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A B S T R A C T 

Estimating the average glandular dose (AGD) from a mammographic exam is essential for assessing 

radiation-induced cancer risk. In this study, we propose Mdec-Toki Monte Carlo Method with the aim of 

visualizing the dose distribution of the entire breast under different arbitrary glandularities, compressed 

thicknesses, and exposure parameters and evaluating the absorbed dose at an arbitrary point. A phantom 

with 50% glandularity values was used for the optically stimulated luminescence (OSL) dosimeters 

measurements to obtain the percentage depth dose PDD from the incident surface to the emission surface. 

Using the Mdec-Toki method under the same settings as those used for actual measurements and PDD was 

used to calculate the AGD. The PDD and AGD at an arbitrary point, obtained from Mdec-Toki method 

simulations and the actual measurements using OSL were similar. The proposed method may be adapted to 

individual patients and can support radiation safety management during mammography. 
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Introduction 

 

Mammograms are routine examinations for women aged 40 and above 

which require radiological protection to avoid undesired consequences 

[1, 2]. For instance, most breast cancers caused by radiation exposure 

originate in mammary gland tissue; this type of tissue has high 

radiosensitivity toward ionizing radiation and is susceptible to the 

development of radiation-induced breast cancer [3, 4]. Therefore, the 

exposure dose in mammography should not be evaluated by considering 

the incident surface dose, which is an exposure dose index for general 

X-ray imaging. Instead, it should be evaluated by considering the 

average glandular dose (AGD), which corresponds to the radiation 

absorbed by mammary tissue, including the subcutaneous stromal tissue 

(predominantly adipose tissue) [5, 6]. Currently, the method proposed 

by Dance et al. and used by the European Reference Organisation for 

Quality Assured Breast Screening and Diagnostic Services (EUREF) has 

also been adopted by Japan to obtain the AGD during mammography [7-

9]. 
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The Dance method calculates the AGD by multiplying the factor related 

to the half-value layer, target/filter combination of the incident X-ray 

flux, and the factor corresponding to 50% glandularity with poly (methyl 

methacrylate; PMMA) phantoms, with thickness (i.e., equivalent 

compressed breast thickness) given as a parameter. For digital breast 

tomosynthesis (DBT), factors related to the scanning angle of the X-ray 

tube and the air kerma measured on its incident surface are multiplied by 

the abovementioned factors to determine the AGD [10]. As evaluating 

the exposure dose of individual mammography patients is extremely 

complicated, conducting quality control with the AGD obtained from a 

standard phantom leads to the development of measures to reduce the 

exposure dose of a patient [11]. However, the radiation absorption of the 

mammary gland changes with respect to the depth and cannot be 

determined by using the AGD alone. In addition, the absorbed dose at an 

arbitrary point in the breast cannot be evaluated [12]. Although the 

increase in incidences of breast cancer caused by mammography 

examinations has not been directly investigated, analyses using various 

models have determined significant carcinogenic risks resulting from 

mammography [13-16]. Thus, the radiation absorbed by mammary gland 

tissue should be determined for dose management to estimate the 

carcinogenic risk. 

 

This study aimed to provide an accurate and effective method to 

determine the percentage depth dose (PDD) and average glandular dose 

during DBT at any point in the mammary gland. The proposed method 

of Mdec-Toki, based on Monte Carlo simulations, considers factors such 

as glandularity, tissue thickness and structure, heel effects, and the 

mammography imaging conditions to provide accurate estimates that 

show suitable agreement with measurements. The depth absorbed dose 

was measured during DBT of breast phantoms with a glandularity value 

of 50% using an optically stimulated luminescence dosimeter (OSLD). 

The PDD and the dose distribution map were calculated from the 

measurements. The dose distribution map was created on the plane 

parallel to the detector at each depth, and the absorbed dose at any point 

was evaluated. PDD in mammo with Monte Carlo has been used long 

before [17]. Additionally, the three-dimensional dose distribution during 

DBT under the same settings as those used for actual measurements was 

calculated and compared using the Original Monte Carlo simulation 

method, Mdec-Toki. 

 

Materials and Methods 

 

I Depth Absorbed Dose Measurements using OSLD and 

Creation of Dose Distribution Map 

 

Poly (methyl methacrylate; PMMA) phantom (Fujifilm Medical, Tokyo, 

Japan) was used for the measurements in this study. Three types of 

phantom dimensions, including a rectangular cross-section of 24×30 cm 

and thicknesses of 5, 10, and 20 mm, were used in combination. The 

AMULET Innovality system (Fujifilm Medical, Tokyo, Japan) was used 

for breast X-ray imaging (Figure 1A). In addition, a nanoDot dosimeter 

(Landauer Inc., Glenwood, IL, USA) was used as the OSLD, and a 

microSTAR ii dosimetry system (Landauer Inc., Glenwood, IL, USA) 

was used as the reader. Traceability was ensured for the measured data 

with an ion chamber dosimeter (Model 9015, 10×5-6M ion chamber; 

Radcal, Monrovia, CA, USA). The following imaging settings were 

considered: tube voltages of 24, 29, 34, 39, and 44 kV, a tube current-

time product of 80 mAs, W/Al target/filter, and high-resolution mode 

with a scanning angle of ±20° [18]. The OSLDs were placed at 130 

locations relative to the craniocaudal view (Figure 1B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: A) A lateral view of the absorbed dose measurement geometry 

using OSLD (a-focus, b- phantom surface with OSLD dosimeters, c- 

receptor). B) Geometry of OSLD dosimeters placement during the 

absorbed dose measurement. 

 

The phantom surface was set as the origin (0 mm), and the absorbed dose 

per depth for the 60 mm phantom thickness was measured at 5-mm 

intervals, and the PDD was calculated at a position 6 cm from the chest 

wall edge (set as the evaluation point during DBT accuracy control). By 

analysing the absorbed dose of the entire phantom, the PDD was 

calculated, and the dose distribution map was created. The phantom was 

placed at the center of the left and right sides of a breast support table 

such that it was aligned with the chest wall edge of the table. In addition, 

the compression plate was placed in contact with the upper surface of the 

phantom. Measurements were performed three times per depth. 

 

II PDD, Three-Dimensional Dose Distribution, and AGD 

Calculation Using Mdec-Toki Method Based on Monte Carlo 

Simulation 

 

Original code was written in Microsoft Visual Basic 6 and Fortran 77 to 

perform the simulations in this study. A graphical user interface was 

created to input parameters and settings for the phantom. Figure 2 shows 

the irradiation geometry for the proposed Mdec-Toki method based on 

Monte Carlo simulations. The source-to-image distance was set to 65 

cm, and the compression plate was made of 1.5 mm polycarbonate. For 
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mammography, the X-ray tube was fixed, and for DBT, the X-ray tube 

was rotated from -20° to 20° with respect to the patient. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Irradiation geometry of phantom for Mdec-Toki method based 

on Monte Carlo simulations (a-cathode, b-anode, c-filter, d-collimator). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Phantom setting interface for Mdec-Toki method. 

 

Figure 3 shows the phantom setting screen. The phantoms had cross-

sections of 30×24cm and varying thicknesses. Either the PMMA or the 

breast equivalent phantom can be selected. A breast-equivalent 

homogeneous phantom corresponding to a mammary gland ratio of 0 to 

100% can be selected and the thickness set. The composition and density 

of each phantom according to their mammary gland ratio are shown in 

(Table 1). It was used the same breast-equivalent phantom as Boone 

[19].  

 

Table 1: The composition and density of each mammary gland ratio of 

the phantom according to the mammary gland ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 shows an example calculation screen for the incident X-ray 

spectrum. The following conditions were considered: tungsten as the 

target material, target angle of 16°, and X-ray beam inclination angle of 

6°. In addition, the tube voltage, tube current-time product, additional 

filter, and other parameters were adjusted during the actual 

measurements. The spectrum shown in (Figure 4) is located closest to 

the patient’s chest wall. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Calculation interface for the incident X-ray spectrum. 

 

Thus, the X-ray spectrum was calculated at 0.5° radiation angle intervals 

after considering the heel effect and then used for the simulations. To 

approximate the spectrum, the equation proposed by Tucker et al. was 

used for the tungsten target, and that proposed by Kato et al. was used 

for the molybdenum target [20, 21]. Next, the imaging method was 

selected (Mammography or DBT). In the case of DBT, the tube runout 

angle was set. Based on these settings, in the Monte Carlo simulation 

code, the cross-section of the interaction between photons and each 

phantom material is based on the data of Berger et al., and the shape 

factors and incoherent scattering functions are based on the data of 

Hubbell et al., based on the weight ratio of the constituent elements [22, 

23]. The value calculated by the addition rule is used [24]. Ehrhardt’s 

method is used to generate pseudo-random numbers. The number of 

incident photon histories was 1000000000 [25]. 

 

The interior of the phantom and the air kerma at the surface position 

where the radiation was incident on the subject were divided into voxels 

with 1-mm sides, and the energy absorbed in each voxel was converted 

into the absorbed dose. The three-dimensional dose distribution was 

determined to calculate the PDD at the center of the phantom. This 100% 

dose was the relative dose at an absorbed dose of 1 mGy on the surface 

of the PMMA phantom. Hence, the absorbed dose at each depth of an 

arbitrary phantom could be easily calculated from the absorbed dose 

measured on the surface of the PMMA phantom under irradiation 

conditions. The average PDD and AGD at each depth from the incident 

surface to the emission surface were calculated using this relation. PDD 

values are given at 1 mm intervals in the depth direction. The average 

PDD value (PDD average) from the entrance surface to the ejection 

surface can be calculated using the following equation, assuming that the 

phantom thickness is N mm. 

𝑃𝐷𝐷𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =
1

𝑁
∑𝑃𝐷𝐷(𝑖)

𝑁

𝑖=1

 

mammary

gland ratio (%)
H C N O P

density

(g/cm
2
)

0 0.112 0.619 0.017 0.251 0.001 0.9301

10 0.111 0.578 0.019 0.294 0.001 0.9399

20 0.110 0.532 0.020 0.336 0.002 0.9501

30 0.109 0.488 0.022 0.379 0.002 0.9605

40 0.108 0.445 0.023 0.421 0.003 0.9711

50 0.107 0.401 0.025 0.464 0.003 0.9819

60 0.106 0.358 0.026 0.507 0.003 0.9930

70 0.105 0.315 0.028 0.549 0.004 1.0044

80 0.104 0.271 0.029 0.592 0.004 1.0160

90 0.103 0.227 0.030 0.634 0.005 1.0278

100 0.102 0.184 0.032 0.677 0.005 1.0400
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Where PDD (i) is the PDD value at a depth of i mm. As mentioned above, 

the absorbed dose corresponding to PDD = 100% is a value normalized 

by the incident surface dose (PMMA absorbed dose) when the phantom 

is PMMA. The AGD is calculated by multiplying by the PDD average 

as follows: 

𝐴𝐺𝐷 = 𝐷𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑃𝑀𝑀𝐴 × 𝑃𝐷𝐷𝑎𝑣𝑒𝑟𝑎𝑔𝑒/100 

 

Ⅲ AGD Calculation Using Dance Method 

 

The AGD was calculated at the time of DBT imaging using the Dance 

method published in 2013 [26]. A semiconductor dosimeter (Piranha, 

RTI Electronics, Mölndal, Sweden) was used, and traceability was 

ensured for the measured data with the ion chamber dosimeter. The 

following imaging settings were considered: tube voltage of 34 kV, tube 

current-time product of 80 mAs, W/Al target/filter, and high-resolution 

mode with a scanning angle of ±0°. This incident air kerma was used to 

determine the value at a phantom thickness of 60 mm.  

Results 

 

I Depth Absorbed Dose Measurements Using OSLD and Dose 

Distribution Map 

 

Figure 5A shows the PDD curves obtained using the OSLD during DBT 

imaging. The absorbed dose at 0 mm corresponded to 100% in the graph. 

The dotted and solid lines represent the measurements and PDD 

approximated by an exponential function, respectively. Figure 5B shows 

the dose distribution chart at each depth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: A) PDD curves obtained using OSLD. B) Dose distribution chart at each depth. 

 

II PDD, Three-Dimensional Dose Distribution, and AGD 

Calculation Using Mdec-Toki Method Based on Monte Carlo 

Simulation 

 

Figure 6A shows the PDD curves obtained using the proposed Mdec-

Toki method during DBT imaging. Figure 6B shows the three-

dimensional dose distribution chart at each depth. The absorbed dose of 

the voxel at a depth of 0-1 mm corresponds to 100% in the graph. A 

build-down phenomenon can be observed near the emission surface 

because of the decrease in the number of backscattered rays. The AGD 

was simulated at the time of DBT imaging by Mdec-Toki method. Its 

value was obtained as 3.89 mGy. 
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Figure 6: A) PDD curves obtained using Mdec-Toki method. B) Three-dimensional dose distribution using Mdec-Toki method. 

 

Ⅲ AGD Calculation Using Dance Method 

 

The AGD is given by D = K⋅g⋅s⋅c⋅t. AGD D was determined by 

multiplying the incident air kerma by factor g for breast tissue with 50% 

glandularity at the PMMA thickness (equivalent compressed breast 

thickness) given by the half-value layer, factor s related to the 

target/filter combination, factor c, which corrects for breast 

compositions differing from 50% glandularity, and factor t for an X-ray 

tube scanning angle of ±20°. Conversion factors g, s, and t were 

calculated considering the protocol for the Quality Control of the 

Physical and Technical Aspects of Digital Breast Tomosynthesis 

Systems version 1.03 and using interpolation. Its value was obtained as 

3.74 mGy. 

 

Discussion 

 

Some previous studies have estimated the depth dose and glandular dose 

by using a digital mammography unit [12, 27]. Determining the dose at 

arbitrary depths from the PDD is essential, given the higher sensitivity 

of the mammary gland tissue to radiation-induced cancers than the skin 

on the breast (tissue weighting factor: 0.12). The X-ray beams used for 

mammography have low energy, and the depth dose decreases sharply 

as the depth increases [20]. The distribution of mammary glands in the 

breast is not uniform and changes with age, mammary gland tissue, and 

adipose tissue, which is distributed under subcutaneous fat. In addition, 

the stochastic effects (carcinogenesis) of the breast alone should be 

considered, given the extremely specific imaging site [28]. Many 

countries have adopted a method to evaluate the AGD from air dose (air 
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kerma) following a conventional approach for DBT dose evaluation 

during mammography. This adoption may be due to the difficulty in 

evaluating the depth dose under low incident photon energy during 

breast examinations. The present study develops a novel experimental 

dose estimation method in the irradiation field of the DBT. Figures 5A 

& 6A evidenced that the PDDs obtained from the measurements were 

almost identical to those obtained from the simulations. 

 

Despite its small size, the OSLD provides suitable characteristics, such 

as tissue equivalence, high sensitivity, and reusability, which are 

important for dose measurements, including those of scattered radiation 

in diagnostic imaging [29-35]. McKeever et al. reported that the OSLD 

could measure extremely small doses, on the order of 10 μGy [36]. 

According to the study by Kawaguchi et al., the uncertainty of OSL 

measurement was 5% or less for the uniformity of the nanoDot 

dosimeter, 2% or less for the incident side, and 4% or less for the ejection 

side [37]. It is known that the linearity is 5% or less (2% or less for 1 

mGy or more), the energy dependence is about 10% on the incident side, 

and the difference between the incident side and the emission side is 6-

8%. The angle dependence is 4% or less when the X-rays are incident on 

the detection surface of the nanoDot dosimeter within ± 30° from the 

vertical direction. In addition, since the measurement in the phantom has 

a large error owing to energy dependence, it should be calibrated using 

the effective energy of the measurement position. Later, by using X-rays 

vertically incident on the detection surface of the nanoDot dosimeter, an 

error of about 5% was obtained, and it was considered to be a useful 

small dosimeter for mammography dosimetry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Results of PDD and AGD obtained from Mdec-Toki method. 

 

Thus, depth dose measurements using the OSLD in DBT are useful, as 

demonstrated in this study. The dose distribution at each depth was 

obtained in three dimensions by Mdec-Toki. It almost matched the 

distribution that was obtained by actual measurements using OSLD and 

could grasp the dose at any point in the breast. The proposed Mdec-Toki 

simulation method to calculate the PDD and AGD considers the heel 

effects specific to mammography. Few glandular dose evaluation 

methods have used this type of Monte Carlo simulation. Figures 3 & 4 

show that Mdec-Toki selects the glandularity of the phantom and 

calculates the incident X-ray spectrum using an approximate equation, 

enabling the determination of the absorbed dose, PDD curve, and AGD 

in each voxel of a phantom using Monte Carlo simulations (Figure 7). 

The AGD comparisons showed that the PDD curves obtained by 

simulations and the Dance method differed by 4.0%. These variations 

reflect differences in the composition, density, and photon interaction 

cross-section of reference PMMA phantom and breast-equivalent 

phantom that is used in the Dance method and simulations, respectively, 

as well as the accuracy of the incident X-ray spectrum (i.e., error with 

respect to the actual X-ray spectrum). However, considering the 

uncertainty in the actual measurements, this error is considered to be 

within experimental uncertainty. 

 

Conclusion 

 

The results obtained from Mdec-Toki provide basic data for managing 

the radiation safety of patients, and it is possible to visualize the dose 

distribution of mammography. The PDD in a breast-equivalent phantom 

calculated using the proposed Mdec-Toki method based on Monte Carlo 

simulations suitably agrees with the PDD measured using an OSLD. 

Furthermore, the AGDs calculated using the PDD and the Dance method 

were similar. Therefore, the proposed Mdec-Toki method can be used to 

estimate and evaluate the absorbed dose under different arbitrary breast 

locations, glandularity values, tissue thicknesses, and imaging 

conditions. However, the absorbed dose varies because of individual 

differences in imaging conditions and the structure of the breast. 

Therefore, the content of mammary gland tissue and the subcutaneous 

fat layer in the breast should be considered to establish a phantom that 

resembles the actual structure. Moreover, simulations and optimization 

of the imaging conditions should be conducted by varying factors such 

as the tube voltage and target filter. The Mdec-Toki method will be 

further improved and used to determine exposure doses in actual patients 

undergoing mammography. The proposed method may be adapted to 

individual patients and can support radiation safety management during 

mammography.  
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