found to be 44% with re-
spect to DM values. The minimum difference between
the two quantities was referred to the 5-cm thick phan-
tom condition in which the 2ABD in DBT was 21%
higher than 2ABD in DM.

Discussion
In spite of its relatively recent introduction, DBT is
widely employed both for diagnostic and screening ex-
aminations in order to increase the sensitivity and speci-
ficity of DM [15, 16]. However, since the breast gland
tissue is highly radiosensitive [17], dosimetry monitoring
of DBT procedures is essential to ensure the best cost-
benefit compromise of this technique. Given that DBT is
also employed for breast cancer screening [18–21], a
practical operational dosimetry index should be adopted
in order to guarantee a fast and reliable monitoring of
the absorbed dose.
The current approach adopted for evaluating the

absorbed dose in DBT procedures is based on the calcu-
lation of the AGD through the method by Dance et al.
[10–12]. This method provides a reliable dosimetry

measure related to the ionising radiation risk, but its
practical implementation could be problematic. In fact,
the AGD cannot be directly measured nor computed if
the ka,i is not measured or estimated [11]. Additionally,
this approach is based on correction factors tabulated as
a function of the beam quality, patient age, projections
angle, and breast thickness; interpolation is almost
always required for accurately computing the AGD.
For these reasons, the aim of this work was to present

a simple model to individually evaluate the average
absorbed dose in DBT procedures. The 2ABD index is
proposed as a simple phantom approximation of the
average dose absorbed by the breast in DBT examina-
tions. 2ABD can be easily computed through Eq. (1)
from exposure and geometric parameters which can be
found in the DICOM header of each DBT examination.
Specifically, to apply our method for a given anode-filter
combination, only the knowledge of the tube voltage, the
tube load, the breast thickness, the FSD, and the x-ray
tube yield is required. Notably, the x-ray tube yield is
usually assessed (even at different tube voltages) in
periodic quality controls of mammographic devices [9].
The proposed method is firstly based on the estima-

tion of the ka,i on the breast surface through Eq. (2). The
air kerma calculation model was well verified by

Table 2 Values of the coefficients of Eq. (2), (3), and (5) evaluated for the reference Hologic Selenia Dimensions (device A)

Parameter Y0 at 32 kVp (mGy/mAs) α (mGy/(kVp2 ·mAs)) β (mGy/(kVp·mAs)) γ (mGy/mAs) a (kVp/cm) b (a.u.)

Value 0.094 ± 0.005 (5.70 ± 0.86)·10−5 (3.77 ± 0.56)·10−3 (− 8.44 ± 0.89)·10−2 20.32 ± 1.97 − 1.04 ± 0.03

Data are presented as mean ± standard deviation. These values were employed to calculate the incident air kerma and 2ABD. Notice that these values depend on
the anode-filter combination (W-Al in our case)

Fig. 1 Beam intensity as a function of the phantom depth for different tube voltage values (26–48 kVp). An exponential relationship (Eq. (4)) was
employed to fit the data and obtain the m values for different tube voltages
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experimental measurements that confirmed a linear rela-
tionship with tube load and a polynomial relationship
with tube voltage. More in detail, the comparison be-
tween calculated and measured ka,i under a number of
conditions close to clinical settings showed a good
agreement within the uncertainties (Table 1); the mean
difference between the two quantities over all conditions
was around 3%. Even though the computed ka,i resulted
slightly lower with respect to the measured one in every
condition (i.e., a little bias was expressed), the maximum
differences between the two quantities was only 5.3%
which appears to be acceptable for our purpose to give

an estimate of the average absorbed dose in a phantom
approximating the breast.
The ka,i calculation model for DBT could be of prac-

tical interest in many situations (e.g., fast evaluation of
x-ray tube output). This method could be used in differ-
ent conditions or devices with reasonable accuracy and
relative simplicity. Indeed, except for the x-ray tube yield
at 32 kVp which should be evaluated in order to cor-
rectly apply Eq. (2), no other measurements must be
performed to calculate the ka,i: since all the required pa-
rameters are provided in Table 2, it should be sufficient
to apply Eq. (2) with Ytb (32 kVp) evaluated for the con-
sidered mammographic device. Of note, by using this
approach, the η factor in Eq. (2) is assumed to be inde-
pendent from the tube voltage. However, since α, β, γ,
and Y0 (32 kVp) are provided, this approximation allows
to calculate the ka,i for all the possible mammographic
devices by only making a single measurement of Ytb at
32 kVp.
In order to estimate 2ABD, the coefficient m was eval-

uated for a wide range of tube voltages (Fig. 1) and mod-
elled through Eq. (5) (Fig. 2 and Table 3). An
approximation was made by using the exponential decay
model in order to obtain m (the polychromatic nature of
the x-ray beam was neglected, considering the beams
quasi-monochromatic). However, experimental data fit
quite well the exponential model, which appears to be
acceptable (Fig. 1). In particular, the experimental data
appear to be reasonably compatible with the proposed
model proposed in Eq. (5), especially within the 30–40
kVp energy range.

Table 3 Estimation of the m values for different tube voltage
values

kVp m (cm-1)

26 0.65 ± 0.03

28 0.60 ± 0.02

30 0.55 ± 0.02

32 0.52 ± 0.02

34 0.48 ± 0.02

36 0.46 ± 0.01

38 0.44 ± 0.01

40 0.42 ± 0.01

44 0.39 ± 0.01

48 0.36 ± 0.01

Data for m values are presented as mean ± standard deviation. The m values
were obtained by fitting experimental data through Eq. (4), as shown in Fig. 1.
The fitting parameters of Eq. (4) are presented in Table 2

Fig. 2 Coefficient m estimated from measurements in the phantom, expressed as a function of tube voltage. A power function (Eq. (5)) was
applied to model the m as a function of the tube voltage values
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The 2ABD was compared to AGD for different breast
glandularities. Our results showed that 2ABD matches
the AGD values related to 100% breast gland tissue
(Table 4). Notice that several exposure conditions and
different mammographic devices were considered in our
study. More in detail, the discrepancies between the two
quantities ranged from -6 to 7%, by considering all the
conditions. These results emphasise the high flexibility
and accuracy of the method. It should be noted that the
comparison carried out on the Amulet Innovality devices
took into account both the standard acquisition mode (±
7.5° angular range) and the high-resolution acquisition
mode (± 20° angular range). Nevertheless, the higher an-
gular range seemed to have negligible influence on
2ABD accuracy. In addition, in order to take into

account different glandularities, a rough method based
on the mass density of glandular and adipose tissue was
presented Appendix. The method permits to estimate
the AGD with an accuracy ranging from ~ 7 (when the
glandularity is 100%) to ~ 23% (when the glandularity is
20%), by only knowing the breast glandularity and the
2ABD value. Examples of comparison between the AGD
computed from the Dance approach and AGD estimated
from the 2ABD are reported in Table 6.
To further investigate the dosimetry properties of DBT

imaging, a comparison between 2ABD calculated for
DM and DBT modalities was performed on device A for
the same phantom thicknesses (Table 5 and Fig. 3). As
expected, 2ABD values in DBT resulted higher 2ABD
with respect to 2ABD calculated in DM for each

Table 4 Comparison between 2ABD computed from Eq. (1) and the average glandular dose (AGD) calculated by the Dance
approach for 100% glandularity

Mammographic
device

Phantom thickness
(cm)

Tube load
(mAs)

Tube voltage
(kVp)

2ABD
(mGy)

AGD 100% glandularity
(mGy)

Relative difference
(%)

Hologic-A 3.0 37.5 28 0.94 ± 0.19 1.00 ± 0.20 -6.0

Hologic-A 3.5 40 29 1.05 ± 0.20 1.07 ± 0.21 -1.9

Hologic-A 4.0 50 29 1.21 ± 0.23 1.21 ± 0.24 0.0

Hologic-A 4.5 50 30 1.26 ± 0.23 1.27 ± 0.25 -0.8

Hologic-A 5.0 55 31 1.45 ± 0.26 1.46 ± 0.29 -0.7

Hologic-A 5.5 60 32 1.66 ± 0.30 1.67 ± 0.33 -0.6

Hologic-A 6.0 65 33 1.87 ± 0.33 1.89 ± 0.38 -1.1

Hologic-A 6.5 70 34 2.12 ± 0.37 2.14 ± 0.43 -0.9

Hologic-A 7.0 80 35 2.51 ± 0.44 2.57 ± 0.51 -2.3

Hologic-B 3.5 30 29 1.07 ± 0.20 1.14 ± 0.23 -6.1

Hologic-B 4.5 35 30 1.20 ± 0.22 1.22 ± 0.24 -1.6

Hologic-B 5.5 42.5 32 1.61 ± 0.29 1.64 ± 0.33 -1.8

Hologic-B 6.5 50 34 2.06 ± 0.37 2.09 ± 0.42 -1.4

Fuji-C 3.5 28 29 1.19 ± 0.24 1.21 ± 0.24 -1.7

Fuji-C 4.5 32 32 1.63 ± 0.30 1.56 ± 0.31 4.5

Fuji-C 5.5 42 33 2.06 ± 0.37 2.04 ± 0.41 1.0

Fuji-C 6.5 50 35 2.66 ± 0.47 2.65 ± 0.53 0.4

Fuji-C 4.5* 45 32 2.30 ± 0.43 2.15 ± 0.43 7.0

Fuji-C 6.5* 63 35 3.35 ± 0.59 3.27 ± 0.65 2.4

Fuji-D 3.5 28 30 1.30 ± 0.26 1.38 ± 0.28 -5.8

Fuji-D 4.5 32 32 1.59 ± 0.30 1.60 ± 0.32 -0.6

Fuji-D 5.5 50 33 2.40 ± 0.43 2.43 ± 0.49 -1.2

Fuji-D 6.5 56 35 2.91 ± 0.50 2.87 ± 0.57 1.4

Fuji-D 3.5* 32 30 1.49 ± 0.28 1.55 ± 0.31 -3.9

Fuji-D 4.5* 45 32 2.24 ± 0.43 2.20 ± 0.44 1.8

Fuji-D 5.5* 63 34 3.35 ± 0.61 3.22 ± 0.64 4.0

Fuji-D 6.5* 71 35 3.69 ± 0.65 3.56 ± 0.71 3.7

Data for 2ABD and AGD 100% glandularity are presented as mean ± standard deviation. The comparison was carried out by considering all mammographic
devices. The exposure parameters were chosen as close as possible to the corresponding automatic exposure control settings for a given phantom thickness. For
the AGD calculation by the Dance method, the measured air kerma was employed. For the Amulet Innovality devices both the standard acquisition mode and
high-resolution acquisition mode (*) were employed
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phantom thickness. This aspect is clearly related to dif-
ferences in exposure parameters as well as to differences
in x-ray spectra between the two modalities (Table 5).
These results confirm that DBT expresses higher
absorbed dose than a single view DM up to 92% for the
same phantom (2.5-cm thickness). Given the employed
AEC conditions, it is reasonable to expect similar results
even in clinical examinations.
Note that in this work only two DBT device models

were employed, and two different tube angular ranges

were explored. Even though in the abovementioned con-
ditions the proposed method can be applied with rela-
tively acceptable accuracy, additional investigations are
required for different DBT devices, especially for wider
angular tube ranges, on the homogeneity of dose distri-
bution and dosimeter angular dependence. This simple
model should be revised accordingly.
It is important to recognise that our absorbed dose

evaluation model is entirely developed in a homoge-
neous phantom, therefore 2ABD represents the mean

Fig. 3 Comparison between the 2ABD computed for digital mammography (DM) and digital breast tomosynthesis (DBT) for the same phantom
thickness. The exposure parameters and the complete set of data are presented in Table 5. DM values are referred to a single view procedure

Table 5 Comparison between 2ABD in digital mammography and digital breast tomosynthesis for different phantom thicknesses
on the reference Hologic Selenia Dimensions (device A)

Phantom
thickness
(cm)

Digital mammography (single view) (W/Rh and W/Ag*) Digital breast tomosynthesis (W/Al)

Tube load (mAs) Tube voltage (kVp) 2ABD (mGy) Tube load (mAs) Tube voltage (kVp) 2ABD (mGy)

2.5 50 26 0.49 ± 0.11 39 27 0.95 ± 0.21

3.0 67 26 0.61 ± 0.15 38 28 0.95 ± 0.19

3.5 72 27 0.67 ± 0.15 40 29 1.05 ± 0.20

4.0 82 28 0.77 ± 0.16 49 29 1.18 ± 0.23

4.5 98 28 0.85 ± 0.18 50 30 1.26 ± 0.23

5.0 134 29 1.20 ± 0.24 55 31 1.45 ± 0.26

5.5 138 30 1.26 ± 0.23 60 32 1.66 ± 0.30

6.0 155 31 1.43 ± 0.26 65 33 1.86 ± 0.33

6.5 161 32 1.51 ± 0.28 71 34 2.13 ± 0.38

7.0* 159 30 1.73 ± 0.36 78 35 2.43 ± 0.43

7.5* 174 31 1.96 ± 0.40 82 36 2.70 ± 0.47

Data for 2ABD are presented as mean ± standard deviation. In DM modality, the W-Rh anode-filter combination was selected by the AEC system for a range of
2.5–6.5 cm of phantom thickness, while for a thickness of 7 cm and 7.5 cm the W-Ag (*) was automatically set. On the other hand, only the W-Al option was
available for DBT
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absorbed dose in an homogeneous phantom which ap-
proximates a 100% glandularity. Thus, for a theoretical
100% glandular breast, the accuracy achieved in AGD es-
timation is maximum (2ABD approximates AGD within
~ 7%). However, it should be emphasised that the
discrepancies between 2ABD and AGD increase with
decreasing breast glandularity. Additionally, it should be
remarked that 2ABD could be considered only as surro-
gate of the average absorbed dose in a real breast, which
is usually characterised by different tissues and dose dis-
tribution. Furthermore, a homogeneous object is not
properly suitable to accurately simulate the breast.
Therefore, heterogeneous (i.e., with different percentages
of glandular/adipose tissue composition) and breast-
shaped phantoms could be useful to test this method in
further studies.
In conclusion, despite the highly simplified approach,

the presented method allowed to calculate the mean

absorbed dose in a phantom with reasonable accuracy
by only knowing the tube voltage, tube load, breast
thickness, FSD, and the x-ray tube yield. Values of
Tables 2 and 3 can be employed for calculating 2ABD;
the ka,i can be computed accurately for at least two
different mammographic devices.

Appendix
Calculation of incident air kerma and X-ray tube yield
model
Equation (2) describes an approximation in which the η
factor is independent from the tube voltage. This as-
sumption simplifies the calculation of the incident air
kerma for different mammographic devices since only
one measurement of Ytb (at 32 kVp) is required. On the
other hand, this method results in accuracy loss < 10%
in the energy range of interest.

Table 6 Comparison between AGD computed from 2ABD and the AGD calculated by the Dance approach for different
glandularities

Glandularity
(%)

Phantom thickness
(cm)

Tube load
(mAs)

Tube voltage
(kVp)

AGD from 2ABD
(mGy)

AGD by Dance
(mGy)

Relative difference
(%)

100 3 37.5 28 0.94 ± 0.19 1.00 ± 0.20 -6.0

100 4 50 29 1.21 ± 0.23 1.21 ± 0.24 0.0

100 5 55 31 1.45 ± 0.26 1.46 ± 0.29 -0.7

100 6 65 33 1.87 ± 0.33 1.89 ± 0.38 -1.1

100 7 80 35 2.57 ± 0.44 2.57 ± 0.31 -2.3

80 3 37.5 28 0.96 ± 0.19 1.06 ± 0.21 -9.4

80 4 50 29 1.24 ± 0.24 1.30 ± 0.26 -4.6

80 5 55 31 1.48 ± 0.27 1.58 ± 0.32 -6.3

80 6 65 33 1.91 ± 0.34 2.04 ± 0.41 -6.4

80 7 80 35 2.56 ± 0.45 2.78 ± 0.56 -7.9

60 3 37.5 28 0.98 ± 0.20 1.12 ± 0.22 -12.5

60 4 50 29 1.26 ± 0.24 1.40 ± 0.28 -10.0

60 5 55 31 1.51 ± 0.27 1.70 ± 0.34 -11.2

60 6 65 33 1.95 ± 0.34 2.21 ± 0.44 -11.8

60 7 80 35 2.62 ± 0.46 3.01 ± 0.60 -13.0

40 3 37.5 28 1.00 ± 0.20 1.19 ± 0.24 -16.0

40 4 50 29 1.29 ± 0.25 1.50 ± 0.30 -14.0

40 5 55 31 1.55 ± 0.28 1.84 ± 0.37 -15.8

40 6 65 33 2.00 ± 0.35 2.41 ± 0.48 -17.0

40 7 80 35 2.68 ± 0.47 3.29 ± 0.66 -18.5

20 3 37.5 28 1.03 ± 0.21 1.26 ± 0.25 -18.3

20 4 50 29 1.32 ± 0.25 1.61 ± 0.32 -18.0

20 5 55 31 1.59 ± 0.28 2.00 ± 0.40 -20.5

20 6 65 33 2.04 ± 0.36 2.62 ± 0.52 -22.1

20 7 80 35 2.74 ± 0.48 3.58 ± 0.72 -23.5

Data for AGD from 2ABD and for AGD by Dance are presented as mean ± standard deviation. The comparison was carried out by considering the reference
mammographic devices (Hologic, device A). The exposure parameters were chosen as close as possible to the corresponding AEC settings for a given phantom
thickness. For the AGD by Dance, the measured air kerma was employed
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In order to estimate the air kerma, a more correct and
accurate approach requires a set of measurements of Ytb

(kVp) by the user and Eq. (2) then could be simplified in:

ka;i ¼ Y tb kVpð Þ �mAs � FSD
FSD‐T

� �2

ð6Þ

Furthermore, in a general case, the x-ray tube yield (Y)
at a fixed source distance could be modelled as function
of the tube voltage by the following relationship:

Y kVpð Þ ¼ c1 � kVp2 þ c2 � kVpþ c3
� � ð7Þ

in which ci are fitting parameters.
Notice that, since device A was employed as reference

in this study, it results always η = 1 for this case. There-
fore, the term (α·kVp2 + β·kVp + γ) is just Y0 (kVp), as
suggested by Eq. (7), and the form of Eq. (2) is the same
of Eq. (6).

Estimation of AGD from 2ABD
In order to estimate the AGD from 2ABD for a general
breast glandularity, the following approximations are
needed: (1) our phantom is considered equivalent to a
100% glandular composition, (2) the energy absorbed by
glandular tissue is considered linearly related to the
breast glandularity.
From approximation (1) it follows that ρph ≈ ρgl, where

ρph and ρgl are the density of our phantom and the dens-
ity of the glandular tissue respectively ( ρgl ≈ 1:04 g

cm3

[22]). The AGD related to a 100% glandular composition
can be written as follows:

AGD 100%ð Þ ¼ Egl

mgl
≈ 2ABD ð8Þ

where Egl and mgl are the absorbed energy and the mass
of the glandular tissue.
For a phantom/breast with a glandularity g, the total

mass mtot(g) can be obtained by the following equation:

mtot gð Þ ¼ V tot � g � ρgl þ 1−gð Þ � ρad
� �

ð9Þ

where Vtotis the total volume of the breast/phantom.
The corresponding glandular mass in a phantom/

breast with glandularity g is given by:

mg gð Þ ¼ mtot gð Þ � g ¼ V tot � g � ρgl þ 1−gð Þ � ρad
� �

� g ð10Þ

where ρad is the density of the adipose tissue (ρad ≈ 0:93
g

cm3 [22]).
From (2), the energy absorbed by a breast/phantom

with a glandularity g can be written:

Eg gð Þ ≈ Eg � g ð11Þ

Therefore, the AGD related to a breast/phantom with
a glandularity g is given by the following relationship:

AGD gð Þ ¼ Eg gð Þ
mg gð Þ ≈

2ABD � ρgl
g � ρgl þ 1−gð Þ � ρad

ð12Þ

Abbreviations
2ABD: Average absorbed breast dose; AEC: Automatic exposure control;
AGD: Average glandular dose; DBT: Digital breast tomosynthesis; DM: Digital
mammography; FSD: Focus-to-support distance; ka,i: Incident air kerma

Authors’ contributions
ACT, model development; PB and RL, experimental measurements and data
analysis; RMT and CS, experimental measurements; CM, GA, and DC clinical
support; MEF, data supervision. All authors read and approved the final
manuscript.

Funding
This study was partially funded by Fondazione Pisa, Technological and
Scientific Research Sector, Via Pietro Toselli 29, Pisa.

Availability of data and materials
All data generated or analysed during this study are included in this
published article.

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details
1U.O.Fisica Sanitaria, Azienda Ospedaliero-Universitaria Pisana, Via Roma n.67,
56125 Pisa, Italy. 2Dipartimento di Fisica E.Fermi, Università di Pisa, L.go
B.Pontecorvo n.3, 56127 Pisa, Italy. 3U.O.S.D. Fisica Sanitaria, Azienda Usl
Toscana Sud-Est, Ospedale San Donato, Via P. Nenni 20, 52100 Arezzo, Italy.
4S.D.Radiologia Senologica, Azienda Ospedaliero-Universitaria Pisana, Via
Roma n.67, 56125 Pisa, Italy. 5Radiologia Diagnostica e Interventistica,
Università di Pisa, Via Paradisa n.2, 56100 Pisa, Italy.

Received: 17 February 2020 Accepted: 7 May 2020

References
1. Lehman CD, Wellman RD, Buist DSM, Kerlikowske K, Tosteson ANA,

Miglioretti DL (2015) Diagnostic accuracy of digital screening
mammography with and without computer-aided detection. JAMA Intern
Med 175:1828–1837. https://doi.org/10.1001/jamainternmed.2015.5231

2. Sarno A, Mettivier G, Russo P (2015) Dedicated breast computed
tomography: basic aspects. Med Phys 42:2786–2804. https://doi.org/10.1118/
1.4919441

3. Sechopoulos I (2013) A review of breast tomosynthesis. Part I. The image
acquisition process. Med Phys 40:014302. https://doi.org/10.1118/1.4770279

4. Sechopoulos I (2013) A review of breast tomosynthesis. Part II. Image
reconstruction, processing, analysis, and advanced applications. Med Phys
40:014302. https://doi.org/10.1118/1.477028

5. Vedantham S, Karellas A, Vijayaraghavan GR, Kopans DB (2015) Digital breast
tomosynthesis: state of the art. Radiology 277:663–684. https://doi.org/10.
1148/radiol.2015141303

6. Rodriguez-Ruiz A, Castillo M, Garayoa J, Chevalier M (2016) Evaluation of the
technical performance of three different commercial digital breast
tomosynthesis systems in the clinical environment. Phys Med 32:767–777.
https://doi.org/10.1016/j.ejmp.2016.05.001

Traino et al. European Radiology Experimental            (2020) 4:38 Page 10 of 11

https://doi.org/10.1001/jamainternmed.2015.5231
https://doi.org/10.1118/1.4919441
https://doi.org/10.1118/1.4919441
https://doi.org/10.1118/1.4770279
https://doi.org/10.1118/1.477028
https://doi.org/10.1148/radiol.2015141303
https://doi.org/10.1148/radiol.2015141303
https://doi.org/10.1016/j.ejmp.2016.05.001


7. Sechopoulos I, Sabol JM, Berglund J et al (2014) Radiation dosimetry in
digital breast tomosynthesis: report of AAPM Tomosynthesis Subcommittee
Task Group 223. Med Phys 41:091501. https://doi.org/10.1118/1.4892600

8. Dance DR, Skinner CL, Young KC, Beckett JR, Kotre CJ (2000) Additional
factors for the estimation of mean glandular breast dose using the UK
mammography dosimetry protocol. Phys Med Biol 45:3225–3240.
https://doi.org/10.1088/0031-9155/45/11/308

9. European Commission (2018) Protocol for the quality control of the physical
and technical aspects of digital breast tomosynthesis systems.
https://www.euref.org

10. Sechopoulos I, Suryanarayanan S, Vedantham S, D’Orsi C, Karellas A (2007)
Computation of the glandular radiation dose in digital tomosynthesis of the
breast. Med Phys 34:22132. https://doi.org/10.1118/1.2400836

11. Dance DR, Young KC, van Engen RE (2011) Estimation of mean glandular
dose for breast tomosynthesis: factors for use with the UK, European and
IAEA breast dosimetry protocols. Phys Med Biol 56:453–471. https://doi.org/
10.1088/0031-9155/56/2/011

12. Sechopoulos I, D'Orsi CJ (2008) Glandular radiation dose in tomosynthesis
of the breast using tungsten targets. J Appl Clin Med Phys 9:2887.
https://doi.org/10.1120/jacmp.v9i4.2887

13. Traino AC, Sottocornola C, Barca P et al (2017) Average absorbed breast
dose in mammography: a new possible dose index matching the
requirements of the European Directive 2013/59/EURATOM. Eur
Radiol Exp 1:28. https://doi.org/10.1186/s41747-017-0026-1

14. Hauge IH, Olerud HM (2013) Uncertainties involved in the estimation of
mean glandular dose for women in the Norwegian Breast Cancer Screening
Program (NBCSP). Radiat Prot Dosimetry 155:81–87. https://doi.org/10.1093/
rpd/ncs314

15. Shin SU, Chang JM, Bae MS et al (2015) Comparative evaluation of average
glandular dose and breast cancer detection between single-view digital
breast tomosynthesis (DBT) plus single-view digital mammography(DM) and
two-view DM: correlation with breast thickness and density. Eur Radiol 25:
1–8. https://doi.org/10.1007/s00330-014-3399-z

16. Svahn T, Andersson I, Chakraborty D et al (2010) The diagnostic accuracy of
dual-view digital mammography, single-view breast tomosynthesis and a
dual-view combination of breast tomosynthesis and digital mammography
in a free-response observer performance study. Radiat Prot Dosim 139:113–
117. https://doi.org/10.1093/rpd/ncq044

17. (2007) The 2007 Recommendations of the International Commission on
Radiological Protection. ICRP publication 103. Ann ICRP. 37:1‐332. https://
www.icrp.org/publication.asp?id = ICRP%20Publication%20103

18. Cohen EO, Weaver OO, Tso HH, Gerlach KE, Leung JWT (2019) Breast cancer
screening via digital mammography, synthetic mammography, and
tomosynthesis. Am J Prev Med 58:470–472. https://doi.org/10.1016/j.amepre.
2019.09.016

19. Bernardi D, Gentilini MA, De Nisi M et al (2019) Effect of implementing
digital breast tomosynthesis (DBT) instead of mammography on population
screening outcomes including interval cancer rates: results of the Trento
DBT pilot evaluation. Breast 50:135–140. https://doi.org/10.1016/j.breast.
2019.09.012

20. Skaane P, Bandos AI, Niklason LT et al (2019) Digital mammography versus
digital mammography plus tomosynthesis in breast cancer screening: the
Oslo tomosynthesis screening trial. Radiology 291:23–30. https://doi.org/10.
1148/radiol.2019182394

21. Pattacini P, Nitrosi A, Giorgi Rossi P et al (2018) Digital mammography
versus digital mammography plus tomosynthesis for breast cancer
screening: the Reggio Emilia tomosynthesis randomized trial. Radiology 288:
375–385. https://doi.org/10.1148/radiol.2018172119

22. Hammerstein GR, Miller DW, White DR, Masterson ME, Woodard HQ,
Laughlin JS (1979) Absorbed radiation dose in mammography. Radiology
130:485–491. https://doi.org/10.1148/130.2.485

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Traino et al. European Radiology Experimental            (2020) 4:38 Page 11 of 11

https://doi.org/10.1118/1.4892600
https://doi.org/10.1088/0031-9155/45/11/308
https://www.euref.org
https://doi.org/10.1118/1.2400836
https://doi.org/10.1088/0031-9155/56/2/011
https://doi.org/10.1088/0031-9155/56/2/011
https://doi.org/10.1120/jacmp.v9i4.2887
https://doi.org/10.1186/s41747-017-0026-1
https://doi.org/10.1093/rpd/ncs314
https://doi.org/10.1093/rpd/ncs314
https://doi.org/10.1007/s00330-014-3399-z
https://doi.org/10.1093/rpd/ncq044
https://www.icrp.org/publication.asp?id%20=%20ICRP%20Publication%20103
https://www.icrp.org/publication.asp?id%20=%20ICRP%20Publication%20103
https://doi.org/10.1016/j.amepre.2019.09.016
https://doi.org/10.1016/j.amepre.2019.09.016
https://doi.org/10.1016/j.breast.2019.09.012
https://doi.org/10.1016/j.breast.2019.09.012
https://doi.org/10.1148/radiol.2019182394
https://doi.org/10.1148/radiol.2019182394
https://doi.org/10.1148/radiol.2018172119
https://doi.org/10.1148/130.2.485

	Abstract
	Background
	Methods
	Results
	Conclusions

	Key points
	Background
	Methods
	Extension of the 2ABD model to DBT
	Evaluation of ka,i
	Evaluation of m
	Calculation of 2ABD
	Comparison of 2ABD in DM and DBT procedures

	Results
	Evaluation of ka,i
	Evaluation of m
	Calculation of 2ABD
	Comparison of 2ABD in DM and DBT

	Discussion
	Appendix
	Calculation of incident air kerma and X-ray tube yield model
	Estimation of AGD from 2ABD
	Abbreviations

	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

