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Abstract. This article presents the results of a pilot dose survey including fifty
patients who underwent combined screening: full field digital mammography
(FFDM) plus digital breast tomosynthesis (DBT). The study also aimed to
demonstrate the different dosimetric outcome from using different glandularity
assumptions and dosimetry methods. The mean glandular dose to each patient
was computed using Dance’s method with UK glandularity assumption. The
calculations were repeated using Wu/Boone’s method with the “50–50” breast
assumption and the results compared to those using Dance’s method. For the
typical breasts, the dose from combined examination was around 9.56 mGy:
4.26 mGy from two-view FFDM and 5.30 mGy from two-view DBT. Adopt-
ing UK glandularity assumption was believed to more realistically reflect the
population dose. The comparison between Dance’s and Wu/Boone’s methods
indicated that the latter tended to show lower dose values with mean differences
of −3.6 % for FFDM and −5.5 % for DBT.
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1 Introduction

Clinical studies [1–3] have shown that both the sensitivity and specificity of mam-
mography screening would be generally improved when digital breast tomosynthesis
(DBT) was used in combination to full field digital mammography (FFDM) (referred as
combined mammography screening). It has been questioned whether the extra radiation
dose associated with combined imaging would be adequately justified for
population-based screening, particularly as the effect on breast cancer mortality is as yet
unproven. Therefore, BreastScreen Australia has yet to recommend the inclusion of
DBT in mammography screening awaiting further national clinical evidence and a better
knowledge about the radiation dose from combined examinations to ensure patient
safety.

The situation in Australia is additionally complicated as there is yet no national
consensus regarding the standard method to determine radiation dose for DBT exposures
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nor in fact for patient dose surveys in mammography. At present, there are two main
schools of mammographic dosimetry formalism respectively advocated by Europe and
North America: The former is based on the works by Dance [4, 5] (referred to as the
Dance’s method) which incorporates both FFDM and DBT methodologies and the latter
is from the original works by Wu [6, 7], later extended by Boone [8] who worked on
FFDM methodologies, and the work of Sechopoulos [9, 10] which developed into the
American Association of Physicists in Medicine (AAPM) protocol for DBT dosimetry
[11] (overall referred to as the Wu/Boone’s method). All systems rely on Monte Carlo
simulation techniques to estimate the mean glandular dose, a dose metric to characterize
the risk of radiation-induced breast cancer, but with different simulation details leading to
the expectation of different dosimetric outcomes.

Importantly the assumptions of breast density, used in dose estimation, need to be
examined. For dosimetry, breast density is referred as “glandularity” which describes
the proportional mass content of fibro-glandular tissues in the tissue core of the sim-
ulated breast model, excluding a relatively thin layer of adipose tissue on the surface. In
Dance’s method, polynomial functions were derived from the screening data in the
United Kingdom (UK) to estimate the average glandularity of the imaged breasts by
their compressed thicknesses (referred as UK glandularity assumption) for two age
groups of women and such estimations can be directly incorporated into dose calcu-
lations [12]. Despite the potential errors, this approach is believed to be able to more
realistically reflect the mean glandular dose to the screening population. In comparison,
the Wu/Boone’s method does not provide a specific guideline and assumes equal
proportion of fibro-glandular and adipose tissues (referred as 50–50 breast assumption)
in any dose calculation. This specific composition was conventionally believed to
represent an average breast but recent works by Yaffe et al. [13] and Vedantham et al.
[14] have added weight to previous work casting doubt on the validity of the 50–50
breast assumption by demonstrating that the fibro-glandular tissue composition is more
typically in the range of around 20 %, depending on the definition of fibro-glandular
tissue composition employed and the profile of women surveyed.

The study below presents the pilot dose data from combined mammography
screening in Australia. It also aims to investigate the dosimetric outcome as a result of
using different dosimetry methods and different assumptions on glandularity. The
outcome of this study will be valuable when evaluating the introduction of DBT into
the screening practice.

2 Methods and Materials

This pilot dose survey utilized patient data generated by a Hologic Selenia Dimensions
(Hologic, Bedford, USA) mammographic unit with DBT functionality. Fifty asymp-
tomatic female patients (average age of 54) who attended for screening for breast cancer
in a private centre were randomly sampled from PACS records. Combined examinations,
which composed of both FFDM andDBT acquisitions under the same compressed breast
thickness, were performed at two views [cranio-caudal (CC) and mediolateral oblique
(MLO)] on both breasts. Eight images were acquired for each patient, constituting a total
of 400 images in this study. All examinations were performed using the automatic
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exposure control (AEC) setting: “Autofilter” that automatically selects suitable tube
voltage (kV), anode/filter combinations and current-time product (mAs) depending on
the compressed thickness of the breast and its attenuation to x-ray determined by the
pre-pulse x-ray exposure.

From the patients’ images, the acquisition parameters and characteristic of the
breasts were extracted from the relevant DICOM tags. The volumetric breast density
was also estimated for each patient using commercial software: QuantraTM (Version
2.0). The radiation output and the beam qualities of the mammographic unit were
measured using a dedicated mammography ionization chamber (Model 10 × 6-6M;
Radcal, Monrovia, USA) and aluminum foils of high purity, respectively.

Combining the measurement results and the data collected for each patient, the
associated mean glandular dose was computed using Dance’s method for both FFDM
and DBT acquisitions with the UK glandularity assumptions to study the typical dose
from a combined examination. Subsequently, the calculations were repeated with the
50–50 breast assumption to study its impact on the dosimetric outcome and to allow
direct comparison with the results calculated with Wu/Boone’s methods.

3 Results and Discussion

3.1 Radiation Dose from Combined Examination

The demographics of the sampled patients were presented in Fig. 1, illustrating the
distribution of compressed breast thickness. The average compressed thicknesses for
CC and MLO view are 52.83 ± 15.18 mm and 52.89 ± 17.16 mm. Owing to the
similar distributions of thickness, the respective radiation doses from these two views
were not differentiated. The radiation dose from FFDM and DBT was presented in
Table 1, as a function of compressed breast thickness and upon the UK glandularity
assumption. On average, DBT delivers approximately 27 % more radiation dose to the
imaged breast than FFDM which is comparable with the published results in the
literature [15]. For the median compressed thickness between 50 and 60 mm, the mean
glandular dose to the imaged breasts from a combined examination is approximately
9.56 mGy: 4.26 mGy from two-view FFDM and 5.30 mGy from two-view DBT.

The combined examinations have been shown to improve the effectiveness of
mammography screening but at the expense of roughly doubling the radiation dose as
demonstrated in the present survey. It is clear that the total dose to patients undergoing
mammography screening will be determined by the clinical role of DBT in the future –
whether it will be used solely or adjunct to FFDM and whether one-view DBT is
adequate for accurate screening and diagnosis. In that regard, the clinical usefulness of
synthetic 2D images reconstructed from DBT slice images would also require further
investigation.

3.2 Impact of Glandularity Assumption

When compared to the results based upon the UK glandularity assumption (Table 1),
using the 50–50 breast assumption would overestimate the dose for thinner breasts
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(thickness: 20 to 40 mm) and underestimate the values for the thicker ones (thickness:
50 to 100 mm) (Table 2). These results were expected as breast glandularity was
assumed to decline in a polynomial fashion with compressed breast thickness (left
y-axis of Fig. 2): the thinner breasts would have glandularity greater than 50 % and
vice versa for thicker ones as indicated by the dotted line in Fig. 3. Two polynomial
curves are presented, representing the estimations for age groups: 40 to 49 (upper
curve) and 50 to 64 (lower curve).

The present results are limited by the relatively small sample size in the survey and
thus the glandularity distribution might not be representative owing to the variation in
average glandularity within a sampled breast thickness and age group. Also, as dis-
cussed by Beckett and Kotre [16], the estimated glandularity from the UK assumption
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Fig. 1. Distribution of compressed breast thickness (CBT) for CC and MLO view in the
sampled population

Table 1. Average radiation dose from FFDM and DBT (per acquisition) as a function of
compressed breast thickness (CBT) calculated with Dance’s method using the UK glandularity
assumption.

CBT range (mm) Sample size FFDM (mGy) DBT (mGy) Ratio (DBT/FFDM)

20–30 11 1.29 ± 0.30 1.66 ± 0.24 1.34
30–40 40 1.41 ± 0.28 1.78 ± 0.27 1.27
40–0 39 1.59 ± 0.38 2.00 ± 0.21 1.30
50–60 48 2.13 ± 0.49 2.65 ± 0.24 1.29
60–70 31 3.12 ± 0.69 3.50 ± 0.41 1.14
70–80 19 4.58 ± 1.87 4.76 ± 0.70 1.13
80–90 8 5.47 ± 2.67 6.10 ± 1.01 1.25
90–100 4 4.27 ± 0.06 6.16 ± 0.35 1.44
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in theory would only be referring to the column of tissues above the AEC chamber and
might not be directly comparable to the volumetric glandularity reported by automated
software (e.g. QuantraTM), in addition to the different definitions used which will be
detailed next. This was evident in the right y-axis values of Fig. 2 which demonstrated
that the individual volumetric glandularity, independently measured by QuantraTM, in
general deviated from the polynomial relationships with compressed thickness.

Incorporating individual glandularity information into dose calculation is not
straight-forward in clinical settings as the information is not always available. More-
over, the values reported by radiologists or automated software are based on tissue area

Table 2. The same data as Table 1 recalculated with Dance’s method using the 50–50 breast
assumption.

CBT range (mm) FFDM (mGy) DBT (mGy) Ratio (DBT/FFDM)

20–30 1.39 ± 0.33 1.80 ± 0.27 1.35
30–40 1.47 ± 0.28 1.85 ± 0.26 1.27
40–0 1.56 ± 0.37 1.97 ± 0.19 1.30
50–60 1.95 ± 0.47 2.42 ± 0.20 1.29
60–70 2.71 ± 0.63 3.04 ± 0.31 1.15
70–80 3.87 ± 1.60 4.03 ± 0.58 1.13
80–90 4.46 ± 2.21 5.02 ± 0.85 1.26
90–100 3.44 ± 0.04 5.04 ± 0.29 1.47
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Fig. 2. The breast glandularity by mass proportion (left y-axis values) predicted by the UK
glandularity assumption: two polynomial curves are presented, representing the estimations for
age groups: 40 to 49 (upper curve) and 50 to 64 (lower curve). Also presented in the graph are the
volumetric estimations by QuantraTM (right y-axis values)
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or volumetric proportion as opposed to the mass proportion used in context of
dosimetry. Additionally, the former estimates often include the subcutaneous adipose
tissue, which is however excluded in dosimetry. Conversion between the two defini-
tions is possible but access to the images would be necessary for further image pro-
cessing. Commercial software is now available to perform “personalized” dose
estimation taking into account the volumetric glandularity measured, and its impact on
clinical practice would require further investigation [17].

3.3 Comparison of Dosimetry Methods

Linear relationships were observed between the dosimetry methods for both FFDM and
DBT acquisitions (Fig. 3). Moreover, high correlations were also demonstrated with
respective Pearson coefficients of 0.999 and 0.957. Further, compared to Dance’s
methodology, the Wu/Boone method tended to show lower dose values with the maxi-
mumdifference of−10.8 % (mean = −3.6 %) for FFDMand−11.0 % (mean = −5.5 %)
for DBT acquisitions. From the paired t-test, these differences were statistically signifi-
cant (p < 0.0001).

This difference is mainly attributed to the different simulated breast models adopted
in the two methods. In Dance’s work, the breast was simulated as a symmetric
semi-circular cylinder with an outer layer of adipose tissue (a surrogate of subcutaneous
adipose tissue and skin) of thickness 4 mm enclosing a central region comprising a
uniform mixture of breast tissues. Wu/Boone have utilized a similar breast model
except with an outer adipose layer of 5 mm. This slight thickness variation of the
outermost adipose would constitute a prominent dosimetric difference especially for the
low x-ray energies utilized in mammography. This was evident that the largest devi-
ations were from acquisitions with low kV settings. Other contributing factors include
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Fig. 3. A comparison between the dosimetric outcome using Dance’s and Wu/Boone’s methods
for FFDM calculation and Dance’s and AAPM methods for DBT exposures
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the different photon interaction cross-sectional areas (maximum alternations up to
10 %) as well as the difference in the irradiation geometry (maximum alternations up to
2.3 %). These small but significant differences must be recognized by users when
interpreting dose values in reports and literature for risk assessment.

4 Conclusion

It was revealed in the pilot survey that the mean glandular dose to the imaged breasts
from two-view combined examinations, as measured by mean glandular dose, would
range from 5.90 to 23.14 mGy. For the median breasts in this survey, the total dose was
approximately 9.56 mGy: 4.26 mGy from two-view FFDM and 5.30 mGy from
two-view DBT. It was further demonstrated that these dose values would vary with the
glandularity assumptions as well as the dosimetry methods and such dosimetric dif-
ferences must be well recognized.

The results from this pilot study are inherently limited by its sample size and the
fact that only one mammography unit is included. These limitations will be addressed
in a follow-up study involving a larger sample size and multiple clinics using mam-
mography units from different vendors.
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