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Abstract: This study assessed the accuracy of average glandular dose (AGD) calculations
for two Selenia Dimensions mammography systems using data from the online dose man-
agement DoseWatch software version 3.3.5.1. Mammographic images acquired between
January 2021 and December 2022 were retrospectively analyzed. The AGD values dis-
played by the systems were compared with those independently calculated using the Dance
and Boone methods. Additionally, real glandular composition of breast was estimated
using LIBRA (Laboratory for Individualized Breast Radiodensity Assessment) software
version 1.0.4 for a selected subgroup of patients. Results showed that the AGD values
displayed by the systems were generally consistent with those calculated using the Dance
method, but discrepancies emerged when applying the Boone method, especially when
using estimated glandular composition. Most mammograms fell within acceptable and
achievable dose limits according to European guidelines, though a small percentage ex-
ceeded these thresholds. The findings suggest that the Dance method, using glandular
composition estimated through LIBRA, provides a reliable and accurate AGD calculation,
offering a simpler alternative to more complex individualized calculations. The study
highlights the importance of accurate glandularity estimation for proper dose management
in mammography.
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1. Introduction

Mammography has traditionally been the most suitable and effective technique for
the screening and diagnosis of breast cancer. The use of ionizing radiation in this procedure
introduces a non-negligible risk of cancer due to radiation exposure. Therefore, special
attention has always been given to monitoring and optimizing breast-absorbed doses to
ensure patient safety.

In mammography, the radiation dose to the breast is estimated in terms of the average
glandular dose (AGD). Since it is not possible to measure the dose absorbed by the breast
directly, the AGD is only an estimate of the energy deposited per unit mass of glandular
tissue, and as such, it provides an indication of the breast dose. The average glandular dose
is calculated using conversion factors from air kerma to AGD derived from Monte Carlo
simulations [1-7], and it depends on X-ray spectra, beam quality, breast thickness, and
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breast density (glandularity). While most AGD estimates assume that the breast consists of
50% glandular tissue and 50% fatty tissue [1,4-8], it is well known that breast composition
has variable density. Therefore, the assumption of 50% glandularity leads to a rough
estimate of the absorbed dose. Some authors have addressed this issue by developing a
model to estimate breast glandularity based on the patient’s age and compressed breast
thickness (CBT) [2,3]. However, even this approach has limitations, as glandularity is
not assessed by considering the actual breast composition. This is a critical point in
mammography, since the amount of fibroglandular tissue in the breast is closely related to
the risk of radiation-induced breast cancer: women with dense breast tissue have a higher
risk of breast cancer compared to women with less dense tissue [9-14].

All modern digital mammography units provide an indication of the AGD for each
exposure, which is displayed on the screen and stored in the header of the DICOM image
file. In the context of evaluating doses to the population and clinical audits, as outlined in
the European Atomic Energy Community (EURATOM) directive [15] and in accordance
with the International Commission on Radiological Protection (ICRP) recommendations on
the use of diagnostic reference levels (DRLs) in medical imaging [16], acceptable and achiev-
able dose levels—expressed as average glandular doses—are assessed in the European
guidelines for quality assurance in breast screening and diagnosis [17-19] and international
recommendations [16,20-22].

Given the large number of mammograms performed daily, the implementation of
patient dose monitoring and optimization is facilitated through the use of online dose
management systems. These systems store all relevant information for each exposure
(e.g., patient data, study date, equipment model, exam parameters, dosimetric quantities),
enabling easier collection of large datasets to optimize protocols, reduce radiation doses,
and perform statistical analysis. However, the estimated average glandular dose provided
by digital mammographic units needs to be verified using independent measurements and
compared with other calculation models.

The aim of this study was to assess and verify the reliability of a patient dose monitor-
ing system as a tool for estimating the average glandular dose in mammography and to
compare the dose values provided by the mammography systems with those calculated
using independent models. Furthermore, we aimed to evaluate whether the integration of
software for the estimation of real glandularity improves the accuracy of AGD calculations
compared to traditional methods.

2. Materials and Methods

The study was conducted on two Selenia Dimensions (Hologic Inc., Bedford, MA,
USA) mammography systems located at the Humanitas Istituto Clinico Catanese Senology
Department, referred to as Dimensions 1 (Dim1) and Dimensions 2 (Dim2). The two fully
digital X-ray mammography machines were installed in 2020 and operated in automatic
exposure control (AEC) mode. Each mammographic unit was configured to export pa-
tient exam information to DoseWatch, online dose management software, version 3.3.5.1
(General Electric Healthcare). Specifically, patient characteristics, exposure parameters,
and radiation dose values used in each mammography study were transmitted from the
mammography systems to DoseWatch. Three tools were available in the Mammography
Analysis section: AGD per study, highest cumulative AGD per patient, and high-dose-level
studies. In the Administration section, it was possible to export DoseWatch data in Excel
format for performing necessary calculations and statistical analyses.

Full-field digital mammography images acquired from January 2021 to December
2022 were retrospectively analyzed. Data collection was carried out by exporting images
from DoseWatch and included, among others, the following variables: age, study date,
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mammographic unit model, view, laterality, tube voltage (kVp), exposure (mAs), kerma,
half-value layer (HVL), anode-filter combination, compressed breast thickness (CBT), and
average glandular dose (AGD).

The analysis involved 4595 and 5121 patients undergoing screening or diagnostic
mammography on the Dimensions 1 and Dimensions 2 units, respectively. The distribution
of patient age relative to the two mammography units is shown in Figure 1.
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Figure 1. Number of patients undergoing mammography for diagnostic and screening purposes
over the two years considered in the study, presented by age group for each of the two mammo-
graphic systems.

Each mammography exam consisted of several studies, which differed by acquired
projections (mediolateral oblique [MLO] and craniocaudal [CC] views) and laterality (right
and/or left). From the 43,493 (9716 women) study records downloaded from DoseWatch,
patients with breast implants, breast biopsies, tomosynthesis examinations, or those per-
formed in manual mode were excluded. As a result, the final dataset included a total of
41,695 (9592 women) mammograms.

The AGD provided by the mammographic systems for each image was assessed by inde-
pendently measuring it using the technical data of the mammography examinations extracted
from DoseWatch (kVp, mAs, anode—filter combination), along with the values obtained from
periodic quality controls (tube output and HVL) performed by medical physicists.

The AGD was automatically displayed for each projection by the mammographic
system. According to some authors, Hologic mammography systems calculate AGD
using Dance’s method [23], while others suggest that Boone’s method is used [24-26].
As reported in the DICOM header of each analyzed image, the Hologic mammography
systems in this study use Dance’s model for AGD calculation, as recommended by European
guidelines [17,18].

In this work, for each mammogram, the AGD was calculated using both
methods—those of Dance et al. [2,3] and Boone et al. [4,5,27]—using an Excel spread-
sheet developed in-house and a SciPy program (for the multivariable fitting process). The
results of these calculations were then compared with the AGD values provided by the
mammography units and extracted from DoseWatch.

To calculate the AGD, Dance’s method uses the following equation:

AGD =K-g-cs @

where K (mGy) is the incident air kerma at the entrance surface of the breast; g is the
incident air kerma to mean glandular dose conversion factor for a glandularity of 50%; c is
the factor that corrects for any difference in breast composition from 50% glandularity, and



Appl. Sci. 2025, 15, 3338

40f13

is defined for two age groups—40 to 49 and 50 to 64 years; and s is the factor that corrects
for the X-ray spectrum used. Both the g and ¢ factors depend on HVL and CBT.
Boone’s method estimates the AGD using the following equation:

AGD = K-Dyn (2)

where Doy (mGy/mGy) is the normalized glandular dose coefficient. It depends on the
quality of the radiation beam (kVp, HVL, anode-filter combination) and on breast charac-
teristics (composition and thickness). The D¢y values used in this work were determined
by means of Monte Carlo simulations for breast glandular density of 0%, 12.5%, 25%,
37.5%, 50%, and 100% and compressed breast thickness of 2-9 cm as a function of kVp and
HVL [27].

For all the images taken on the two mammography units considered in this study,
the air kerma was calculated using the exposure values provided by the mammography
systems and sampled by DoseWatch and the tube output values measured during periodic
quality controls based on tube voltage and anode—filter combination, with the detector
located on the surface of the breast support plate at 6 cm from the chest side [28]. Kerma
calculated values were corrected according to the inverse-square law for each individual
breast thickness using CBT values from DoseWatch.

The AGD was calculated according to Dance’s Equation (1) using the following: (i) the
tube output in uGy/mAs (from kV, filter material and output measured during quality
controls), (ii) the air kerma in mGy (from tube output, mAs and thickness), (iii) the g factor
value (from a third-order polynomial regression of HVL and thickness according to Dance’s
Table 2 of [2]), (iv) the c factor value (from a third-order polynomial regression of HVL,
thickness and glandularity according to Dance’s Tables 5 and 6 of [2]), and (v) s factor
(single value for the W/Rh and W/ Ag spectra used [2,3]).

Equations (3) and (4) represent the regression models applied to the g and c fac-
tors, respectively:

g=uap+ar- X +a X+ D(g'X% + oy X1-Xo + D(5~X% + (X6~X% + D(7~X%'X2

3
+ag-X1-X5 + ag- X3 ©)

where X; = HVL (mm Al) and X, = thickness (cm)
c=Bo+ ,B1’X% + B2 X3 + ‘33-X§' + Ba-X2-Xo + B5 X3 X3 + Be-X3-X1 + Br- @)

X%Xg + ,Bg'Xg-X1 + ﬁg'X§~X2 + ,310'X1~X2 + ,311'X1~X3 + ‘312'X2~X3

where X; = HVL (mm Al), X, = thickness (mm), and X3 = glandularity (%).

Similarly, the AGD was calculated according to Boone’s Equation (2) using the air
kerma calculated value and the polynomial regression model (5) for the DgN coefficients
for the W/Rh and W/Ag spectra used:

Den =70+ 71-X5 +72:X5 + 13- X3 + 74 X3 + 15-XF + 76 X5 + 17 X3 + 18- X3+
Y9-X2-Xo 4+ 110-X3- X3 + 111- X3 Xa 4+ 712-X1-X3 + 113-X0-XF + 714 X1 X3+
Y15 X3 X3 + 116- X5 Xa + 117 X2- X5 + 118 X2 X5 + 119 X3 X4 + 720 X3- X5+
Y21-X1 + v22- X2 + Y23 X3 + Y24- Xg + ¥25- X1 Xo + Y26 X1 X3 + Y27 X1 Xy + Y28
X2+ X3+ 729- X2 Xg + 730° X3 Xg + 731 X1-Xp X3 + ¥32- X1 X Xy + y33-X1- X3+
Xy + 734 X2 X3 Xy

where X; = HVL (mm Al), X, = thickness (mm), X3 = glandularity (%), and X4 = kVp.
Polynomial regressions were performed using the curve-fitting function from the
scipy.optimize module (version 1.7.3). F tests were conducted for both c and g fits to
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evaluate the overall significance of the regression models. The aim was to determine
whether the chosen model significantly contributes to explaining the variability in the
data compared to a simpler or null model. A notably high value of the F statistic leads
to the rejection of the null hypothesis, indicating that at least one coefficient in the model
significantly differs from zero at a statistically significant level.

The uncertainties in the AGD calculation were estimated to be 14-20% [23,29,30],
taking into account uncertainties in air kerma, HVL, compressed breast thickness, and
breast glandularity.

The calculated and displayed AGD values were compared with each other and with
the achievable and acceptable dose levels according to guidelines for quality assurance in
breast screening and diagnosis [16-22].

The breast density used in these AGD calculation formalisms represented a general-
ization of glandularity that was not based on actual breast composition, but rather on a
polynomial fit, which estimated the average breast composition for different breast thick-
nesses in British women, grouped by two age ranges: 40—49 and 50-64 years [2]. To estimate
the effective mammographic breast density, the images were processed using Laboratory for
Individualized Breast Radiodensity Assessment (LIBRA) software (version 1.0.4; University
of Pennsylvania, Philadelphia, PA, USA; https:/ /librasoftwaregroup.com/ (accessed on 7
March 2024) [31,32]. LIBRA uses a fully automated algorithm to calculate breast percentage
density in digital mammography and provides breast segmentation masks, which indicate
the dense (i.e., fibroglandular) regions in relation to the fatty tissue. Breast percentage
density is defined as the ratio of dense tissue area to the total breast area, as seen in the
mammographic image. The advantages of this glandularity estimation software are that it
is freely available and works on both raw and post-processed images. LIBRA’s performance
has been validated for GE and Hologic systems by trained breast-imaging radiologists [31]
and compared to other commercially available software [33]. A new version of the software
called Deep-LIBRA is still under development and aims to provide a more precise estimate
of glandularity based on deep learning and artificial intelligence [34].

Since DoseWatch does not store acquired mammograms, the images to be analyzed
with LIBRA software were downloaded patient by patient from the Picture Archiving and
Communication System (PACS) located at Humanitas ICC. For this reason, two subgroups
were extracted from the total patient population (119 patients for Dimensions 1 and 124 pa-
tients for Dimensions 2), resulting in a final dataset of 1051 mammograms (243 women), all
of which fell within the age, HVL, and thickness ranges tabulated by Dance’s model. The
AGD was calculated for these subgroups of patients using the methods described by Dance
and Boone and Equations (1) and (2), respectively, with the air kerma calculated value and
the effective glandularity estimated by LIBRA. As before, the results of these calculations
were compared with the AGD values provided by the mammography units and extracted
from DoseWatch.

To evaluate the statistical significance of the differences found in the AGD calculations,
a two-tailed paired t-test was used, with the significance level set at 0.05.

Table 1 shows some DoseWatch data relative to all the images included in the study,
divided by mammographic unit, as well as the two subgroups of patients selected for
glandularity estimation using LIBRA. For comparison, the ranges of age, HVL, and CBT
values tabulated according to the Dance and Boone models and used in the AGD calculation
are also shown.
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Table 1. Ranges of DoseWatch patient age, kVp, exposure, HVL, and CBT for all images included in
the study and for the two subgroups of patients, divided by mammographic unit. The number of
images with CBT less than 20 mm and greater than 90 mm and the total number of images are also
reported. For comparison, the values tabulated according to the models of Dance and Boone, used in
the AGD calculation, are shown.

All Patients 243 Patients Tabulated Values

Dim1 Dim2 Dim1 Dim?2 Dance [2,3] Boone [20]
Age 30-90 21-93 40-64 40-64 40-64 -
kVp 25-37 25-39 25-32 25-32 - 23-35
Exposure (mAs) 29.2-353.9 21.5-447.7 35.0-198.5 46.7-219.5 - -
HVL (mm) 0.474-0.670 0.479-0.663 0.474-0.596 0.479-0.596 0.30-0.60 0.333-0.683
CBT (mm) 14-108 10-139 22-74 20-79 20-110 20-90
Images with
CBT < 20 mm 114 99 - - - -
and CBT > 90 mm
Total images 20,181 21,514 519 532 - -

3. Results

The mean AGD values and corresponding standard deviations (SDs) extracted from
DoseWatch and calculated using the Dance and Boone methods are presented in Table 2.

Table 2. Mean AGD of all the images acquired with Dim1 and Dim2 units and corresponding
standard deviations (SDs) for displayed values (DoseWatch) and for Dance and Boone methods.

Mean AGD, SD (mGy)

Unit

DoseWatch Dance Boone
Dim1 1.27,0.45 1.21,0.43 1.12,0.45
Dim?2 1.25,0.41 1.19, 0.39 1.10,0.41

Table 3 displays the percentage of mammograms with AGD values below the accept-
able and achievable dose levels established by the guidelines [17-19]. Figure 2 presents a
comparison of the displayed and calculated AGD values with the acceptable and achievable
dose levels for all images taken on the two mammographic units.

Table 3. Dose comparison of displayed and calculated AGD values with acceptable and achievable
levels according to guidelines. Calculated values refer to Dance’s method.

Mean AGD % of AGD < Acceptable % of AGD < Achievable
Unit (mGy) Level Level
ni
Displayed Calculated Displayed Calculated Displayed Calculated
Values Values Values Values Values Values
Dim1 1.27 1.21 97.98% 98.52% 82.30% 85.61%
Dim?2 1.25 1.19 98.56% 99.37% 82.40% 88.02%

The two patient subgroups, whose images were used for glandularity estimation with
LIBRA software, were randomly selected from the main groups, ensuring they met the
age range, HVL, and CBT criteria established by Dance. The patient subgroups consisted
of 119 patients for Dimensions 1 and 124 patients for Dimensions 2. Figure 3 presents an
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example of how the LIBRA segmentation algorithm worked on a mammogram from one of
the patients considered.

Dimensions 1 Dimensions 2

AGD DoseWatch AGD DoseWatch
7 AGD calculated 7 AGD calculated
—— Acceptable level —— Acceptable level
- = ~Achievable level - = - Achievable level

AGD (mGy)
AGD (MGy)
-

0 ey 40 60 8 100 120 1o 0 20 40 60 80 100 120 140
Thickness (mm) Thickness (mm)

Figure 2. Comparison of DoseWatch and calculated AGD values with acceptable and achievable dose
levels for (left) Dimensions 1 and (right) Dimensions 2 mammographic units. Calculated values refer
to Dance’s method.

100 200 300 400 SO0 600 700 800

(b)

Figure 3. LIBRA segmentation algorithm. (a) Original DICOM image of the mammogram; (b) cluster-
ing representing regions of the image with similar gray-level intensity (i.e., similar X-ray attenuation
properties); (c) final dense-tissue segmentation output image.

For each image of the patients in the two selected subgroups, glandularity was calcu-
lated using LIBRA. The AGD evaluation was then performed using the Dance and Boone
methods, with the glandularity estimate obtained from LIBRA and that provided by the
polynomial fit based on the data in Dance’s Table 5 (reference [2]).

The third-degree polynomial regression (3) for the g factor utilized HVL and thickness
values from Dance’s Table 2 (reference [2]). In Figure 4, both the polynomial regression
curve (a) and its corresponding residual plot (b) are shown. The regression model facilitated
the calculation of g factors for each patient in the dataset and demonstrated a good fit to
the data. The F test revealed an F value significantly exceeding the critical F value at a 0.05
significance level (F >> Foe = 0.05), indicating the statistical significance of the polynomial
model in effectively capturing and explaining the nuances of the data. The residual plots (b)
show a random distribution, indicating that the regression model is appropriate.

Similarly, c factors were determined for each patient through polynomial regression (4),
incorporating HVL, thickness, and glandularity values from Dance’s Table 6 (reference [2]).
Figure 5 displays both the third-degree polynomial regression curve (a) and its corre-
sponding residual plot (b) for HVL = 0.50 mm Al. Similar results were observed for other
HVL values; hence, only one example is presented for clarity. Once again, the F test
showed F >> Fo = 0.05, affirming the statistical significance of the c factor regression model,
analogous to the considerations for the g factor regression model.
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Figure 4. Polynomial regression curve (a) for the g factor and associated residual plot (b). The F test
reveals a notably high F value, exceeding the critical F value at a 0.05 significance level (F >> F = 0.05).
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Figure 5. Polynomial regression curve (a) for the c factor and its corresponding residual plot (b),
specifically for HVL equal to 0.50 mm Al. The F-test results indicate a notably high F value, exceeding
the critical F value at a 0.05 significance level (F >> F = 0.05).

Figures 4 and 5 display the results of the third-degree polynomial regressions (3) and (4)
for the g and c factors, respectively, using HVL, thickness, and glandularity data from
Dance’s tables (reference [2]). The polynomial regression was used to model the behavior
of the g and c factors in relation to these variables. The model demonstrated a good fit to
the data, as evidenced by the F value significantly exceeding the critical value, confirming
the statistical validity of the results. The residual plots (b) showed a random distribution,
indicating that the regression models were appropriate.

The mean AGD values and corresponding standard deviations (SDs) for the values
displayed by the mammographic units and extracted from DoseWatch, as well as for the
values independently calculated using the Dance and Boone methods (with breast density
estimates from LIBRA or the multivariable fitting process based on Dance’s Table 5 [2] and
Boone’s tables in the Supplemental Material [27]), are shown in Table 4.

Table 4. Mean AGD of the images of the two subgroups of patients acquired with Dim1 and Dim?2
units and corresponding standard deviations (SDs) for displayed values (DoseWatch) and for AGD
calculated with Dance and Boone methods using the glandularity calculated by polynomial fits (Dance
and Boone, respectively) or using the glandularity estimated by LIBRA software (Dance-LIBRA and
Boone-LIBRA, respectively).

Mean AGD, SD (mGy)
DoseWatch Dance Dance-LIBRA Boone Boone-LIBRA
Dim1 1.28,0.43 1.21,0.41 1.29,0.39 1.13,0.44 1.22,0.38
Dim2 1.29,0.42 1.23,0.40 1.29,0.36 1.14,0.43 1.22,0.36

Unit
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A two-tailed paired t-test was used to analyze the agreement between the AGD values
displayed by DoseWatch and those calculated using glandularity estimation via polynomial
fits or LIBRA. The results for the two subgroups of patients are displayed in Table 5.

Table 5. Two-tailed paired t-test (0.05 level of significance) to study the differences between displayed
dose values (DoseWatch) and AGD calculated using Dance’s and Boone’s methods with different
glandularity estimates for the two subgroups of patients.

p-Value
Dim1 Dim?2
(519 Images) (532 Images)
AGD Dance vs. AGD DoseWatch 0.007 0.017
AGD Dance-LIBRA vs. AGD DoseWatch 0.695 1.000
AGD Boone vs. AGD DoseWatch <0.001 <0.001
AGD Boone-LIBRA vs. AGD DoseWatch 0.017 0.004

Effect sizes were calculated using Cohen’s d for two independent groups [35]. A
medium effect size (0.2 < d < 0.5) was found when comparing AGD values provided
by DoseWatch (AGD DoseWatch) with those calculated using Boone’s method (AGD
Boone). In contrast, a small effect size (d < 0.2) was observed for the comparison between
AGD DoseWatch and values calculated using Dance’s method (AGD Dance) or Boone’s
method with LIBRA density estimation (AGD Boone-LIBRA). Finally, a negligible effect
size (d < 0.02) was found for AGD DoseWatch compared with AGD Dance-LIBRA, where
glandularity was estimated by LIBRA.

4. Discussion

The average glandular dose (AGD) collected by DoseWatch for a large number of
images provided by two Selenia Dimensions mammography systems was assessed by
calculating it independently using the Dance and Boone models. Additionally, the glan-
dularity estimate based on actual breast density, rather than age and breast thickness as
suggested by Dance et al. [2], was verified for the two subgroups of patients in the study.
The AGD evaluation method based on glandularity obtained through LIBRA software can
be considered an independent method of dose calculation, as it uses the actual glandularity
extracted from the acquired radiological images of the patients.

As expected, the agreement between the mean AGD displayed by the two mammog-
raphy units and the calculated AGD improved when the glandularity assessed by LIBRA
was used (Table 5). Using the Dance method, comparable values were obtained with no
statistically significant differences (row 2 of Table 5). However, when the Boone method
was used to calculate the AGD, differences between the calculated AGD values and those
provided by the mammography units remained statistically significant, even when using
glandularity estimated from the DICOM images through LIBRA (row 4 of Table 5). This is
particularly relevant, since Hologic units use the Dance model for AGD calculation. The
present study also included Boone’s method for comparison to ensure that the dose values
obtained were below those provided by DoseWatch as a precaution.

On average, for all the examinations considered, the displayed and calculated AGD
values exceeding the maximum acceptable dose levels (according to guidelines) were 1.7%
and 1.0%, respectively, while those exceeding the maximum achievable dose levels were
17.6% and 13.2%, respectively (Table 3 and Figure 2). Some procedures exceeded acceptable
AGD levels due to potential inaccuracies in the thickness indicator, which could lead to
an over- or underestimation of breast thickness. This in turn could affect tube voltage,
exposure, and the anode—filter combination, typically resulting in a higher AGD.
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The close match between the displayed and calculated AGD values for the selected
patient subgroup is understandable, as their age, kV, HVL, and CBT values fell within the
range of the tabulated values for the c and g coefficients (Table 1) according to the Dance
model. As a good approximation, the independent AGD calculation method using the
Dance model and tabulated glandularity is reliable (as confirmed by the small effect size
found) and simplifies the process by eliminating the need for individual image analysis
using LIBRA.

As widely demonstrated, AGD significantly depends on the estimation of breast glandu-
larity [36]. Standardized dose calculation models commonly used to estimate AGD require
careful interpretation to account for the uncertainties they may be subject to [23,28-30]. Inac-
curate mammographic breast composition estimates can lead to incorrect dose assessments
and an inaccurate evaluation of the cancer risk associated with radiation exposure in
mammography [9-14,36,37].

This issue is more critical given that glandular tissue distribution inside the breast is
not uniform, but heterogeneous, which can significantly influence the dose coefficients cal-
culated through Monte Carlo simulations [38]. The heterogeneous distribution of glandular
tissue is crucial to consider in AGD estimates, as regions with different levels of glandular
density can lead to significant variations in results. Specifically, the normalized glandular
dose coefficients (DgN) obtained using homogeneous breast models may not accurately
reflect the reality of glandular tissue distribution, potentially causing dose overestimation
or underestimation in different areas of the breast [38]. The use of heterogeneous mammo-
graphic phantoms, such as the three-layer heterogeneous phantoms (THEPs), could address
this issue. The THEPs are designed to mimic the heterogeneous distribution of glandular
tissue, with glandular fractions ranging from 25% to 75%. Monte Carlo simulations on these
phantoms show that heterogeneous glandular distribution can alter DgN coefficients by
30-40%, depending on breast thickness and glandular tissue distribution [38]. Differences
between uniform and heterogeneous glandular distributions were observed to be as much
as 29% higher or lower, depending on the glandular tissue position in the breast. There-
fore, adopting models that consider heterogeneous glandular distribution could improve
dose estimates.

Alternatively, a more precise determination of AGD could be achieved using ex-
perimental methods to derive glandular dose coefficients, such as by measuring spectral
differences between incident and transmitted X-rays through breast phantoms with varying
proportions of glandular and adipose tissue and different thicknesses [25]. This approach
would allow the use of experimental X-ray spectra specific to the mammography system,
rather than relying on theoretical models or simulations. However, implementing such
experimental methodologies in clinical practice is challenging due to the complexity, costs,
and advanced instrumentation required.

Despite these challenges, using realistic models of glandular distribution derived from
anthropomorphic phantoms or Monte Carlo simulations could significantly improve AGD
estimates in mammography and other breast imaging techniques, such as digital breast
tomosynthesis (DBT) or breast-dedicated CT (BCT) [39]. These models could help reduce
AGD estimation errors, which have been shown to be overestimated by up to 21% when
using homogeneous models [39].

However, experimental methodologies remain difficult to implement in clinical prac-
tice. As seen, current mean glandular dose calculation models have limitations due to
oversimplified models of breast composition and imaging systems. In the past, simpli-
fications were necessary to reduce the computational cost of obtaining dose conversion
coefficients. However, with technological advances, a new breast dosimetry method based
on new breast models has recently been developed and tested by the American Association
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of Physicists in Medicine (AAPM TG282) and the European Federation for Organizations
of Medical Physics (EFOMP) [40]. These models were derived from large patient datasets
of fibroglandular density percentiles across the real population.

Although the current study has limitations—mainly related to the analysis of mammo-
graphic images from a single manufacturer at one institution and the subdivision into two
limited subgroups—it allows the conclusion that the AGD displayed by mammography
systems and downloaded from DoseWatch is consistent when compared to independent
AGD calculations using the Dance or Boone methods. In this regard, DoseWatch is a valu-
able tool for evaluating radiation doses received by patients, collecting AGD values from
many images in just a few seconds, and enabling quick and easy comparisons and analyses.

5. Conclusions

In this study, a patient dose monitoring system, DoseWatch, was assessed by compar-
ing the average glandular dose (AGD) displayed by two mammographic units with the
AGD estimated through independent calculations. For this purpose, two AGD calculation
methods, the Dance and Boone models, were employed, considering two different breast
density estimations: a glandularity estimate based on a polynomial fit depending on age
and thickness, and a glandularity estimate using actual breast density through LIBRA
software (for two subgroups of patients).

The mean AGD values obtained using the Dance method and glandularity estimation
by LIBRA are fully comparable to those provided by DoseWatch. This confirms that the
mammography units in this study use the Dance model for dose calculation, along with
a glandularity estimation method very similar to LIBRA. Furthermore, the mean AGD
obtained using the Dance model and glandularity estimation through the polynomial fit
of the tabulated factors was closer to the values provided by DoseWatch than the AGD
calculated with the Boone method. This is evident, as Hologic mammography systems use
the Dance model, although differences remain statistically significant.

However, the approximation of using the Dance method to calculate AGD without
estimating the actual glandularity of the patients could be suitable for patients with age,
kV, HVL, and CBT values falling within the range of tabulated values for the c and g
coefficients according to the Dance model. This is because assessing breast density with
LIBRA is time-consuming and difficult to perform for all patients, and the doses obtained
using this method are always conservatively lower than those provided by DoseWatch.
In the future, for completeness, we plan to use the new breast dosimetry method [40] to
calculate the average glandular dose from our available data.

In conclusion, estimating the real glandularity in the selected patients allowed for
the determination of average glandular dose values comparable to those provided by the
Hologic systems considered, thereby validating a reliable independent AGD calculation
method. This also confirms the usefulness of DoseWatch in clinical routines to extract a
large volume of data for subsequent analysis. Future developments will focus on evaluating
and verifying AGD for patient age, kV, HVL, and CBT groups outside the range of the
Dance model using appropriate corrective factors.
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