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Abstract

Background: Mammographic screening for breast cancer has been proved to reduce mortality. However, because of the potential
harm of ionizing radiation, radiation dose management has been issued.

Objectives: We investigated the influence of several factors on the radiation dose change in full-field digital mammography (FFDM)
using a radiation dose management system in Korean women.

Patients and Methods: Using an existing radiation dose management system (Radimetrics™), radiation dose tracking, monitor-
ing, and statistical analyses were conducted. Information including parameters, utilization data, and a dose report were sent to the
conventional picture archiving, communication system, and radiation dose management system. We reviewed the data and com-
pared the parameters (exposure, glandular dose, compression thickness, and compression force) between two different devices,
among classifications (plain, spot and magnification view, and implant), and between control modes (auto and manual). An as-
sociation between compression thickness and glandular dose was evaluated. Finally, the glandular dose differences based on age,
device, classification, control mode, exposure, compression thickness, and compression force were additionally investigated.
Results: From February 25th to June 30th, 2015, a total of 15665 mammogram images of 3958 patients were performed and sent to
the conventional picture archiving and communication system (PACS) and the radiation dose management system. A significant
difference was observed in glandular dose, compression thickness, compression force, and exposure depending on the type of de-
vice (P < 0.05). There were significant differences in all of the parameters among the plain view, spot and magnification view, and
implant image (P < 0.05). There was a significant difference in compression thickness and compression force depending on the
control mode. A strong association was observed between the compression thickness and glandular dose (P < 0.05).

Conclusion: There was glandular dose difference according to specific factors including device type, classification, and control
mode. Radiation dose management system is useful for identifying factors that affect radiation dose.
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1. Background

Mammographic screening is proved to reduce mortal-
ity from breast cancer (1). Use of ionizing radiation is con-
sidered a potential harm due to the possible risk of induc-
ing cancer in patients (1, 2). It is generally agreed that radi-
ation dose per examination is a crucial parameter for eval-
uation of the radiation-induced breast cancer risk from
mammographic screening (1-4). Recently, general consen-
sus about the importance of radiation dose management
for patient safety has been established, and dose reduc-
tion has become an important issue in patient safety (5-7).
Women often receive screening mammograms through-
out their lifetime; however, concern is increasing regard-
ing radiation dosage and radiation-induced breast cancer
(8,9).

Several radiation dose management software pro-
grams are now used in clinical practice to recruit and an-
alyze patient radiation dose data (10). Radiation dose man-
agement systems could help radiologists optimize proto-
cols, reduce radiation dose, and manage quality. To our
knowledge, there are no previous data on the application
of this radiation dose management system in mammogra-

phy.

2. Objectives

In our study, we investigated the factors associated
with an increased radiation dose in full-field digital mam-
mography (FFDM) and the clinical usefulness of the radia-
tion dose management system in FFDM.
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3. Patients and Methods

3.1. Patients

Our institutional review board approved this prospec-
tive study and waived informed patient consent. We per-
formed radiation dose tracking, monitoring, and statisti-
cal analysis using an existing radiation dose management
system (Radimetrics™ [Bayer HealthCare, Whippany, NJ])
from February 25th to June 30th, 2015. During this period,
a total of 15665 images were obtained from 3958 patients
who underwent a mammogram for screening or diagno-
sis. The mean age of the patients was 52.94 years (range, 22
-58). We used two different devices: Lorad Selenia (Hologic
Company, Bedford, MA, USA) and Mammomat Inspiration
(Siemens, Erlangen, Germany). The Mammomat Inspira-
tion unit was used from January1,2009, and the Lorad Sele-
nia was used from August 1,2006. Utilization data, param-
eters, and mammography dosage reports were sent to the
conventional picture archiving and communication sys-
tem (PACS)and the Radimetrics™ Enterprise platform. The
radiation dose management system extracted the mean
glandular dose from the digital imaging and communica-
tions in medicine (DICOM) tag ‘Organ Dose (0040, 0316),
as defined in the DICOM Standard, and presented it to the
application for data aggregation for analysis (11). The radi-
ation dose management system showed the mean glandu-
lar dose per laterality (left or right) of the breast according
to the ‘L’ or ‘R’ value in the image level DICOM tag ‘Later-
ality (0020, 0062)’ and summed the mean glandular dose
within the same laterality (11). Data regarding exposure,
compression thickness, and compression force were also
extracted from the DICOM tags of each image and used for
analysis. We reviewed the data using our personal comput-
ers by accessing the web server of the radiation dose man-
agement system. Patient and image (view) characteristics
are shown in Table 1.

3.2. Analyzing Factors Affecting Radiation Dose

We compared how the parameters (glandular dose, ex-
posure, compression thickness, and compression force)
are influenced by the devices, classifications, and control
modes. We evaluated the association between compres-
sion thickness and glandular dose.

Additionally, we investigated the difference in glandu-
lar dose depending on age, device, classification (plain,
spot and magnification view, implant), control mode
(auto, manual), exposure (uAs, microampere), compres-
sion thickness, and compression force.

3.3. Statistical Analysis

All statistical analyses were performed using the SAS
Enterprise software package Guide 5.1 (SAS Institute, Inc.,
Cary, North Carolina, USA) or R software version 2.15.3

Table 1. Patient and Image (View) Characteristics

Characteristics Values
Patient (n=3958)
Age
Mean (SD) 52.94 (10.17)
Median (min - max) 53(22-85)
Device No. (%)
Lorad selenia 2405 (60.76)
Mammomat inspiration 1553 (39.24)
Image number per patient
Mean (SD) 3.74(0.84)
Median (min - max) 4(1-9)
Sum of glandular dose (mGy)
Mean (SD) 7.09 (3.49)

Median (min - max) 6.66 (0.74 - 46.93)
IQR 4.44-8.85
Image (view) (n =15665)

Device No. (%)

Lorad selenia 9086 (58)

Mammomat inspiration 6579 (42)
Classification No. (%)

Plain 14925 (95.28)

Spot and magnification 570 (3.64)

Implant 170 (1.09)
Control mode No. (%)

Auto 15416 (98.41)

Manual 249(1.59)
Exposure ([tAs)

Mean (SD) 94510.49 (31969.93)

Median (Q1-Q3) 89590 (74210 -110000)
Compression thickness (mm)
Mean (SD)

Median (Q1-Q3)

47(12.70)
47(39-55)
Compression force (N)

Mean (SD) 10133 (28.66)
Median (Q1-Q3) 100.70 (84.20 - 117.80)
Glandular dose (mGy)

Mean (SD)

Median (Q1-Q3)

1.79(0.74)
172 (1.21-2.21)

Abbreviations: IQR, interquartile range (means standard deviation); ptAs, mi-
croampere; N, Newton; Q1, lower quartile, Q3, upper quartile; SD, standard de-
viation.

(R Foundation for Statistical Computing, Vienna, Austria;
https://[www.r-project.org/). We performed normality as-
sessment of data before choosing the statistic tests. The
normality was assessed by performing the Kolmogorov-
Smirnov test on the parameters (glandular dose, exposure,
compression thickness, and compression force). The P
value < 0.01and the number of subjects in each compara-
tive group was at least 200, we used parametric analysis, t-
testand ANOVA. comparisons of the parameters(glandular
dose, exposure, compression thickness, and compression
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force) between devices and between the control modes
were conducted using independent Student’s t-tests. Com-
parison of the parameters among classifications and the
association between compression thickness and glandular
dose were completed using an ANOVA with Tukey-Kramer
post-hoc adjustment. Univariate and multivariate logistic
regressions for glandular dose 75th percentile (predict: >
glandular dose 75th percentile) were used to investigate
the difference in glandular dose depending on age, device,
classification, control mode, exposure, compression thick-
ness, and compression force.

4. Results

4.1. Patients

The mean age of this study group was 52.94 years; the
range was from 22 - 85 years (Table 1). The mean number of
views per patient was 3.74 (range, 1- 10 views). The sum of
glandular dose per patient varied from 0.74 to 46.93 mGy.
The mean glandular dose per patient and per view were
7.09 mGy and 1.79 mGy, respectively.

4.2. Characteristics According to Device, Classification, and
Control Mode

A significant glandular dose difference between the
two devices was observed (Table 2 and Figure 1A). Glandular
dose, compression thickness, and compression force were
significantly lower in Mammomat Inspiration (P < 0.05).
Exposure was also significantly lower in Mammomat Inspi-
ration (P < 0.05).

There were significant differences in all parameters be-
tween classifications (plain view, spot and magnification
view, and implant image) (P < 0.05) (Table 3). In the spot
and magnification view, the mean glandular dose was sig-
nificantly higher than in the plain and implant classifica-
tions (2.27 mGy > 1.77 mGy and 1.68 mGy, respectively) (Fig-
ure 1B).

Compression thickness was significantly thinner in
auto control mode (P < 0.05), and compression force was
significantly higher in auto control mode (P < 0.05). We
found no significant difference between the two control
modes in glandular dose (P = 0.2913) or exposure (P =
0.1519) (Table 4 and Figure 1C).

4.3. Association Between Compression Thickness and Glandu-
lar Dose

There was a strong association between the compres-
sion thickness and glandular dose in both device types (P
< 0.05) (Table 5 and Figure 2).
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4.4. Factors Affecting Glandular Dose

A negative correlation was observed between patient
age and glandular dose. There was a difference in glan-
dular dose according to device type. Glandular dose was
higher in the spot and magnification view than in the rou-
tine plain mammography and implant view. There were
positive correlations between glandular dose and expo-
sure, compression thickness, and compression force (Table
6).

5. Discussion

Recently, the relationship between radiation exposure
and cancerrisk has been frequently discussed (4,12-14). Ina
cohort study of solid cancer incidence in atomic bomb sur-
vivors, the excess risks of all solid cancers exhibited signif-
icantvariation based on gender, exposed age, and attained
age. For example, in a patient who had been exposed to an
atomic bomb at age 30, the rate of solid cancer in this pa-
tient would have significantly increased by age 70 (approx-
imately 35% per Gy for men and 58% per Gy for women).
Despite attained age, this experience of radiation exposure
persistently increases the cancer rate throughout an indi-
vidual’slife. Another studyreported that there was a signif-
icantly increased risk of breast cancer associated with radi-
ation exposure (13).

Two groups have estimated cancer risk based on the
data from Hiroshima and Nagasaki atomic bomb survivors
traced over more than 50 years and from data of other co-
hort studies (12-14): The United States national academy
of sciences biologic effects of ionizing radiation (BEIR)
VII group and the international commission on radiolog-
ical protection (ICRP) (5, 15). A linear, no-threshold dose-
response relationship was used in these studies to eval-
uate how the radiation dose is associated with the risk
of radiation-induced solid cancers, including breast can-
cer. The BEIR VII group included the age dependency in
a previous risk estimation about radiation-induced can-
cer incidence and mortality (15). The mean glandular dose
is defined as the dose delivered to the glandular breast
tissue and is considered to be a reasonable quantity for
comparing relative risk for mammography (16). Hendrick
et al. reported that the average mean glandular radia-
tion doses of two-view digital mammography and screen-
film mammography were 3.7 and 4.7 mGy, respectively (3).
When these mean glandular radiation doses are adjusted
by the international commission on radiological protec-
tion (ICRP) tissue-weighting factor (0.12 for breast tissue),
an average effective dose of 0.56 mSvand 0.44 mSv are ob-
tained (5). According to BEIR VIl data, annual screening dig-
ital or screen-film mammography performed in women
aged 40 - 80 years is associated with a lifetime attributable
risk (LAR) of fatal breast cancer of 20 - 25 cases per 100000
women.
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Table 2. Characteristics According to Device

Lorad selenia (n=9086) Mammomat inspiration (n = 6579) Pvalue®
Glandular dose (mGy) < 0.0001
Mean (SD) 2.16 (0.69) 1.28(0.46)
Median (Q1-Q3) 2.06 (1.72-2.47) 117 (0.96-1.48)
Exposure (1As) 0.0002
Mean (SD) 95347.53 (28271.42) 93354.47 (36436.87)
Median (Q1-Q3) 91200 (77100 -110400) 86930 (69960 -109810)
Compression thickness (mm) <0.0001
Mean (SD) 47.99 (12.19) 45.63 (13.26)
Median (Q1-Q3) 49 (40-56) 46 (38-53)
Compression force (N) < 0.0001
Mean (SD) 102.37(31.26) 99.90 (24.56)

Median (Q1-Q3) 102.30 (80.09 - 120.10)

99.70 (84.60 - 113.80)

Abbreviations: p1As, microampere; N, Newton; SD, standard deviation, Q1 = lower quartile, Q3 = upper quartile.

P values were calculated using the independent student’s t-test.
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Figure 1. Box-and-whisker plots show glandular dose comparison by parameters. A, There was a significant difference in dose according to device (P < 0.05). B, There was a
significant difference in dose according to classification (P < 0.05). C, There was no significant difference according to control mode (P=0.29).

The risk of radiation-induced breast cancers due to
mammographic screening is minimal (2, 3, 17). It is gener-
ally agreed that radiation dose per examination is crucial
parameter (1-4). Because mammography has been used for
periodic screening of women, there is notable concern re-
garding the radiation dose received from mammography

and the risk of radiation-induced breast cancer. This is sig-
nificant because women should undergo screening mam-
mography dozens of times throughout their lives. So, ra-
diation dose per examination should be properly and sys-
temically managed.

There are several radiation dose management software
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Table 3. Characteristics According to Classification®

Plain (n=14925) Spot and mag (n=570) Implant (n=170) Pvalue P value (Tukey-Kramer post-hoc test)
Plain Plain Spotand
versus spot versus Mag versus
and mag implant implant
Glandular dose (mGy) < 0.0001 < 0.0001 0.2568 < 0.0001
Mean (SD) 1.77(0.72) 2.27(1.11) 1.68(0.63)
Median (Q1-Q3) 1.71(1.20 - 2.20) 1.94 (1.42-2.97) 1.63(1.29-1.90)
Exposure (/1As) < 0.0001 < 0.0001 < 0.0001 < 0.0001
Mean (SD) 96023.52 (31458.18) 57736.37(23222.09) 84976.59
(25911.89)
Median (Q1-Q3) 90880 (75400 - 54130 (43120 - 68000) 84350 (74500 -
111200) 90020)
Compression < 0.0001 < 0.0001 < 0.0001 < 0.0001
thickness (mm)
Mean (SD) 47.13 (12.03) 39.69 (21.10) 59.89 (18.17)
Median (Q1-Q3) 48(39-55) 39(29-47) 63 (48-72)
Compression force (N) < 0.0001 < 0.0001 < 0.0001 < 0.0001
Mean (SD) 102.15(28.22) 93.63 (27.42) 55.41(30.21)
Median (Q1-Q3) 101.70 (84.55 - 98.10 (77.30 - 111.20) 58.07(47.10 - 71.19)
119.10)
Abbreviations: ;tAs, microampere; N, Newton; SD, standard deviation, Q1 = lower quartile, Q3 = upper quartile.
2P values were calculated using the ANOVA with Tukey-Kramer post-hoc test.
Table 4. Characteristics According to Control Mode
Auto (n=15416) Manual (n =249) Pvalue®
Glandular dose (mGy) 0.2913
Mean (SD) 1.79 (0.72) 1.88 (1.40)
Median (Q1-Q3) 172 (1.21-2.22) 1.64 (1.27-2)
Exposure (/1As) 0.1519
Mean (SD) 94584.03 (31575.30) 89957.55 (50633.83)
Median (Q1-Q3) 90300 (74370 -110400) 80020 (71020 - 90020)
Compression thickness (mm) < 0.0001
Mean (SD) 46.76 (12.34) 61.37(22.73)
Median (Q1-Q3) 47(39-55) 66 (56-75)
Compression force (N) < 0.0001
Mean (SD) 102.05 (27.98) 56.67(34.72)

Median (Q1-Q3)

101.60 (84.55-118.50)

57.84 (46-71.19)

Abbreviations: ;tAs, microampere; N, Newton; SD, standard deviation, Q1 = lower quartile, Q3 = upper quartile.

2P values were calculated using the independent student’s t-test.

packages that can recruit and analyze patient radiation
dose data. By taking advantage of these radiation dose
management systems, radiologists can optimize proto-
cols, reduce radiation doses, and manage quality. There
are rare previous data on the application of radiation dose
management systems in mammography. In this study,
we investigated the clinical usefulness of radiation dose
management systems in full-field digital mammography
(FFDM), and we also evaluated the factors associated with
increased radiation doses in FFDM using Radimetrics™.

The linear positive relationship between compression
thickness and glandular dose was well known in the prior
studies (18-21). The correlations between exposure and
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glandular dose in our study can be explained by the linear
increase in dose with exposure, which is related to beam
quantity (22). There were strong relationships between
glandular radiation dose and various parameters, such as
age, device, classification (plain, spot and magnification
view, implant), exposure, compression thickness,and com-
pression force (P < 0.05). These results suggest that radiol-
ogists can monitor and control a patient’s glandular dose
by modifying device type, image classification, exposure,
compression thickness and compression force under the
guidance of a radiation dose management system. This ef-
fort can reduce the patient’s radiation exposure doses.

A significant glandular dose difference was noted be-
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Table 5. Association Between Compression Thickness and Glandular Dose

Compression thickness Lorad selenia (n=9086)

Mammomat inspiration (n = 6579)

n Glandular dose (mGy) n Glandular dose (mGy)

Thickness < 2 cm 141 1.72(1.74) 144 1.62(0.46)
2 < Thickness < 3 cm 549 1.56 (0.63) 631 1.76 (0.64)
3 < Thickness < 4 cm 1603 2(0.63) 1415 1.01(0.24)
4 < Thickness < 5 cm 2814 2.22(0.63) 2135 116 (0.31)
5< Thickness < 6 cm 2770 2.30(0.62) 1548 134(0.38)
6 < Thickness < 7cm 975 2.18 (0.55) 562 154 (0.49)
7< Thickness < 8 cm 200 2.33(0.82) 17 1.78 (0.63)
Thickness > 8 cm 34 2.28(1.28) 27 1.47(1.20)
Pvalue® <0.0001° <0.0001°

P values were calculated using the ANOVA with Tukey-Kramer post-hoc test.

PTukey-Kramer post-hoc test: In post-hoc test, contrasts between groups [ist vs. 2nd], [3rd vs. 8th], [4th vs. 6th], [4th vs. 7th], [4th vs. 8th], [5th vs. 7th], [5th vs. 8th], [6th
vs. 7th], [6th vs. 8th] and [7th vs. 8th] were statistically non-significant. All other contrasts were statistically significant [All P values < 0.001].
“Tukey-Kramer post-hoc test: In post-hoc test, contrasts between groups [1st vs. 6th], [1st vs. 8th], [2nd vs. 7th], [5th vs. 8th] and [6th vs. 8th] were non-significant. All other

contrasts were statistically significant [All P Values < 0.03].
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Figure 2. Box-and-whisker plots show the association between compression thickness and glandular dose. A and B, There was a strong association between the compression
thickness and glandular dose in both device types (P < 0.05) (A: Lorad Selenia [n = 8096], B: Mammomat Inspiration [n = 6579]).

tween the two devices (Lorad Selenia, Mammomat Inspira-
tion). Two units have different age. The Mammomat Inspi-
ration unit was used from January 1, 2009, and the Lorad
Selenia was used from August 1, 2006. The difference be-
tween two vendors as well as the difference in the age of
devices was suggested to have contributed to the glandu-
lar dose difference. Differences in compression thickness,

compression force, and exposure were observed in two de-
vices. These findings indicate that monitoring device per-
formance with a radiation dose management system can
be used for FFDM quality control.

There were significant differences among mammo-
gram classification (plain view, spot and magnification
view, and implant view), glandular dose, exposure, com-
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Table 6. Univariable and Multivariable Logistic Regression for Glandular Dose 75th Percentile (Predict: > Glandular Dose 75th Percentile)*

View (total) < Glandular dose 75th > Glandular dose 75th Odds ratio Pvalue Adjust odds ratio Pvalue
percentile percentile
(n=11754) (n=3911) (95% CI) (95% CI)
Age 53.83(10.04) 48.67(9.30) 0.95(0.94-0.95) < 0.0001 0.96(0.96-0.97) < 0.0001
Device
Lorad selenia 5474 (60.25) 3612 (39.75) reference reference
Mammomat 6280 (95.46) 299 (4.54) 0.07(0.06-0.08) < 0.0001  0.002(0.002-0.003) < 0.0001
inspiration
Classification
Plain 11274 (75.54) 3651(24.46) reference reference
Spotand mag 333(58.42) 237(41.58) 2.20 (1.85-2.61) < 0.0001 infinity < 0.0001
Implant 147(86.47) 23(13.53) 0.48(031-0.75) 0.0012 2.05 (1.17-3.60) 0.0142
Control mode
Auto 11554 (74.95) 3862 (25.05) reference
Manual 200 (80.32) 49(19.68) 0.73(0.54-1.00) 0.0530
Exposure (/tAs) 3.25(3.09-3.41) < 0.0001 10.46 (9.46 - 11.57) < 0.0001
Compression thickness 46.05 (12.95) 49.84 (11.47) 1.03(1.02-1.03) < 0.0001 1.02(1.02-1.03) < 0.0001
(mm)
Compression force (N) 99.06 (27.52) 108.15 (30.88) 138 (1.33-1.43) < 0.0001 132 (1.25-1.40) < 0.0001

Abbreviations: As, microampere; N, Newton ;Cl,confidence interval

?Use of univariate analyses to select variables for multivariable models (P value < 0.05).

pression thickness and compression force (P < 0.05). The
spot and magnification view showed a higher glandular
radiation dose than the plain and implant view (mean +
SD, 2.27 &+ 1.11 mGy) (P < 0.05). The spot and magnifica-
tion views were performed with routine FFDM (more than
four views); therefore, the patient’s radiation dose expo-
sure would be much higher. In this study, the patient who
was exposed to the highest radiation dose (46.93 mGy) was
a 41-year-old woman who underwent four FFDM and six
spot and magnification views with Lorad Selenia. Using a
management system, when a spot and magnification view
is needed, can help monitor a patient’s exposure dose and
more precisely control the overall radiation exposure.

In comparison with the control mode, compression
thickness and compression force showed a significant dif-
ference in the two groups. In the implant view, there was
a difference in compression technique. Generally, in im-
plant view, the breasts are weakly compressed in manual
mode; otherwise, implants might be in danger of rupture
or it might be difficult to obtain an adequate implant view.
Although there was no significant difference between the
two control modes in glandular dose (P = 0.2913) or expo-
sure (P = 0.1519), the total radiation dose per patient could
be much higher than other types of images because the im-
plantviews consist of a total of eight images (four displace-
ment views and four non-displacement views).

There was a strong association between the compres-
sion thickness and glandular dose (P < 0.05). With a thin-
ner compression thickness, a lower glandular radiation
dose was noted in both device types. This finding indicates
that in mammogrames, it is not sufficient to emphasize
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the importance of the technologist’s experience with the
mammogram technique involving compressing the breast
enough to lower the radiation dose.

In this study, several factors were correlated with glan-
dular dose, including patient age, device type, classifica-
tion, exposure, compression thickness, and compression
force. A negative correlation was observed between pa-
tient age and glandular dose. There was a difference in
glandular dose according to device type. Glandular dose
was higher in the spot and magnification view than in
routine plain mammography and implant views. There
were positive correlations between glandular dose and ex-
posure and between compression thickness and compres-
sion force.

Our study had several limitations. First, images in-
cluded in this study were acquired over the course of ap-
proximately four months. However, the number of im-
ages were sufficient for statistical analyses. Second, this
study included mammographic images from one institu-
tion including only two devices; the institution is a tertiary
medical center. This fact may cause a selection bias of pa-
tients and devices. Third, given the sample size imbalance
between two devices, judgement may be biased. At last,
Radimetrics™ is not a real dosimeter and estimate doses
are based on the specific conditions of the mammography
that are planned to be accomplished. The reason for per-
forming this study on real patients is that we can simulate
some different patient groups based on the difference in
relevant and important factors affecting the mammogra-
phy radiation and then calculate the dose of each virtual
patient.
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In a center with good quality control and well-
managed devices, such as our center, the radiation dose
for one mammography view is not high. Quality control
and device management are very important in patient
care, and centers and hospitals that use mammography
should always endeavor to minimize the radiation dose as
much as possible.

In young women, cancer risk resulting from radia-
tion exposure is much higher than in older women; a
guideline considering age and adequate breast compres-
sion is needed in mammography examination. The radia-
tion exposure dose is significantly higher in patients who
have undergone implant views or spot and compression
views. Serious concern regarding per patient radiation
dose should be exercised with these patients, and repeat
study should be avoided as much as possible.

In conclusion, using a radiation dose management
system, we could easily collect data and parameters of
patients who underwent mammography during a spe-
cific period to analyze the factors affecting radiation dose.
There was glandular dose difference according to specific
factors including device type, classification, and control
mode.
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