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Purpose: Optimization studies in digital mammography aid to assure the image quality and radiological
protection of the patient. The aim of this work is to test effectiveness and applicability of a method based
on a Figure of Merit (FOM = (IQFinv)2/AGD) to improve all the exposure parameters (Target/Filter combi-
nation, kVp and mAs) in order to improve the image acquisition technique that will provide the best com-
promise between image quality and the average glandular dose (AGD).
Methods: A contrast-detail analysis, employing the test object CDMAM, was carried out for the digital
mammography unit manufactured by Lorad Hologic – model Selenia. We simulated two breast thick-
nesses using phantoms and a Figure of Merit as optimization tool, which includes an indicator of image
quality, the IQFinv and the average glandular dose. Images of the ACR and TORMAM phantoms were
obtained with both, automatic and optimized exposure parameters. In order to compare the image qual-
ity, the SNR (Signal to Noise Ratio) was measured in each image.
Results: In the two phantoms, for both 4.5 and 7.5 cm thicknesses, the AGDs obtained with the optimized
parameters show a reduction. In addition, the images obtained with the optimized exposure parameters,
had the same or a better image quality when compared to the images obtained using the automatic
mode.
Conclusions: The proposed optimization methodology proved to be an effective tool to improve the dig-
ital mammography unit, due to the use of objective metrics for evaluation and validation of the results.

� 2017 Associazione Italiana di Fisica Medica. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Breast cancer is the neoplasia that most affects women world-
wide [1]. Early diagnosis is the most effective way to reduce mor-
tality by this disease and increase patient survival [2]. The
mammogram is the most used and recommended technique for
this purpose [3]. An important issue in this topic relates to diagnos-
tic image quality assessment. In a recent paper [4] authors report
that mammography units that operate at an acceptable minimum
for image quality, may have unacceptably low cancer detection
rates. They conclude that the European image quality standards
should be reviewed in order to raise the minimum level for image
quality acceptance. Some authors [5,6] point out the potential of
developed computational methods such as channelized Hoteling
Observer and non-pre-whitening model observer with human
visual system. With a structure detection performance close to
the human observer, it is meant to assess clinical image quality.

To detect breast cancer early, mammographic images should
exhibit a high contrast, which is not an easy task since the parts
that compose the breast adipose and glandular tissue, have similar
radiation attenuation coefficients. The diagnosis in mammography
faces an additional challenge, that the breast tissues and patholog-
ical findings, have very close linear attenuation coefficients within
the energy range used in mammography [7]. The Target/Filter
combination and the energy chosen in the image acquisition tech-
nique affect the contrast between tissues types. In the radiological
image, the difference between the linear attenuation coefficients of
radiation in each tissue tends to increase with decreasing energy,
usually for energies lower than 30 keV [8]. The presence of micro-
calcification is an indication of the possible development of breast
cancer [9–11]. Although these structures have higher contrast than
the masses, microcalcification can occur in a very small size and
the noise affects their visualization. Increasing the current-time
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product (mAs) in the mammographic unit reduces the noise in the
image, but this simultaneously increases the radiation dose in the
patient. Therefore, the determination of the optimum X-ray spec-
trum for mammography involves a careful compromise between
image contrast, radiation dose, and image statistical noise [12].
The aim of the optimization of radiodiagnosis techniques is to pro-
vide the best compromise between image quality and radiation
dose, related to the principles of radiation protection [13]. In order
to perform the mammographic examination, it is necessary and
challenging to develop techniques, which are capable to differenti-
ate healthy tissue from the radiological signs of breast cancer, in
order to optimize the relationship between image quality and radi-
ation dose to the patient.

The Figure of Merit (FOM) is a tool used in optimization studies
in radiology, and it is defined using metrics of image quality and
radiation dose. Several FOM definitions have been applied in order
to optimize mammography systems [14–18]. The results of these
studies indicate that the parameters selected by the AEC mode,
Target/Filter combination, kVp and mAs do not necessarily are
the most suitable for the achievement of mammograms of different
breast thicknesses and compositions [19].

In light of the above, it is important to perform specialized stud-
ies of optimization techniques for digital mammography and indi-
vidualized studies for each type of mammography system [20]. The
aim of this work is to test effectiveness and applicability of a
recently proposed method [21], based on a Figure of Merit
(FOM = (IQFinv)2/AGD) to optimize all the exposure parameters
(Target/Filter combination, kVp and mAs) in a different digital
mammography equipment, and for distinct breast thicknesses.
2. Materials and methods

The optimization methodology was implemented in three
stages, shown in Fig. 1. The first stage was conducted in three parts.
In part one a characterization performance of the mammography
unit in question was carried out. This included the acceptance tests
at the time of installation as well as periodic quality control tests in
accordance with Brazilian regulatory guidelines [22].

The present work was carried out using the digital mammogra-
phy Hologic Selenia model, installed at the Research Center in
Fig. 1. Methodologi
Radiation Sciences and Technologies (CPqCTR) of the State Univer-
sity of Santa Cruz (UESC), Bahia, Brazil.

Thereafter, during the second part, the FOM proposed by Fausto
[21] (Eq. (1)) was used for the optimization of the exposure param-
eters: target/filter combination (T/F), kilovoltage peak (kVp) and
the current-time product (mAs). The FOM is calculated by relating
two parameters involved in the image acquisition process: image
quality in terms of inverted image quality factor (IQFinv) and the
average glandular dose (AGD).

FOM ¼ ðIQFinvÞ2=AGD ð1Þ
We used the Contrast-Detail Mammography Phantom

(CDMAM, type 3.4) [23] to obtain the required images in order to
calculate the IQFinv. The CDMAM-phantom consists of an alu-
minum base with golden disks, which is attached to a Plexiglas
cover. It has a matrix of square cells, 16 columns and 16 rows, with
disks of variable diameter (from 0.06 to 2.00 mm) and thickness
(from 0.03 to 2.00 mm). Each square contains two identical disks,
one in the center and one in a randomly chosen corner. The detec-
tion of disks by the observer is evaluated as percentages of correct
detections per image.

The CDMAM enabled us to obtain the system’s contrast-detail
curve, in order to determine the visibility threshold. This curve is
related to the detection capability of the smallest structures
depending on the exposure parameters. The IQFinv was obtained
using the test object CDMAM (Contrast-Detail Mammography),
which determines the contrast (thickness in mm) of the
visibility threshold Ci

th in the image of the object as a function of
the detail (diameter in mm) Di. The IQFinv is calculated according
to Eq. (2).

IQFinv ¼ 100
X16

i¼1
Cth
i � Di

ð2Þ

A quantitative and objective evaluation of the images obtained
using the CDMAM 3.4 was performed using the software CDMAM
analyzer V1.2 of Artinis [23].

The use of IQFinv is appropriate due the importance of detection
of low contrast structures (masses) and details of few diameters
(microcalcifications) in the mammography examination.
cal framework.
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In the optimization process, we must take the radiation risk into
account, which is associated to the AGD because the glandular tis-
sue is the most radiosensitive breast tissue. The AGD was calcu-
lated using Eq. (3), according to the methodology proposed by
the International Atomic Energy Agency (IAEA) [24].

AGD ¼ gtctsKi;t ½Gy� ð3Þ
In which:

Ki,t is the entrance air kerma at the surface measured without
backscatter;
s is the correction factor that depends on the target-filter
combination;
ct is the conversion factor which allows for the glandularity of a
standard breast of thickness t;
gt is the factor that converts the Ki,t in AGD for a breast with 50%
of glandular tissue.

The measure of Ki,t was performed according to the methodol-
ogy proposed in the European Protocol on Dosimetry in Mammog-
raphy [25], using the dosimetry set composed by the 9095 model
Radcal electrometer coupled to the ionization chamber (IC) dedi-
cated to mammography 10x9-6M model. Calculation of the AGD
was carried out using the formula proposed in the European Proto-
col [26] and by the International Atomic Energy Agency [24]. The
values used for: s, ct and gt are taken from Dance et al. [27] in accor-
dance with the corresponding T/F set used and the standard 50%
glandularity breast.

In the third part of stage one, we used the phantom from the
American College of Radiology (ACR), which is actually a standard
for image quality evaluations, with a thickness of 4.5 cm and 50/50
composition (glandular/fatty tissue), and also an anthropomorphic
phantom (TORMAM). The exposure parameters (T/F�, kVp� and
mAs�) were obtained using the automatic exposure control (AEC)
mode with both phantoms using two different breast thicknesses:
4.5 cm and 7.5 cm (adding PMMA plates).

The second stage was performed in two parts as shown in Fig. 1.
In the first part, the objective was to find the optimal kVp and T/F
combination. For this purpose the FOMwas calculated for each kVp
value in the range of 25–35 kVp that was available in the mam-
mography unit.

The value of IQFinv increases with the mAs when the other
parameters are maintained fixed. Thus, it was necessary to define
a criterion for determining mAs in order to obtain images in which
the IQFinv values could be compared. The criterion suggested by
Ranger et al. [28] was applied to use the current-time products,
so that the image’s mean pixel values (MPV), is kept close to the
value recommended by the manufacturer. In the case of the Selenia
mammography unit, MPV is around 350 ± 5% [29]. The FOM vs. kVp
curves were plotted for the two T/F combinations of the equip-
ment: Mo/Mo and Mo/Rh.

For each filter the best fit curve was found, and then selected
the one that showed higher FOM value as the optimal filter. The
optimum kVp was selected from the peak of the curve FOM vs.
kVp using the chosen filter. The FOM value was calculated for dif-
ferent mAs but maintaining a constant signal level (MPV) in the
images.

The mAs optimization was based on the results of the optimal
kVp⁄ and T/F⁄ combination. The FOM vs. mAs curve was then plot-
ted and the mAs with the maximum value of FOM in the fitted
curve, was selected as the optimal mAs⁄. We have obtained the
optimized exposure parameters at the end of this stage.

The aim of the third stage of the methodology is to evaluate the
results of the optimization, using the TORMAM anthropomorphic
phantom. The TORMAM images obtained with optimized exposure
parameters (T/F⁄, kVp⁄, mAs⁄) were compared with the corre-
sponding images for the AEC parameters. The SNR (Signal to Noise
Ratio) were calculated from the phantom images in order to vali-
date the optimization results. In addition, the same tests were per-
formed with the standard ACR phantom.
3. Results and discussion

3.1. Quality assurance of the mammography unit

The acceptance tests and the periodic quality control tests were
carried out. In that way, the constancy of the equipment perfor-
mance throughout the period of this study was ensured. In all
the tests, the equipment presented performance characteristics in
accordance with regulatory standards.

3.2. Automatic image exposure parameters

Table 1 shows the values of the automatic image exposure
parameters selected by the AEC system for two breast thicknesses
from the ACR and TORMAM phantoms.

3.3. Optimization of the exposure parameters

3.3.1. Optimization of kVp
The kVp optimization was performed using the FOM defined in

Eq. (1). The IQFinv vs. kVp (Fig. 2) and FOM vs. kVp (Fig. 3) curves
were plotted for a thickness of 4.5 cm and 7.5 cm of compressed
breast. Comparison and analysis are also indicated for the points
corresponding to the IQFinv using the parameters obtained in the
AEC mode for the ACR phantom.

In the Fig. 2, a decrease of IQFinv is observed with the increase of
kVp. This is related with the fact that in order to guarantee the
same level of exposure (MPV) in the detector, it is necessary to
select successively smaller values of mAs with the growth of
kVp. Lower values of mAs decrease both the dose and IQFinv. We
observed from the Table 3, that the value of the IQFinv in the AEC
mode for de ACR phantom is slightly higher than the optimized
for both breast thicknesses. However, considering the uncertain-
ties, these values are almost the same. On the other hand, with
the optimization, the doses were reduced considerably compared
to the AEC mode. For the 4.5 cm and 7.5 cm breast thickness the
doses with the optimized parameters show a reduction of 26%
and 16%, respectively.

Fig. 3 shows the FOM vs. kVp curves obtained for each assessed
breast thickness. In general, the functions of Gaussian type show
the best fitted curves for each T/F combination, through which
the kVp with the maximum FOM value was determined. Fig. 3(a)
shows the optimization curves for 4.5 cm breast thickness and
the result of the FOM for the parameters selected by the AEC for
the ACR phantom. It is observed that the Mo/Rh curve is the one
with the highest FOM value in the entire voltage range, while the
choice of the AEC mode for this particular breast thickness was
the Mo/Mo combination. The T/F combination selected by the
mammography unit for compressed breast thicknesses below
6.5 cm is usually Mo/Mo. The Mo/Rh combination is not commonly
used because the Rh filter allows a greater fraction of photons with
higher energies compared with the spectrum resulting from the
Mo/Mo combination. The most energetic photons tend to reduce
the contrast, because for high-energy photons, the linear attenua-
tion coefficients of the different breast tissues are closer. The
kiloVolt-peak of 30.8 kVp is the center value of the Mo/Rh curve
and corresponds to the highest FOM value.

Fig. 3(b) shows the curve optimization for breast thickness of
7.5 cm and the result of the FOM in the AEC parameters for de
ACR phantom. The kVp value, which reaches the highest FOM for



Fig. 2. IQFinv vs. kVp curves (a) For 4.5 cm of breast thickness (b) For 7.5 cm of breast thickness.

Fig. 3. FOM vs. kVp curves (a) For 4.5 cm of thickness (b) For 7.5 cm of thickness.

Table 1
Parameters selected by the AEC for the ACR and TORMAM phantoms.

Exposure parameters1 ACR TORMAM

Thickness Thickness

4.5 cm 7.5 cm 4.5 cm 7.5 cm

T/F Mo/Mo Mo/Rh Mo/Mo Mo/Rh
kVp 28 32 30 34
mAs 75 160 62 145

1 Parameters selected with Auto-Filter exposure mode.
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this thickness is 31.1 kVp, which differs from the value selected by
the AEC (32 kVp).

3.3.2. Optimization of mAs
The mAs optimization was performed seeking the maximum of

the FOM vs.mAs curve, using the optimal kVp and T/F combination.
The optimal kVp found for the two breast thicknesses were non-
integer values of voltage, namely 30.8 kVp for 4.5 cm thickness
and 31.1 kVp for 7.5 cm of thickness. In the mammography unit,
it is only possible to select full voltage values. Hence, the FOM vs.
mAs curve was plotted in each case for the two voltages closest to
the optimal kVp values, i.e. 30 and 31 kVp for the thickness of
4.5 cm and 31 and 32 kVp for the thickness of 7.5 cm as shown in
Fig. 2. For each kVp value, the corresponding FOM vs. mAs curve
was plotted, as shown in Fig. 4. For the thickness of 4.5 cm, the
30 kVp curve showed the maximum value of FOM at 50 mAs
(Fig. 4(a)). For the thickness of 7.5 cm, the curve with 31 kVp
showed the maximum value of FOM with 150 mAs (Fig. 4(b)).



Fig. 4. FOM vs. mAs curves (a) For 4.5 cm of thickness (b) For 7.5 cm of thickness.

Table 2
The exposure parameters, hSNRi and AGD for the two assessed thicknesses, comparing results for the optimized and AEC configurations for TORMAM phantom.

Physical exposure parameters 4.5 cm of Thickness 7.5 cm of Thickness

AEC Optimized AEC Optimized

T/F Mo/Mo Mo/Rh Mo/Rh Mo/Rh
kVp 30 30 34 31
mAs 62 50 145 150
AGD (mGy) 1.94 ± 0.10 1.47 ± 0.07 3.81 ± 0.13 3.26 ± 0.13
hSNRi 27.6 ± 1.5 44.9 ± 0.4 39.9 ± 0.8 38.6 ± 0.5

Table 3
The exposure parameters, hSNRi and AGD for the two assessed thicknesses, comparing results for the optimized and AEC configurations for ACR phantom.

Physical exposure parameters 4.5 cm of Thickness 7.5 cm of Thickness

AEC Optimized AEC Optimized

T/F Mo/Mo Mo/Rh Mo/Rh Mo/Rh
kVp 28 30 32 31
mAs 75 50 160 150
AGD (mGy) 1.99 ± 0.09 1.47 ± 0.07 3.90 ± 0.13 3.26 ± 0.13
hSNRi 52.4 ± 1.2 52.0 ± 0.6 45.6 ± 0.6 43.8 ± 0.4
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Finally, the physical exposure parameters optimized for 4.5 cm
breast thickness are the Mo/Rh combination with 30 kVp and
50 mAs. The Mo/Rh combination with 31 kVp and 150 mAs are
the optimized parameters for 7.5 cm of breast thickness.
4. Validation tests

For the validation tests, a set of TORMAM phantom images
using the combinations of the optimized parameters was used.
Then, we compared the optimized TORMAM images with the TOR-
MAM images obtained in the AEC mode. JiveX [dv] Viewer Personal
Edition software was used to obtain the SNR values. It was selected
a ROI in three separated regions of the image, positioned over the
locations with PMMA and without structures. An average hSNRi
value was obtained for each image. The SNR metric was then used
so to compare image quality.

Tables 2 and 3 show the results for the assessed metric to the
AEC mode and the optimized parameters, for TORMAM and ACR
phantoms respectively. The TORMAM images obtained with the
optimized parameters for 4.5 cm of thickness have a higher hSNRi
value compared to the AEC images within the range of uncertainty
involved. Also, the AGD calculated with the optimized parameters
is 24% below the AGD calculated for the AEC parameters. Thus,
mammograms performed in breast with 4.5 cm thickness, using
the optimized parameters can provide results with better image
quality, than those obtained with the AEC parameters, with a sig-
nificant dose reduction.

For the compressed breast thickness of 7.5 cm, the value of the
SNR for the optimized image had the same value compared with
the AEC image, within the range of uncertainties involved. Further-
more, the AGD calculated with the optimized parameters is about
14% below the one calculated for the AEC parameters. This fact sug-
gests that the parameters obtained within the optimization
methodology, as proposed in this work, also outperforms the AEC
parameters for this breast thickness.

The results obtained with the ACR phantom are consistent with
those obtained with the TORMAM anthropomorphic phantom.
Indeed, in both tests, it was found that the optimization of the
exposure parameters allowed for a significant reduction of the
dose, maintaining almost the same value of the image quality
index for the large breast thickness. Notwithstanding, for the
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4.5 cm thickness breast, the TORMAM and ACR tests showed dis-
tinct results for the image quality index. That is, the SNR metric
result of TORMAM image was able to show more clearly that the
proposed optimization achieved a significant improvement in the
image quality, compared to the image obtained in the AEC mode.

According to Mackenzie et al. [4], the clinical effectiveness of
the task of detecting clusters of calcifications in mammography
is linked to the evaluation of image quality using the CDMAM
phantom. This conclusion also coincides with our previous results
reported in Fausto et al. [21], based on this FOM that also uses
CDMAM. Where the optimization of the exposure parameters for
the 4.5 cm breast, presented better results for the detection of
microcalcifications in analyses performed by the radiologists using
TORMAM phantom images.

According to Borg et al. [14], the FOM defined as the ratio of the
CNR2 to the AGD seems to be the most appropriate and suitable for
intra-system comparison. However, this authors point out that
CNR, that use raw images, may also be an unreliable metric,
because of image post processing or corrective algorithms. They
defended the opinion that the mammography inter-system com-
parison could be made possible by replacing the CNR in the FOM
definition by a different image quality indicator, depending less
on manufacturer but rather gauging image quality holistically.

In the present research we applied a FOM, previously reported
by us, that can use both: processed and raw image with equivalent
results. The application of the proposed methodology and its inde-
pendence of image processing suggest its potential applicability in
inter-system comparisons. However, a more extensive research
should be done to study this possibility.
5. Conclusions

� Based on the results of the optimization, it is possible to con-
clude that in the assessed digital mammography unit it is pos-
sible to obtain images with improved quality and lower
radiation dose.

� The proposed optimization methodology showed to be an effec-
tive tool to optimize the digital mammography unit due to the
use of objective metrics for evaluation and validation of results.
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