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Introduction

Currently, mammography (MMG) has been 
scientifically proven to be an effective technique for 
breast cancer screening. The greatest advantage of 
breast cancer screening is the reduction of mortality 
via the early detection of breast cancer. In contrast, its 
disadvantages include radiation exposure, false-positive 
or negative diagnosis, over diagnosis, physical burden, and 
psychological burden. The effectiveness of the screening 
depends on a comprehensive judgment that considers 
the balance between the advantages and disadvantages 
(Sylvia et al., 2011).

In a dense breast, it is difficult to diagnose the presence 
of a tumor using MMG as MMG imaging overlaps with 
the mammary glands and tumors (Thomas et al., 2002). 
Therefore, MMG may be less effective for screening 
individuals with dense breasts, and other methods 
are needed to improve the sensitivity of breast cancer 
screening (Suzuki et al., 2021).

Digital breast tomosynthesis (DBT) is attracting 
attention as an additional function of the mammography 
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system (Alakhras et al., 2013). In DBT, approximately 
10 X-ray irradiations are performed using the step-and-
shot method, and the projected images at each angle are 
collected (Uematsu, 2013). The use of DBT minimizes 
or eliminates the limitation of MMG associated with 
the mammary glands and mass overlap (Helvie, 2010; 
Sechopoulos, 2013). Therefore, this technique reduces 
the rate of false positives and false negatives. The use of 
DBT images has been reported to potentially improve the 
diagnosis and examination accuracy in individuals with 
dense breasts, reduce the requirement for re-examination, 
improve the conviction of interpretation, and identify the 
location of lesions (Helvie, 2010; Houssami and Skaane, 
2013; Skaane et al., 2013; Gilbert et al., 2015; Chong et 
al., 2019; Kulkami et al., 2021; Mackenzie et al., 2021). 

Irrespective of the effectiveness, radiation exposure 
is unavoidable for every individual undergoing breast 
cancer screening using X-rays. Therefore, it is necessary 
to consider the risk of radiation exposure (Ali et al., 2015).

Dance et al., (2011) proposed a method for estimating 
the mean glandular dose (MGD) of DBT using Eq. (1). 
This is a method of assessing the average absorbed dose 
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by the mammary glands in a compressed breast. MGD 
is simulated using a polymethyl methacrylate (PMMA) 
phantom with a diameter (symbol: φ) of 160 mm and a 
thickness of 40 mm as a substance simulating a standard 
breast (compression breast thickness, 45 mm; mammary 
gland/fat ratio, 41/59). The MGD is a product of air 
kerma (K), on the surface of the breast with coefficient 
factor g, corresponding to 50% of the mammary gland 
mass coefficient factor c, for correcting the difference in 
breast composition from 50% glandularity, and coefficient 
factor s for the target/filter combination. Additionally, it is 
calculated using a coefficient factor T that considers the 
effect of obliquely incident X-rays.

MGD=K ×g ×c ×s × T                                              (1)

The MGD estimates the average of the breast-absorbed 
dose that changes depending on the subject’s breast 
thickness and mammary gland concentration (Dance et 
al., 2011). In the case of MMG, the MGD evaluated using 
the PMMA phantom does not match the actual breast-
absorbed dose (Dance et al., 2005; Sechopoulos et al., 
2012; Hernandez et al., 2015; Wang et al., 2017; Sarno 
et al., 2018; Chang et al., 2020; Huda and Antar, 2020). 
In DBT cases, it has been reported that when the shape 
of the phantom is made closer to that of the actual breast, 
the peripheral part of the breast absorbs a higher dose 
than the central part at a depth of 20 mm from the surface 
(Flores et al., 2019). In addition, as X-rays are obliquely 
incident, there is an effect of scattered radiation from 
the compression plate and breast support. In particular, 
it has been reported that the contribution becomes more 
pronounced as the projection angle increases (Diaz 
et al., 2019). Therefore, the dose distribution in the 
breast is presumed to be complicated. Furthermore, the 
composition of the human breast has been elucidated using 
breast-dedicated CT, and the coefficient factor T increases 
when the dose is evaluated considering the breast model 
(Sarno et al., 2018).

In a previous study, to evaluate the validity of the MGD 
of DBT by Monte Carlo simulation, the two-dimensional 
dose distribution in the phantom was actually measured 
by inserting a radiochromic film (RCF) into the phantom 
for each depth (Sarno et al., 2017). However, the analyzed 
area included only three positions on the chest wall side 
and one position on the nipple side, but not the entire 
breast. In another study, the dose distribution by depth in 
the phantom was evaluated considering the shape of the 
breast. However the setting of the region of interest was 
limited only to the chest wall side and nipple side (Flores 
et al., 2019). 

In accordance with the direction of X-ray incidence 
in DBT, the difference in breast size is considered to be 
related to the exposure dose. Currently, the evaluation 
of MGD is performed by simulating the breast size of 
European/US populations. The breast size is simulated 
using a PMMA phantom with a diameter (φ) of 160 
mm and a thickness of 45 mm. However, the average 
breast diameter (φ) in Japanese women was reported 
to be 89.4 mm (National Institute of Bioscience and 
Human-Technology, 1996). To date, only a few studies 

have examined the exposure dose owing to the difference 
in breast size.

To evaluate the dose absorbed by the breast for dose 
evaluation and to examine the risks associated with the 
use of DBT for breast cancer screening, this study focused 
on breast size and changes in breast dose distribution 
associated with DBT. Furthermore, our aim was to 
examine the MGD correction method using breast size 
and X-ray energy as factors by measuring dose distribution 
three-dimensionally.

Materials and Methods

Study design
The PMMA phantom sizes used in this study were 

φ160 mm (Dance, 1990), which is the standard breast 
phantom size; φ80 mm, which is close to the average 
breast size of Japanese women; and φ40 mm, which is 
close to the clinically smallest size. The direction of and 
the direction perpendicular to the chest wall-nipple are 
described as directions Y and X, and the X-ray tube-breast 
support direction is described as direction Z. The origins 
of directions X and Y were the center of the incident 
X-ray and the edge of the chest wall, respectively; the 
origin of direction Z was 40 mm above the breast support. 
The size of the phantom in direction Y was half of that in 
direction X. The total thickness was 40 mm by combining 
5-mm and 10-mm phantoms. A schematic diagram of the 
prepared phantom is shown in Figure 1. The RCFs were 
sized 170 mm × 85 mm, 90 mm × 45 mm, and 50 mm × 
25 mm, for the phantom sizes of φ160 mm, 80 mm, and 
40 mm, respectively. At depths of 0–10 mm and 20–40 
mm from the surface of the phantom, RCFs were loaded 
at 5 mm and 10 mm intervals, respectively. There were 
six layers in total.

Dose evaluation using RCF
The type of RCF was XR-SP2 (lot#01212101; 

ASHLAND, Covington, KY, USA). The RCF used the 
background correction method to convert the Δpixel 
values into air kerma K (Saur and Frengen, 2008). For 
irradiation, we used Senographe Pristina (GE, Fairfield, 
CT, USA) equipment. The irradiation conditions were 
target/filter combination of Mo/Mo and tube voltage of 
24–32 kV. Additionally, to simulate the actual human body, 
a 40-mm thick PMMA plate that simulates the pectoralis 
major muscle was placed by the phantom. Figure 2 shows 
the measurement layout figure and photo when the K in 
the phantom was measured using RCF. The phantom was 
placed at the center of the X-ray machine in direction X 
and fixed with a compression plate in direction Y such that 
it was in line with the edge of the chest wall. Furthermore, 
the average energy (Eave) of incident X-ray at each depth 
was calculated using the simulation calculation software 
MoXS-5 (Molybdenum target X-ray Spectrum, ver.5). 
Using Eave, we referred to the data of the National Institute 
of Standards and Technology to obtain the mass energy 
absorption coefficient ratio of air and phantom                
(data by National Institute of Standards and Technology). 
The absorbed dose in the phantom for each depth (Dd) was 
calculated from Eq. (2).
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of MMG and DBT with a tube voltage of 24 kV and φ40 
mm is shown in the color map by depth (Figure 3a, b). 
In addition, regions that were 7 mm away from the edge 
of the chest wall were out of the irradiation field. In both 
cases, the dose decreased with an increase in the depth, 
Z. Moreover, with an increase in the depth, the dose at 
the phantom edge was higher for DBT than for MMG. 

Figure 4 shows the color map of the dose absorbed Dd 
by the phantom on the XZ plane when the tube voltage 
was 24 kV and the phantom sizes were φ160 mm, 80 mm, 
and 40 mm. The smaller the phantom size, the greater the 
difference in the absorbed dose distribution with respect to 
MMG and DBT. Especially, at a deep position in direction 
Z, the DBT-associated dose at the edge was higher than the 
MMG-associated dose. This phenomenon became more 
remarkable with a decrease in tube voltage.

Table 1 shows the results of D̅all obtained from Eq. (3). 
D̅all was between 8.15 µGy/mAs and 26.2 µGy/mAs in 
MMG. In DBT, it was between 7.90 and 25.2 µGy/mAs. 
In both MMG and DBT, the higher the energy regardless 
of the phantom size, the higher the D̅all in the phantom. 
With MMG, D̅all was smaller for all tube voltages as the 
phantom size was smaller. 

Examination of correction coefficient of average absorbed 
dose

Using Eq. (4), the dose ratio RT of D̅all of DBT and 
MMG was calculated. The results are presented in Table 
2. Concerning the phantom size, when the phantom size 
was small, the RT increased. The largest RT was 1.166 
when the tube voltage was 24 kV and phantom size was 
φ40 mm. From Table 2, RT values at the phantom size of 
φ160 mm were 0.985, 1.008, and 0.963 at tube voltages of 
24, 28, and 32 kV, respectively, with an average of 0.985. 
Furthermore, the averages for the phantom sizes of φ80 
mm and φ40 mm were 1.006 and 1.098, respectively.

Figure 5 shows f80 and f40 of D̅all due to the difference 
in phantom size based on φ160 mm phantoms. It was 
0.87–0.95 for both f80 and f40 regardless of the tube voltage 
for MMG. With respect to DBT, f80 was lower than 1 
regardless of tube voltage, as in the case of MMG, and 
f40 was lower than 1 at tube voltages of 28 kV and 32 kV. 
Especially, D̅all values at φ80 mm and φ40 mm were lower 
than that at φ160 mm. However, the f40 at a tube voltage 
of 24 kV was 1.08. The relational expression between f40 
and tube voltage in DBT is presented in Eq. (7).

                                                                               (7)

In this equation, x indicates the tube voltage.

                                                                                  (2)

Examination of correction coefficient of average absorbed 
dose

The average dose absorbed by the phantom (D̅
all) 

measured using RCF was calculated from Eq. (3). 

                                                                                   (3)

The ratio RT of D̅all with respect to MMG and DBT 
was calculated from Eq. (4).

                                                                                   (4)

Here, D̅all,DBT indicated the average dose absorbed by 
the phantom subjected to DBT, and D̅all,MMG indicated the 
average dose absorbed by the phantom subjected to MMG. 
Furthermore, the ratio of D̅all because of the difference in 
the phantom size was calculated. The ratios f80 and f40 for 
phantoms of sizes φ80 mm and φ40 mm, respectively, 
were calculated from Eq. (5) and Eq. (6) with φ160 mm 
as the reference.

                                                                                   (5)

                                                                                 (6)

In Eq. (5),  D̅all,φ80 and  D̅all,φ160 indicated the average 
doses absorbed by the φ80-mm and φ160 mm phantoms. 
In Eq. (6), D̅all,φ40 indicates the average dose absorbed by 
the φ40 mm phantom.

Results

Dose evaluation using RCF
The ratio of the mass energy absorption coefficient 

of air calculated from the X-ray spectrum to the mass 
energy absorption coefficient of PMMA (                     ) 
was approximately 0.62–0.63 regardless of the depth, Z. 
The absorbed dose, Dd, in the phantom in the XY direction 

Dd=𝐾𝐾× �
μen
ρ
�

PMMA,air
 

RT =
D�all,DBT

D�all,MMG
 

f40 = 0.0016x2 - 0.1038x + 2.67 Tube Voltage [kV] φ [mm] D̅all [µGy/mAs]
MMG DBT

24 160 8.97 8.83
80 8.22 7.9
40 8.15 9.5

28 160 16.9 17
80 16.1 16.6
40 15.3 16.8

32 160 26.2 25.2
80 22.9 23.4
40 23.4 24

DBT, digital breast tomosynthesis; MMG, mammography 

Table 1. Average Absorbed Dose by All Phantoms (D̅all).

φ [mm] Tube Voltage[kV] mean
24 28 32

160 0.985 1.008 0.963 0.985
80 0.962 1.032 1.023 1.006
40 1.166 1.102 1.026 1.098

DBT, digital breast tomosynthesis; MMG, mammography 

Table 2. Ratio RT of D̅all between DBT and MMG. 

D�all=
1
n
� D�d

n

1

 

f80=
D�all,φ80

D�all,φ160
 

f40=
D�all,φ40

D�all,φ160
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Discussion

In this study, the dose distribution in the phantom 
of MMG and DBT was measured three-dimensionally 
using RCF. With the metal-oxide-semiconductor field 
effect transistor and thermoluminescent dosimeter used 
to measure the dose distribution in the phantom, the 
measurement location is limited to the representative 
points (Fedon et al., 2018). However, using the RCF, the 
dose distribution in the phantom was obtained with high 
spatial resolution. By using RCF, the dose distribution at 
the periphery of the phantom could be measured in detail. 

Figure 3 shows that a deeper depth indicated the use of 
lower doses of MMG and DBT. The difference between 
MMG and DBT was noticeable at the edges. Especially 
when compared at a depth Z = 40 mm, it was visually 
confirmed that the dose at the margin was higher in DBT 
than in MMG. As shown in Figure 4, as the phantom size 
decreased, the absorbed dose Dd at the edge of the two-
dimensional dose distribution of DBT tended to increase 
with respect to MMG. In particular, when comparing the 
two-dimensional distributions of absorbed dose Dd with 
a φ40 mm phantom, the dose distributions of MMG and 
DBT differed at the phantom edge, and the dose of DBT 

80 mm

160 mm

40 mm

t=  5 mm×2
t=10 mm×3

PMMAY

X

－Z

X

Figure 1. Semi-Cylindrical PMMA Phantom Diagram. PMMA, polymethyl methacrylate 
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at the phantom edge was higher than that at a deep position 
in the phantom. This is because the oblique incidence of 
X-rays causes the primary X-rays to be incident on the 
sides of the phantom and the increased contribution of 
scattered radiation from the breast support increases the 
dose of the phantom. Previous studies have shown that 
DBT is associated with a higher edge dose than MMG, 
and our results corroborate this finding (Diaz et al., 2019).

Table 1 shows that D̅all increased with an increase 
in the energy of both MMG and DBT regardless of the 
phantom size. This result is consistent with the previous 
ones because the coefficients factors g and c used for 
calculating MGD also increase with an increase in the 
energy (Dance et al., 2009). 

Regarding the phantom size, D̅all of MMG decreased 
with a decrease in the phantom size. This can be explained 
as follows: when the phantom size is small, the decrease 
in the scattered dose in the phantom contributes more 
than the increase in the scattered radiation from the breast 

support. In contrast, D̅all of DBT was larger in the φ40-mm 
phantom at a tube voltage of 24 kV than in the φ160-mm 
phantom. This can be explained by the fact that the rate of 
increase in the scattered radiation from the breast support 
is larger than the rate of decrease in the scattered dose in 
the phantom because of the oblique incidence of X-rays.

The coefficient factor T for converting MGD of MMG 
to MGD of DBT reported by Dance et al., (2011) is 0.990 
at a PMMA phantom thickness of 40 mm. As shown in 
Table 2, the RT values measured using RCF were 0.985, 
1.008, and 0.963 at tube voltages of 24, 28, and 32 kV, 
respectively. The average value was 0.985. These values 
are the same as those reported by Dance et al., (2011). 
Furthermore, the averages for φ80 mm and φ40 mm were 
1.005 and 1.098, respectively. A smaller phantom size 
resulted in a larger RT. This can be explained as follows: 
when the phantom size decreases, X-rays are obliquely 
incident on DBT and, therefore, the primary X-rays are 
incident on the side surface of the phantom, and the dose in 

[mGy/mAs]
0.06

0.03

0.01

0.005

0.001

Z=0 mm
13mm

40 mm

Z=10 mm

Z=30 mm Z=40 mm
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(a) MMG

13
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0.005
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(b) DBT

Figure 3. Color Maps of Absorbed dose Dd in Phantom in XY Direction (tube voltage 24 kV, φ40 mm). DBT, digital 
breast tomosynthesis; MMG, mean glandular dose  
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Figure 4. Color Map of Dd by the Depth to Differences in Phantom Size in the XZ Direction.  (tube voltage, 24 kV). 
It presents at Y=10 mm position.  

Figure 5. Ratio of Dall Difference by Phantom Size Based on the φ160 mm Phantom with Respect to DBT and MMG. 
DBT, digital breast tomosynthesis; MMG, mammography 

the phantom increases due to the contribution of scattered 
rays from the breast support. These are consistent with 
previous studies reporting the use of higher doses at the 
edge of the phantom when the angle increased (Flores et 
al., 2019). In addition, there is no contradiction with a 
previous report, which stated that the dose distribution 
at the depth Z of 10 mm was higher in the peripheral 
area owing to the effect of oblique incidence even in the 
absence of a compression plate (Fedon et al., 2018). 

As shown in Figure 5, f40 and f80 values of MMG and 
DBT were <1 at most tube voltages and phantom sizes. 
Especially, the φ160-mm phantoms currently used for dose 
evaluation overestimate these values for subjects with 

small breast sizes. However, f40 at a tube voltage of 24 kV 
is 1.08, which is underestimated at the phantom size of 
φ160 mm. The risk assessment for breast cancer screening 
is assessed by stochastic effects. The cancer mortality rate 
due to radiation exposure is estimated by multiplying 
the effective dose by the lifetime risk factor according 
to the age at the time of exposure. If the MGD is 2 
mGy/exposure with MMG, the lifetime fatal carcinogenic 
risk is 0.0006% by ICRP (ICRP, 2007). Considering that 
this study found f40 to be 1.08, if the individual’s breast 
size is φ40 mm, the lifetime fatal carcinogenic risk would 
be 0.000648%. Previous dose assessments revealed that 
six people/million would develop breast cancer and die 
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because of DBT-based breast cancer screening; however, 
after taking the phantom size into account, 6.48 people/
million were expected to die if the individual’s breast 
size is φ40 mm. In the efficacy evaluation of DBT-based 
cancer screening, the risk of death owing to other factors is 
individually determined, the total value of these factors is 
compared with the life-saving effect of the screening, and 
a profit analysis is performed. Therefore, dose evaluation 
is one of the important factors that helps determine the 
effectiveness of breast cancer screening (Miglioretti et 
al., 2016). 

Breast thickness was only 40 mm in this study. Also, 
the shape was evaluated only with a semi-cylindrical 
shape. In the future, it is necessary to change the 
phantom thickness,  phantom size and phamtom shape 
in detail, in consideration of clinical conditions, in order 
to examine the correction method of MGD according 
to the phantom size more accurately. In the future, by 
applying this evaluation method to other DBT equipment 
and calculating correction values for each equipment, the 
geometric conditions of the breast can be incorporated as 
MGD correction coefficients for each equipment.
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