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Significance of the Study

• The results of this study provide X-ray exposure factors required to acquire optimal diagnostic quality 
images of breast tissue with different tissue compositions and thicknesses in digital mammography, 
leading to a better diagnosis of breast cancer manifesting in the form of microcalcifications and mass 
lesions. 
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Abstract
Objective: To investigate the effect of exposure factors used 
in digital screening mammography on image quality of dif-
ferent breast compositions. Material and Methods: A digital 
mammography unit, with tungsten (W) as target, rhodium 
(Rh) and silver (Ag) as filters, and amorphous selenium detec-
tors, was used to image Computerized Imaging Reference 
Systems (CIRS) Model 12A phantoms of thickness 4, 5, and 6 
cm. Images of each phantom were obtained using target-
filter combinations of W/Rh and W/Ag, at 28, 30, and 32 kVp. 
Images were evaluated by 5 senior technologists with expe-
rience in mammography. Image scores were assigned, for 

each type of feature present in the phantom. Statistical anal-
ysis was performed using nonparametric tests to compare 
sets of image scores at p = 0.05. Results: A small but statisti-
cally significant improvement was detected in the visibility 
of microcalcifications (8.8 ± 0.2; p = 0.031) for the W/Rh com-
bination but this did not show any differences in the visibil-
ity of masses or fibers. The entrance skin dose (ESD) and 
mean glandular dose (MGD) were lower for the W/Ag (ESD = 
1.30–3.70; MGD = 0.44–0.93 mGy) combination compared to 
W/Rh (ESD = 1.66–5.40; MGD = 0.52–1.12 mGy). The Mann-
Whitney test revealed that 30-kV exposure with the W/Rh 
combination showed a significantly better visibility of specks 
in the 30/70 phantom compared to other exposures. Con-
clusion: The use of an Rh filter showed a better image qual-
ity for all phantoms. 28 and 30 kVp with the W/Rh combina-
tion provided a slightly better image quality, and the MGD is 
less than 1.2 mGy. © 2018 The Author(s) 
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Introduction

Breast cancer is one of the most commonly diagnosed 
malignancies in American women and the second leading 
cause of cancer deaths in women [1]. Over the last 30 
years, the incidence of breast cancer among the Kuwait 
population has increased threefold from 15 to 50 cas-
es/100,000 population [2]. In many studies the combina-
tion of a clinical breast examination and screening mam-
mography has increased breast cancer detection rates and 
the number of cancers detected at more localized stages, 
thus lowering the rate of breast cancer deaths [3–7]. Most 
mammographic systems on the market have the ability to 
automatically select a beam quality based on compressed 
breast tissue thickness. They also allow radiographers to 
manually set tube potential and target filter combinations 
[8]. Optimization of exposure parameters in digital mam-
mography is necessary to maximize the contrast-to-noise 
ratio (CNR) of the image, while simultaneously minimiz-
ing patient dose [8]. Since the breast is a highly radiosen-
sitive organ, it is important that the dose level during 
screening mammography be kept as low as possible so 
that screening itself does not increase the risk of breast 
cancer induction [9, 10]. Image quality and the probabil-
ity of relevant anatomical details or pathology displayed 
is affected by the amount of tissue coverage, contrast be-
tween tissues, exposure latitude or dynamic range, spatial 
resolution of the imaging system, any noise, and artifacts 
present in the image [11]. Image quality depends criti-
cally on the design and performance of the radiographic 
unit, the type of image receptor and the manner in which 
the equipment is used to acquire and process the mam-
mogram. In addition, the type of display and the condi-
tions under which the image is viewed have an important 
effect on the ability of the radiologist to extract the infor-
mation recorded in the mammogram [12]. 

The composition of breast tissue can vary from mostly 
adipose to variable quantities of radiologically dense tis-
sue, due to patient age and genetic factors [10]. A large 
variety of breast phantoms have been produced with tis-
sue-equivalent materials and used in an attempt to simu-
late living organs in terms of attenuation, density of tis-
sue, and the radiographic visibility [13]. Previous studies 
had shown that a fully digital mammography (FDM) sys-
tem has optimum image quality and is capable of detect-
ing subtle calcification clusters with low dose [14, 15]. 
Aminah et al. [8] reported potential for dose reduction up 
to 11% for a set CNR of 3.0 by using beam quality other 
than that determined by automatic exposure control se-
lection. This study also found that exposure factors for 

optimal image quality depended on the composition 
(glandular-to-adipose) of breast tissue. However, the de-
pendence of exposure factors on different thicknesses of 
breast tissue has not been studied widely. 

Hence, the aim of our study was to investigate the ef-
fect of exposure factors used in digital screening mam-
mography on detection of masses and microcalcifications 
on different tissue compositions and thickness. 

Materials and Methods

Breast Phantom Model
A Hologic Selenia (Hologic Inc., Marlborough, MA, USA) dig-

ital mammography (DM) unit, with a tungsten (W) target, with 
dual filter materials rhodium (Rh) and silver (Ag), was used in this 
study for imaging the phantoms. The unit is equipped with amor-
phous selenium detectors of 70-µm pixel size. There different 
phantoms of the Computerized Imaging Reference Systems (CIRS, 
Norfolk, VA, USA) model 12A, which include tissue-equivalent 
phantoms of 4, 5, and 6 cm thickness, were used to mimic breast 
tissues of different compositions. The glandular content of each 
phantom is 50, 30, and 20%, respectively. They contain 5 nylon 
fibers of diameters 1.25, 0.83, 0.71, 0.53, and 0.30 mm, respective-
ly; 7 simulated spherical tumor masses of diameter 4.76, 3.16, 2.38, 
1.98, 1.59, 1.19, and 0.90 mm, respectively; 12 groups of microcal-
cifications, placed at different locations within the phantom with 
each group containing 6 microcalcifications of diameters ranging 
from 0.400 to 0.130 mm (Fig. 1).

Image Acquisition and Data Collection
Three images were obtained using each phantom and target-

filter combination (W/Rh and W/Ag), one each at 28, 30, and 32 
kVp, respectively. These kilovolt peak values represent the range 
used in clinical studies with patients. The automatic exposure con-
trol unit of the system was used to determine the appropriate mil-
liampere-seconds for all images. The entrance surface dose (ESD) 
and mean glandular dose (MGD) were recorded from the Hologic 
Selenia DM unit for each exposure. The images were processed ac-
cording to the manufacturer-recommended methods [6]. 

Reader Study
All images were evaluated by 5 senior technologists, with aver-

age work experience of 15 years (range: 12–20 years) who work in 
the screening mammography centers using Barco’s (Barco Inc., 
Zug, Switzerland) 5-megapixel display systems for digital breast 
imaging. The reviewers were prohibited from making any further 
enhancements, such as adjusting window level and/or window 
width, during their evaluation. They were allowed sufficient time 
to view the images and were requested to write down the number 
of groups of microcalcifications, number of fibers, and number of 
masses that were visible. Image scores were assigned, for each type 
of feature present in the phantoms, equal to the number of features 
visible to the observers. 

Statistical Analysis
Statistical analysis was performed using the Mann-Whitney 

test for comparing 2 sets of scores and the Kruskal-Wallis test for 
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comparing more than 2 sets of scores at the p = 0.05 level, with the 
aid of the software package Statistical Package for Social Sciences 
(SPSS, IBM SPSS Statistics for Windows, version 22.0, IBM Corp., 
Armonk, NY, USA).

Results

The exposure factors MGD and ESD for the 3 different 
exposures of the phantoms with 50, 30, and 20% glandu-
lar content are shown in Tables 1–3, respectively. The 
MGD and ESD for W/Ag were lower than W/Rh in all 3 
phantoms. The number of visible features for the 3 expo-
sures of the phantoms with 50, 30, and 20% glandular 
content are illustrated in Figures 2–4, respectively. Statis-

Line pair target
1. 20 lp/mm

Specks Calcium carbon-
ate grain size (mm)
2.  0.130
3. 0.165
4. 0.196
5. 0.230
6. 0.275
7. 0.400
8. 0.230
9. 0.196
10. 0.165
11. 0.230
12. 0.196
13. 0.165

Step Wedge 1 cm thick
14. 100% gland
15. 70% gland
16. 50% gland
17. 30% gland
18. 100% gland

Fibers Nylon in wax inset
diameter size (mm)
19.     1.25
20.     0.83
21.     0.71
22.     0.53
23.     0.30

Hemispheric Masses
75% glandular/25%
adipose, thickness (mm)

24.     4.76
25.     3.16
26.     2.38
27.     1.98
28.     1.59
29.     1.19
30.     0.90
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Fig. 1. CIRS mammography research 
phantom model 12A.

Table 1. MGD and ESD with various kilovolt peaks (kVp) for 
phantom 50/50

Target/filter kVp mAs MGD, mGy ESD, mGy

W/Rh 28 51 0.61 2.12
W/Rh 30 40 0.60 1.98
W/Rh 32 29 0.52 1.66
W/Ag 28 33 0.51 1.66
W/Ag 30 26 0.50 1.60
W/Ag 32 18 0.44 1.30

Table 2. MGD and ESD with various kilovolt peaks (kVp) for 
phantom 30/70

Target/filter kVp mAs MGD, mGy ESD, mGy

W/Rh 28 75 0.77 3.19
W/Rh 30 58 0.76 2.97
W/Rh 32 45 0.72 2.69
W/Ag 28 46 0.65 2.36
W/Ag 30 35 0.62 2.20
W/Ag 32 29 0.60 2.14

Table 3. MGD and ESD with various kilovolt peaks (kVp) for 
phantom 20/80

Target/filter kVp mAs MGD, mGy ESD, mGy

W/Rh 28 122 1.12 5.40
W/Rh 30 91 1.10 4.80
W/Rh 32 69 0.98 4.20
W/Ag 28 69 0.93 3.70
W/Ag 30 51 0.80 3.30
W/Ag 32 38 0.77 2.90
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tically significant differences were not observed for any of 
the 3 features in any of the 3 phantoms when exposure 
factors were changed, except for the visibility of microcal-
cifications in the phantom with 30% glandular content  
(p = 0.031). The Mann-Whitney test revealed that the 30-
kVp exposure with the W/Rh combination showed a sig-

nificantly better visibility of specks in this phantom com-
pared to other exposures. 

Statistically significant differences were not observed 
between specific kilovolt peaks and filters used for the 
50/50 phantom, 30/70 phantom and 20/80 phantom, but 
in sum of ranks the Rh filter provided a better detectabil-
ity for fibers, microcalcifications, and masses for all kilo-
volt peak values used in this study. However, for the 50/50 
phantom, the image acquired at 30 kVp with the W/Rh 
combination produced the highest mean rank for the vis-
ibility of fibers. For the visibility of microcalcifications 28 
and 30 kVp with the W/Rh combination and 32 kV with 
the W/Ag combination resulted in the higher mean rank 
values than other combinations. For masses, the 28 kVp 
with W/Rh exposure resulted in the highest mean rank. 
For the 30/70 phantom, the optimum kilovolt peak which 
resulted in the highest mean rank was 30 for fibers, 28 for 
microcalcifications, and for the masses it was 28 and 32 
kVp with W/Rh. For the 20/80 phantom, 28 and 32 kVp 
are optimal for fibers, 30 kVp for specks, and 28 kVp for 
masses, all for the W/Rh combination.

Discussion

Our current work indicated that the use of the W/Rh 
combination may result in a slightly better image quality 
than the W/Ag combination for different breast tissue 
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Fig. 4. The average score for each feature with different kilovolt 
peaks for the 20/80 phantom.

Fig. 3. The average score for each feature with different kilovolt 
peaks for the 30/70 phantom.

Fig. 2. The average score for each feature with different kilovolt 
peaks for the 50/50 phantom.
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compositions. One previous study [8] reported that as the 
breast thickness increases, there is a greater possibility for 
dose reduction using W/Rh followed by Mo/Rh and Mo/
Mo combinations. Another study [16] recommended 28, 
29, and 31 kVp without comparing between W/Rh and 
W/Ag, but supported the idea that using the W/Rh com-
bination results in a reduction of dose. 

The detectability of different structures of the human 
breast tissue in a radiographic image is influenced by sev-
eral image quality parameters. Three of these – subject 
contrast, spatial resolution of the imaging system, and 
image noise – have been commonly used to assess image 
quality. The subject contrast is influenced by the X-ray 
beam quality, which depends on the kilovolt peak setting 
and the target/filter combination. Higher X-ray beam 
qualities reduce subject contrast. Image noise obscures 
structures and affects detectability of structures. Since the 
Rh filter removes from the X-ray beam the components 
above its k-edge, the average energy of the beam is slight-
ly lower than when Ag was used as a filter. The higher 
beam quality from the Ag filter results in lower subject 
contrast and hence slightly lower detectability of features 
in the phantom. In FDM, some loss of subject contrast 
due to high X-ray beam quality can be recovered using 
image enhancement techniques built into the imaging 
systems. Quantum noise and anatomical noise are pres-
ent in all images. Quantum noise, which obscures small 
structures like microcalcifications and fibers, can be re-
duced by increasing the amount of X-rays used to form 
the image. Anatomical noise, which affects the detectabil-
ity of larger structures like masses, mostly depends on the 
imaging geometry rather than X-ray beam quality. The 
contribution from quantum noise to the total image noise 
is much higher than that from the anatomical noise. 
These reasons could be used to explain the lack of statisti-
cally significant differences in the detectability of struc-
tures when kilovolt peak and filter material were changed 
in our study [17, 18].

The reduction in MGD and ESD when the W/Ag com-
bination was used could be attributed to the higher X-ray 
beam quality, leading to a larger proportion of the beam 
penetrating the breast tissue and reaching the image re-
ceptor. The optimization principle of radiation protec-
tion requires that diagnostic quality images be acquired 
using the least possible radiation dose to the patient. The 
European Commission has set a guidance MGD level of 
1.3 mGy for mammography examinations of a standard 
breast. All the exposure factors used in our study resulted 
in MGD less than 1.2 mGy and in some cases much low-
er values.

There are some limitations to our study which should 
be considered when interpreting the results. Firstly, this 
study was conducted on a single FDM system and there-
fore the results may vary slightly when other FDM sys-
tems are used. Further studies involving multiple FDM 
systems are proposed. Secondly, image quality analysis in 
this study was carried out subjectively by observers, and 
the results may vary if a different group of observers were 
used. Although interobserver variability was not analyzed 
in this study, the error bars (1 SD) indicated in Figures 
2–4 represent a relatively small spread of observer re-
sponses to all 3 features. Interobserver variability can be 
minimized if objective methods of image analysis, such as 
measuring signal-to-noise ratio and/or CNR, are used. 
Although signal-to-noise ratio and CNR are very useful 
image quality measures for assessing imaging system per-
formance, it may be of less relevance in clinical situations. 
The authors chose to use observers because it closely re-
sembles the clinical situation where radiologists report on 
mammographic images. 

Conclusion

The use of the Rh filter showed better image quality for 
all phantoms. The authors recommend the use of 28 and 
30 kVp as exposure factors with the W/Rh combination 
for screening DM. These factors resulted in MGD less 
than 1.2 mGy which meets the international standards.
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