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Abstract

Purpose: To validate a previously proposed algorithm that modifies a mammogram to appear as
if it was acquired with different technique factors using realistic phantom-based mammograms.

Approach: Two digital mammography systems (an indirect- and a direct-detector-based system)
were used to acquire realistic mammographic images of five 3D-printed breast phantoms with
the technique factors selected by the automatic exposure control and at various other conditions
(denoted by the original images). Additional images under other simulated conditions were also
acquired: higher or lower tube voltages, different anode/filter combinations, or lower tube cur-
rent–time products (target images). The signal and noise in the original images were modified to
simulate the target images (simulated images). The accuracy of the image modification algorithm
was validated by comparing the target and simulated images using the local mean, local standard
deviation (SD), local variance, and power spectra (PS) of the image signals. The absolute relative
percent error between the target and simulated images for each parameter was calculated at each
sub-region of interest (local parameters) and frequency (PS), and then averaged.

Results: The local mean signal, local SD, local variance, and PS of the target and simulated
images were very similar, with a relative percent error of 5.5%, 3.8%, 7.8%, and 4.4% (indirect
system), respectively, and of 3.7%, 3.8%, 7.7%, and 7.5% (direct system), respectively.

Conclusions: The algorithm is appropriate for simulating different technique factors. Therefore,
it can be used in various studies, for instance to evaluate the impact of technique factors in cancer
detection using clinical images.
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1 Introduction

Currently, digital mammography is the predominant examination used for breast cancer screen-
ing, allowing for early breast cancer detection.1 However, breast cancer detection performance
can be affected by the quality of the mammogram.2–4 Therefore, evaluation and optimization of
image quality is very important to maximize the performance of mammographic screening.5,6
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There are several factors to be considered when evaluating the performance of a digital mam-
mography system that can affect the image quality: detector type, technique factors, modulation
transfer properties (spatial resolution), and dose level. The sub-optimal selection or behavior of
any of these factors can result in a loss of resolution and/or contrast and in an increase in noise in
the resulting image.3,4,7–9

Ideally, testing the impact of acquisition factors on the detection performance of radiologists
would be performed with clinical images, using resource and labor-intensive studies, such as
receiver operating characteristic (ROC)-based observer studies.10–12 However, it is not feasible
to perform ROC studies to test the effect of varying even a few factors, since either a large
number of images of different clinical cases would be needed or the images of these same cases
would need to be acquired with different values of factors, which would be unethical.13

Therefore, alternative methods, such as virtual clinical trials (VCTs),14 are being introduced for
image quality evaluation, reducing the cost and duration of studies and the need for repeated
radiation exposure of subjects. VCTs include simulations of the breast and lesions, and of the
processes of image formation and interpretation. The image formation processes entail image
acquisition and processing.14 For this, VCTs use images and lesions simulated using mathemati-
cal models15–18 or modified real mammograms.19–21 The former require, in many cases, virtual
phantoms that are a realistic representation of breasts.22 However, virtual phantoms still do not
sufficiently and realistically represent the variety of anatomy, shape, density, and thickness,
nor the variety of lesion types, found clinically. An alternative is to use real mammograms that
are modified in ways that represent the impact of variations in the factors to be studied.23–25

In addition, several methods to simulate variations of dose levels and/or resolution have been
undertaken.23–27 The basic principle of reducing the dose level of an image is to add to the image
a realistic, frequency-dependent simulation of image noise. The resulting simulated noise should
match both magnitude of noise in the target image and the noise power spectra (NPS). It is also
possible to adjust the sharpness of the images to match the expected modulation transfer function
of the target image.23–27 These methods apply the change globally to an image and do not account
for the spatial dependence changes required for simulating images as if acquired using different
tube voltages and anode/filter combinations.23–27

Previously, an algorithm was proposed by Mackenzie et al.24,25 to modify real mammograms
so that they appear as if acquired with a lower tube current–time product (reducing the dose level
of the image) and/or with different image receptors (different spatial resolution conditions), scat-
ter-to-primary ratios (SPR), glare-to-primary ratios (GPR), and grid factors. An extension to this
algorithm, which accounts for changes in tube voltage and anode/filter combination, was later
proposed.28 These algorithms were validated using simple test objects, such as homogeneous
slabs24,25,28 and breast phantoms.29,30 The algorithms were found to be able not only to simulate
different levels of quantum noise but also to correctly change the contrast within an image.
However, to be able to use these algorithms for future clinical image quality evaluation studies,
it is important to validate this modification model more comprehensively. First, these algorithms
need to be tested for a larger variation of imaging conditions, including failure modes, e.g., when
the imaging system uses too low an acquisition dose. Second, the validity of the algorithm when
applied to images of breasts that span the large range of breast thicknesses and compositions that
may be encountered in the clinic also needs to be verified.

Therefore, the aim of this work is to validate an image modification algorithm for a variety of
breasts and imaging conditions using realistic mammograms produced from various 3D-printed
breast phantoms of varying thickness and breast composition.

2 Methods

In this study, an algorithm that simulates images acquired at different technique factors was
validated using realistic images obtained with 3D-printed breast phantoms. For this, an input
image, the original image (IOðx; yÞÞ, was acquired with specific acquisition conditions, resulting
in a given level of noise, contrast, etc. This image was used to simulate several different, lower
quality, simulated images (ISðx; yÞÞ, i.e., the output images of the image modification process as
if they had been acquired with different acquisition conditions, resulting in a higher relative noise
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and/or lower/higher contrast, etc. The algorithm was validated by comparing these simulated
images with images actually acquired at the lower quality settings, denoted as target images
(ITðx; yÞÞ. Figure 1 presents a brief overview of the described methodology. This modification
process was applied to “for processing” images.

2.1 Image Modification Algorithm

This study aims to validate a previously developed algorithm that simulates the acquisition of
mammographic images with different image receptors or technique factors (anode/filter combi-
nation, tube voltage, and tube current–exposure time product), resulting in changes in contrast or
noise. This image modification algorithm, in turn, is an extension of another algorithm that
modifies images to appear as if they were acquired with a lower tube current–time product but
keeping the other technique factors constant (anode/filter combination and tube voltage).24,25 The
new version allows for not only a global change in signal statistics, as in the original algorithm
but also a change in these that is spatially dependent. This means that the simulation of images as
if acquired with a lower tube current–exposure time product only changes the entire image
equally. On the other hand, the simulation of images as if acquired using different tube voltage
and/or anode/filter combinations introduces changes in the image that are spatially variant.28 The
completed algorithm, previously described fully in the respective original publications,24,25,28

can be briefly described as follows.
First, the image is linearized such that all pixel values (PVs) of the original image are directly

proportional to the absorbed energy per unit area in the detector (EA) so that the signal in the
image is a function of EA. The change in signal between the original and the target images is
calculated by taking into account the attenuation of all of the objects in the beam, including the
breast phantom or different breast tissues, given the original and target technique factors, spectra,
radiation output, and air kerma to absorbed energy per unit area conversion. Using the knowl-
edge of all of the attenuation coefficients together with the grid factor and SPR and GPR factors
of both the original and target images, a thickness map is obtained from the original images. In
the case of a breast phantom, the attenuation values correspond to those of the phantom material,
with the phantom considered to be composed of a single tissue. In the case of a real breast, the
attenuation values correspond to the different tissues in the breast, such as glandular and adipose
tissue. In the thickness map, each PV corresponds to the thickness of the breast phantom or of the
different breast tissues. Once this thickness map is estimated, the signal in the original image can
be adjusted by calculating a map of the ratio of the signal between the target and the original
images that accounts for the differences in signal between the two images.

Following the application of the signal ratio to the original image, noise needs to be added to
this image to match that of the target image. The noise model calculates the total NPS present in
each image by considering the different types of noise within the image (electronic, quantum,
and structure) and by estimating a quantum noise factor correction. In this stage, differences in
scatter are also considered.25,28

Add noise

Original 
image 

Change 
contrast

Simulation

Input Output

Comparison

Validation

Simulated 
image 

Target
image 

Fig. 1 Workflow of the image modification process and respective validation applied to “for
processing” images.
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2.2 Application and Validation of the Modification Algorithm

To be able to use and validate the algorithm, a complete characterization of the mammography
systems was performed, breast phantom images were acquired, and image comparison metrics
were applied.

2.3 Mammography System Characterization

Two digital mammography systems were used for this validation: a Senographe Essential
(GE Healthcare, Buc, France), with an indirect detector, and a Lorad Selenia (Hologic, Inc.,
Bedford, Massachusetts), with a direct detector. The systems were characterized in terms of first
half value layer (HVL); signal transfer properties (STP) and absorbed energy per unit area per
incident air kerma (CK;E); grid factor; flat-field correction; NPS to calculate the noise model; and
glare and scatter properties.

All of these parameters were measured and calculated as previously described and according
to respective guidelines, 24,25,31–36 with the algorithms and results described in detail in the
Appendix (Sec. 6).

2.4 Breast Phantoms

Five patient-based 3D-printed breast phantoms37 developed by the Institute of Medical Physics
and Radiation Protection from the Technische Hochschule Mittelhessen (IMPS, Gießen,
Germany) were used to validate and evaluate the performance of the image modification algo-
rithm. The phantoms, shown in Figs. 2 and 3, were printed using a 3D-printer (Objet 30 Pro,
Stratasys, Eden Prairie, Minnesota) with three phantoms printed using the polypropylene-like
material, Rigur RGD450™, and two phantoms using the transparent PolyJet™ photopolymer
PMMA-like material, VeroClear™. These phantoms result in images with realistic anatomical
structures and attenuation characteristics and are based on anonymized patient mammograms
from breasts with a range of breast glandular densities.37 The compressed breast thickness
of the real breasts was 42, 57, 32, 63, and 76 mm for the phantoms nominally called “Anna,”
“Barbara,” “Chris,” “Diana,” and “Elizabeth,” respectively.

The phantom design is based on a method that aims to reproduce real patient two-
dimensional mammograms by replicating the respective x-ray attenuation at each pixel by vary-
ing the thickness of the phantom across its surface.38 The thickness of each phantom projecting
to each pixel in the mammogram is calculated by estimating the amount of x-ray attenuation at
each pixel of the corresponding patient mammogram and using the knowledge of the imaging
system parameters, such as x-ray spectrum, detector response function, etc. In this way, the
resulting phantom images closely resemble the corresponding patient images.

Fig. 2 (left side) 3D-printed breast phantom Anna. (right side) Comparison between the (a) phan-
tom mammogram and (b) real mammogram.

Boita et al.: Validation of a mammographic image quality modification algorithm. . .

Journal of Medical Imaging 033502-4 May∕Jun 2021 • Vol. 8(3)



2.5 Validation

The validation of the modification algorithm was undertaken by acquiring images of each of
the five phantoms at both the original and target imaging conditions and comparing the latter
with the simulated images. These comparisons were performed on “for processing” images
only.

2.5.1 Image acquisition

The images of the five 3D-printed breast phantoms positioned on the breast support were acquired
using the GE and Hologic mammography systems previously characterized. For the image acquis-
ition, first the automatic exposure control (AEC) of each system was used to determine the acquis-
ition parameters used for each phantom. Then, additional phantom images were acquired with
other technique factors, as listed in Table 1 (GE) and Table 2 (Hologic), to be used as original
and target images. The factors were selected according to what degradation type or level of deg-
radation was intended to be simulated and considering that the target images must have a lower
image quality than the original image. For each phantom and for each system, three images per
condition were acquired. For the series of images acquired, the phantom was not moved.

2.5.2 Image analysis

The local mean signal, local standard deviation (SD), local variance, and power spectra (PS)
were used to verify the similarity between the target and simulated images by comparing the
average PVs, the variation in PVs, and the frequency dependency of the image structures and
noise, respectively. In addition, image subtraction was performed by evaluating the residual
image resulting from subtracting the target and simulated phantom images, allowing for a com-
parison of the two images by measuring the noise that remains after the subtraction. Analysis
between the original and simulated images was also performed as a control.

Fig. 3 (left) Photograph of the 3D-printed breast phantom with realistic patient tissue distribution,
and (right) corresponding mammogram for (a) Barbara phantom (due to printer memory issues,
corresponding to only a section of the whole mammogram), (b) Chris phantom, (c) Diana phantom,
and (d) Elizabeth phantom.
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Table 1 Technique factors used for image acquisition with the respective breast phantom for the
GE system, aiming to vary either tube voltage or tube current–time product. Only the factors that
were modified between the original and target images are listed in the two right-most columns.

Breast
phantom

Technique factors
of original images

Technique factors
of target images with
different tube voltages

Technique factors
of target images
with lower tube

current–time product

Anna

Mo/Mo, 26 kV, 45 mAsa
22 kV, 70 mAs 22.5 mAs

24 kV, 50 mAs 11 mAs

Mo/Mo, 26 kV, 90 mAs

28 kV, 40 mAs —

30 kV, 28 mAs —

Mo/Mo, 22 kV, 140 mAs — 70 mAs

Mo/Mo, 30 kV, 56 mAs — 28 mAs

Barbara

Rh/Rh, 29 kV, 45 mAsa
25 kV, 80 mAs 22.5 mAs

27 kV, 56 mAs 11 mAs

Rh/Rh, 29 kV, 90 mAs

31 kV, 36 mAs —

33 kV, 25 mAs —

Rh/Rh, 25 kV, 160 mAs — 80 mAs

Rh/Rh, 33 kV, 50 mAs — 25 mAs

Chris

Mo/Mo, 27 kV, 50 mAsa
23 kV, 36 mAs 25 mAs

25 kV, 63 mAs 12.5 mAs

Mo/Mo, 27 kV, 100 mAs

29 kV, 45 mAs —

31 kV, 36 mAs —

Mo/Mo, 23 kV, 70 mAs — 36 mAs

Mo/Mo, 31 kV, 70 mAs — 36 mAs

Diana

Rh/Rh, 29 kV, 63 mAsa
25 kV, 80 mAs 32 mAs

27 kV, 70 mAs 16 mAs

Rh/Rh, 29 kV, 125 mAs

31 kV, 56 mAs —

33 kV, 25 mAs —

Rh/Rh, 25 kV, 160 mAs — 80 mAs

Rh/Rh, 33 kV, 50 mAs — 25 mAs

Elizabeth

Rh/Rh, 30 kV, 110 mAsa
26 kV, 70 mAs 56 mAs

28 kV, 125 mAs 28 mAs

Rh/Rh, 30 kV, 225 mAs

32 kV, 100 mAs —

34 kV, 45 mAs —

Rh/Rh, 26 kV, 140 mAs — 70 mAs

Rh/Rh, 34 kV, 90 mAs — 45 mAs

aThe ones that were selected by the AEC for that phantom.
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Table 2 Technique factors used for image acquisition with the respective breast phantom for the
Hologic system, aiming to vary either tube voltage, and, in some cases, anode/filter combination,
or tube current–time product. Only the factors that were modified between the original and target
images are listed in the two right-most columns.

Breast
phantom

Technique factors
of original images

Technique factors
of target images with
different tube voltages

Technique factors of
target images with lower
tube current–time product

Anna

W/Rh, 26 kV, 70 mAsa 22 kV, 120 mAs

35 mAs

18 mAs

W/Rh, 26 kV, 140 mAs

28 kV, 50 mAs —

30 kV, 35 mAs —

W/Rh, 22 kV, 240 mAs — 120 mAs

W/Rh, 30 kV, 70 mAs — 35 mAs

Barbara

W/Rh, 28 kV, 110 mAsa 24 kV, 120 mAs

55 mAs

28 mAs

W/Rh, 28 kV, 220 mAs

30 kV, 80 mAs —

32 kV, 65 mAs —

W/Ag, 30 kV, 50 mAs —

W/Ag, 32 kV, 40 mAs —

W/Rh, 24 kV, 240 mAs — 120 mAs

W/Rh, 32 kV, 130 mAs — 65 mAs

W/Ag, 32 kV, 80 mAs — 40 mAs

Chris

W/Rh, 27 kV, 85 mAsa 23 kV, 110 mAs

42.5 mAs

22 mAs

W/Rh, 27 kV, 170 mAs

29 kV, 60 mAs —

31 kV, 50 mAs —

W/Rh. 23 kV, 220 mAs — 110 mAs

W/Rh, 31 kV, 100 mAs — 50 mAs

Diana

W/Rh, 29 kV, 120 mAsa
25 kV, 140 mAs 60 mAs

27 kV, 140 mAs 30 mAs

W/Rh, 29 kV, 240 mAs

31 kV, 95 mAs —

33 kV, 70 mAs —

W/Ag, 33 kV, 42.5 mAs —

W/Rh, 25 kV, 280 mAs — 140 mAs

W/Rh, 33 kV, 140 mAs — 70 mAs

W/Ag, 33 kV, 80 mAs — 42.5 mAs
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The local mean signal, local SD, local variance, and PS of a selected region of interest (ROI)
in the center of the breast in the original, target, and simulated images, after linearizing them to
absorbed energy per unit area, were calculated. The ROI selected was 5 × 5 cm2 for Anna,
4 × 4 cm2 for Barbara, 9 × 9 cm2 for Chris, 10 × 10 cm2 for Diana, and 9 × 9 cm2 for
Elizabeth for the GE and Hologic images (Fig. 4). The ROI size was adjusted to the phantom
size. For the calculation of local mean signal, local SD, and local variance, the ROI was split into
several non-overlapping sub-ROIs of 24 × 24 pixels, and these parameters were calculated in
each sub-ROI. The final values are the average of each of the parameters of the three acquired
or simulated images. For the calculation of PS, the ROI was split into several half-overlapping
sub-ROIs of 256 × 256 pixels. The PS was calculated for each sub-ROI, and the final PS of each
image was then the average of the PS of all sub-ROIs. The final PS is the average of the PS of the
three acquired or simulated images. A 2D Hanning window was applied to each sub-ROI to
avoid leakage effects from the Fourier transform.

The relative percent error between the target and simulated images and between the original
and simulated images for each parameter was calculated at each sub-ROI (local parameters) and
frequency (PS). The final values correspond to the absolute average across the sub-ROIs and
frequency. The respective 95% confidence interval (CI) was also calculated using statistical func-
tions from MATLAB (version 2019a, The MathWorks, Inc., Natick, Massachusetts).

Table 2 (Continued).

Breast
phantom

Technique factors
of original images

Technique factors
of target images with
different tube voltages

Technique factors of
target images with lower
tube current–time product

Elizabeth

W/Ag, 30 kV, 150 mAsa
26 kV, 80 mAs 75 mAs

28 kV, 180 mAs 37.5 mAs

W/Ag, 30 kV, 300 mAs

32 kV, 120 mAs —

34 kV, 85 mAs —

W/Ag, 26 kV, 160 mAs — 80 mAs

W/Ag, 34 kV, 170 mAs — 85 mAs

aThe ones that were selected by the AEC for that phantom.

(a) (b)

Fig. 4 Illustration of the ROI selection and respective (a) non-overlapping sub-ROIs for the cal-
culation of local mean signal, local SD, and local variance and (b) half-overlapping sub-ROIs for
the calculation of PS, for Diana images acquired with the GE system.
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The ROI selected from the target image was also subtracted from the corresponding simu-
lated image, and the ROI selected from the original image was subtracted from the corresponding
simulated image.

3 Results

The results obtained from the characterization of GE and Hologic systems are included in Sec. 6.
The results calculated to validate the image modification algorithm are included in this section.

The relative percent error of the local mean signal, local SD, local variance, and PS calculated
between the target and simulated images and between the original and simulated images are
shown in Tables 3 and 4 for the GE system and in Tables 5 and 6 for the Hologic systems.
Similarities between those images for the five phantoms were found with an average relative
percent error across phantoms between the target and simulated images of the local mean signal,
local SD, local variance, and PS of 5.5%, 3.8%, 7.8%, and 4.4%, respectively, for GE, and of
3.7%, 3.8%, 7.7%, and 7.5%, respectively, for Hologic. With the evaluated modification algo-
rithm, images can only be degraded, so the targeted technique factors were chosen to result in
images of lower quality than the original. The PS of the original, target, and simulated Diana
(phantom that approximately resembles an average breast, in terms of thickness) images for
one set of lower and higher tube voltage simulations and one lower tube current–time product
simulation are shown in Figs. 5–7 for the GE system and in Figs. 8–10 for the Hologic system.

y = 1.095x – 0.036
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Fig. 5 (a) Power spectrum of the original, target, and simulated images of the 3D-printed breast
phantom, Diana for the GE system; (b) correlation between target and simulated images:
y ¼ 1.095x þ 0.036 ½1.090; 1.100;−0.045;−0.028� andR2 ¼ 0.991. For correlation between origi-
nal and simulated images: y ¼ 0.620x þ 0.108 [0.619, 0.621; 0.104, 0.112] and R2 ¼ 0.998;
(c) target-simulated image subtraction; (d) original-simulated image subtraction. Target and simu-
lated image: Rh/Rh 27 kV, 70 mAs, original image: Rh/Rh 29 kV, 63 mAs.
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The graphs show high similarity between the target and simulated images, since both PS match
for all of the phantoms and systems. Also, the correlation between the local variance calculated
for the target and simulated images is shown in Figs. 5–7 for the GE system and in Figs. 8–10 for
the Hologic system, with respective identity line and correlation parameters. In all cases, the
Pearson’s correlation coefficient is close to unity, while in all but one case the slope and offset
of the linear fit are close to unity and zero, respectively.

Residual images for one set of lower and higher tube voltage simulations and one lower tube
current–time product simulation are also shown in Figs. 5–7 for GE and in Figs. 8–10 for
Hologic. In the subtraction between target and simulated images, mostly random noise remains,
which shows the similarity between the images. In the subtraction between original and simu-
lated images, structures remain since the images are different. However, in Fig. 9, some remain-
ing structures are also observed, which shows lower similarity between the target and simulated
images than observed in the other cases, as also seen in the corresponding PS.

4 Discussion

An algorithm to simulate images with different technique factors (higher or lower tube voltages,
different anode/filter combinations, or lower tube current–time products) resulting in changes in
contrast and/or noise was validated using five patient-based 3D-printed breast phantoms of dif-
ferent thicknesses and compositions acquired at those conditions for each of the two systems.
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Fig. 6 (a) Power spectrum of the original, target, and simulated images of the 3D-printed breast
phantom, Diana for the GE system; (b) correlation between target and simulated images:
y ¼ 0.973x − 0.002 ½0.969; 0.977;−0.014; 0.018� and R2 ¼ 0.994. For correlation between
original and simulated images: y ¼ 0.389x − 0.278 [0.389, 0.390; 0.271, 0.284] and R2 ¼ 0.999;
(c) target-simulated image subtraction; (d) original-simulated image subtraction. Target and
simulated images: Rh/Rh 31 kV, 56 mAs, original image: Rh/Rh 29 kV, 125 mAs.
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Overall, the image quality modification algorithm worked accurately in simulating images
acquired with different technique factors. Specifically, the algorithm worked more accurately
when simulating images acquired with a lower tube current–time product than when simulating
images acquired with different tube voltages or anode/filter combinations (Tables 3 and 4 for
the GE system and Tables 5 and 6 for the Hologic systems). This may be because this type of
simulation requires fewer measurements for input of parameters, factors, and conditions than the
other modifications.24,25,28 Moreover, the algorithm was not so accurate in simulating images
acquired with a lower tube voltage or with a different anode/filter combination with the
Hologic system as it was with the other system in terms of noise simulation, resulting in higher
relative percent error values of PS. This may be related to the selected technique factors that
resulted in high-noise target images, which make the comparison between the simulated and
target images also noisy.

Importantly, on average, there were no substantial variations in the relative percent error
between the local mean signal, local SD, local variance, and PS of the target and simulated
images among the five phantoms. Even the lower accuracy of the algorithm on simulating
images as if acquired with different tube voltages, previously mentioned, was consistent across
phantoms. Only when simulating Elizabeth images acquired with Hologic, the algorithm worked
less accurately, specifically when simulating images as if acquired with a lower tube
current–time product. That is because Elizabeth replicates a very dense breast, resulting in these
images being formed with a very low signal, as previously mentioned. This leads to too high-

Lower mAs (16 mAs) 
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Fig. 7 (a) Power spectrum of the original, target, and simulated images of the 3D-printed breast
phantom, Diana for the GE system; (b) correlation between target and simulated images:
y ¼ 1.044x − 0.008 ½1.033; 1.055;−0.0120;−0.004� and R2 ¼ 0.955. For correlation between
original and simulated images: y ¼ 0.063x þ 0.191 [0.062, 0.064; 0.190, 0.193] and R2 ¼ 0.959;
(c) target-simulated image subtraction; (d) original-simulated image subtraction. Target and simu-
lated images: Rh/Rh 29 kV, 16 mAs, original image: Rh/Rh 29 kV, 63 mAs.
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noise images and therefore a noisy comparison. This means that, therefore, the performance of
the algorithm to simulate images acquired with different technique factors was not affected using
phantoms that replicate equivalent breasts of different densities and thicknesses.

In this study, anthropomorphic 3D-printed phantoms simulating real mammograms of breasts
with different thicknesses and compositions were used. In this way, it was possible to replicate
conditions that are found in the clinical setting, which are not possible to obtain with homo-
geneous slabs. However, similar to the homogeneous slabs, the breast phantoms are also com-
posed of a single material, whereas the breast is composed of several different tissue types with
different characteristics and attenuations. Nevertheless, the differences between breast tissues are
included in the development of these phantoms since they are developed directly from real mam-
mograms. Moreover, in the validation of the phantom model, the anatomical structures and asso-
ciated attenuation characteristics of the breast phantom and real mammograms matched for the
specific factors used to acquire the corresponding mammogram.37

This validation study has some limitations. The scatter was assumed to be uniform over the
image, which is not a valid assumption near the breast edge. Therefore, the accuracy of the
modification algorithm close to the skin line is not verified. In addition, this is the region where
the phantoms do not match the real mammogram completely.37 As a consequence, the valida-
tions were performed using selected and centered ROIs instead of the whole image. However,
this area might not have a high clinical impact since only a few cancer cases are found there.39
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Fig. 8 (a) Power spectrum of the original, target, and simulated images of the 3D-printed breast
phantom, Diana for the Hologic system; (b) correlation between target and simulated images:
y ¼ 1.013x þ 0.029 [1.008, 1.019; 0.015, 0.044] and R2 ¼ 0.972. For correlation between original
and simulated images: y ¼ 0.396x þ 0.569 [0.395, 0.398; 0.563, 0.576] and R2 ¼ 0.991;
(c) target-simulated image subtraction; (d) original-simulated image subtraction. Target and simu-
lated images: W/Rh 25 kV, 140 mAs, original image: W/Rh 29 kV, 120 mAs. The peak observed at
frequency 5 mm−1 resulted from an anti-scatter grid artifact.
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Finally, it is important to state that each of the breast phantoms already contains the physical
characteristics of the real mammograms from which the phantoms were developed. However, the
phantom developers determined that the phantoms can be used in systems from different manu-
factures and of different designs, given the slight differences in system geometry and acquisition
factors across mammographic systems.37 Moreover, the phantoms were used for comparisons
between phantom images. Therefore, the exact correspondence between each phantom and its
corresponding real mammogram is not necessary because only phantom images were used for
this validation study. This is further shown by the fact that the phantoms were based on mammo-
grams acquired with two different systems and were used here on two other systems. Therefore,
any issue related to the design of the phantom applies to both the target and simulated images and
hence should not have affected the validation results.

In the future, this algorithm will be applied to clinical images to evaluate the effect of chang-
ing technique factors on cancer detection. This will also be important for understanding and
improving the performance of clinical evaluation and observer studies. This study was the first
step to mathematically test and validate this image modification algorithm on “for processing”
images only, to be used in future research on evaluating image quality in real patient images. For
future work, it is of interest to validate this modification algorithm by comparing the processed
versions of the images to understand if any small deviations in the “for processing” modified
images could result in large deviations in the “for presentation” ones.
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Fig. 9 (a) Power spectrum of the original, target, and simulated images of the 3D-printed breast
phantom, Diana for the Hologic system; (b) correlation between target and simulated images: y ¼
0.731x þ 0.418 [0.727, 0.735; 0.397, 0.439] and R2 ¼ 0.973. For correlation between original and
simulated images: y ¼ 0.152x þ 1.823 [0.152, 0.153; 1.814, 1.832] and R2 ¼ 0.989; (c) target-
simulated image subtraction; (d) original-simulated image subtraction. Target and simulated
images: W/Ag 33 kV, 42.5 mAs, original image: W/Rh 29 kV, 240 mAs. The peak observed at
frequency 5 mm−1 resulted from an anti-scatter grid artifact.
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5 Conclusions

An algorithm to simulate images acquired at different technique factors resulting in changes of
contrast or noise was evaluated and was found to work accurately on patient-based 3D-printed
breast phantoms of different thicknesses and compositions. This tool can be used in studies to
evaluate the impact of changing technique characteristics in image quality and in cancer detec-
tion using clinical images.

6 Appendix: Mammography Systems Characterization and Phantom
Specifications

The Senographe Essential (GE Healthcare, Buc, France) and the Lorad Selenia (Hologic, Inc.,
Bedford, Massachusetts) digital mammography systems were characterized in terms of first
HVL, STP, grid factor, NPS to calculate the noise model, glare and scatter properties, and
flat-field correction, to be able to apply the algorithm that simulates images as if they were
acquired with different technique factors. The standard technique factors were selected by the
AEC of both systems for a range of thicknesses of PMMA slabs (20 to 80 mm for GE, and 10 to
80 mm for Hologic). The reference beam quality selected by the AEC for a 45-mm-thick PMMA
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Fig. 10 (a) Power spectrum of the original, target, and simulated images of the 3D-printed breast
phantom, Diana for the Hologic system; (b) correlation between target and simulated images: y ¼
0.980x þ 0.112 [0.973, 0.987; 0.097, 0.126] and R2 ¼ 0.959. For correlation between original and
simulated images: y ¼ 0.246x þ 0.888 [0.245, 0.248; 0.882, 0.895] and R2 ¼ 0.978; (c) target-
simulated image subtraction; (d) original-simulated image subtraction. Target and simulated
images: W/Rh 29 kV, 60 mAs, original image: W/Rh 29 kV, 120 mAs. The peak observed at fre-
quency 5 mm−1 resulted from an anti-scatter grid artifact.
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slab was 29-kV Rh anode and 0.025-mm-thick Rh filter for GE and 30-kV W anode and 0.050-
mm-thick Rh filter for Hologic.

6.1 Half Value Layer

The tube output and the first HVL of both systems were measured over a range of technique
factors and anode/filter combinations following the standard methodology defined in the IPEM
report 89.31 A calibrated Radcal Accu-Pro (Radcal Corp., Monrovia, California) dosimeter with
mammography ionization chamber centered 60 mm from the chest wall and 70 mm above the
detector for GE and 45 mm above the detector for Hologic was used to measure the air kerma for
the selected factors.

6.2 System Transfer Properties and Absorbed Energy per Unit Area per
Incident Air Kerma (CK;E )

As part of the image modification algorithm, the image needs to be linearized to represent the
absorbed energy per unit area. For this, the STP, which consist of the relationship between the PV
in the image and EA, the absorbed energy, were calculated in several steps: (1) the conversion
factor CK;E, which relates the EA to the incident air kerma at the detector (DKE), was calculated
for the reference beam quality for each system, referred above. (2) Flat-field images of a 45-mm-
thick PMMA slab, placed at the tube head, were acquired with the reference beam quality for
each system for detector air kerma values varying approximately between 20 and 500 μGy.32

The radiation field was collimated to about 100 × 100 mm2, the compression paddle was
included and placed as high as possible, and the anti-scatter grid was removed. (3) Keeping
the same setup and technique factors, the air kerma was measured with the setup described above
for tube output and HVL. (4) The detector air kerma was calculated by correcting the measured
air kerma using the inverse square law. (5) The detector air kerma values were then converted to
the absorbed energy per unit area by multiplying them by the CK;E factor. (6) The PVs were
measured within a 50 × 50 mm2 ROI laterally centered within the measured images and posi-
tioned 60 mm from the chest wall. (7) Finally, the STP were calculated as the relationship
between the PV and EA.

The CK;E factor was also needed for the estimation of the value of certain parameters in the
image modification algorithm.25 Hence, it was also calculated over the range of PMMA thick-
nesses, mentioned previously. Consequently, it was measured over a range of tube voltages and
anode/filter combinations. Specifically, for the 30, 45, and 60 mm thicknesses of PMMA, images
were acquired at more variations of technique factors: different anode/filter combinations, lower
and higher tube voltages, and lower tube current–exposure time products. For this, the air kerma
was again measured using the same setup described previously, and images of the different
homogeneous PMMA slab phantoms were acquired to measure the corresponding PV. The
absorbed energy per unit area was calculated for each beam quality and thickness of
PMMA using the STP. Finally, the CK;E factor was calculated using the relationship between
EA and the calculated DKE for each beam quality and thickness of PMMA.

CK;E and the fit of the mean PV against absorbed energy per unit area was obtained for
the reference beam quality of 45-mm PMMA for each system so that for the GE system
CK;E ¼ 0.100 GeVmm−2 μGy−1 at Rh/Rh 29 kV, 45 mm PMMA. Also, PV ¼ 8.7918

DKE – 6.0006 so ¼ 87.918EA þ 6.0006 (R2 ¼ 1.000). For the Hologic system CK;E ¼
0.122 GeVmm−2 μGy−1 at W/Rh 30 kV, 45 mm PMMA. Also, PV ¼ 6.1284 DKE –

61.158 so ¼ 50.301EA þ 59.741 (R2 ¼ 1.000).

6.3 Grid Factor

The grid factor can be defined as the ratio of primary x-ray photons transmitted through the
anti-scatter grid in a mammography system over the incident ones. It is required as part of
the calculation of the signal at the detector position.
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To estimate the grid factor, images were acquired at high dose, with the technique factors of
interest, for 30-, 45-, and 60-mm-thick PMMA slabs placed at the tube head, to minimize the
scatter at the detector. The radiation field was collimated to about 100 × 100 mm2, and images
were made with and without the grid in the field of view and with the compression paddle
included. The grid factor was then calculated using the ratio of the absorbed energy calculated
for the image with grid to the one without grid.33 The average of the calculated grid factors of all
beam qualities corresponding to each anode/filter combination for each thickness were used.

The grid factor was measured over a range of tube voltages and anode/filter combinations
specifically for three thicknesses of PMMA, and there were very small changes observed in the
calculated grid factor. Therefore, the grid factor was averaged across anode/filter combinations
for each PMMA thickness and the resultant values are shown in Tables 7 and 8 for the GE and
Hologic systems, respectively.

6.4 Flat-Field Correction

The flat-field correction allows for measuring the variation of exposure throughout the image due
to the heel effect and variations in the magnitude of scatter.

A 40-mm-thick flat clean PMMA slab, placed on the breast support table, was imaged five
times with the same technique factors and setup used for the flat-field calibration of the systems
and the variance map of the noise across the detector was calculated.34 Since the quantum noise
is the dominant noise source, the variance map is proportional to the inverse of the flat-field
correction applied to the image. The flat-field correction map was calculated by a two-
dimensional fit to the variance map.

6.5 Noise Power Spectra

To obtain the noise model needed for the image modification algorithm, the noise coefficients for
the quantum noise, electronic noise, and structure noise were calculated from the measured NPS.

For this, multiple images of 45-mm-thick PMMA slabs, placed on the breast support table,
were acquired with the reference spectrum, for a range of detector air kerma from approximately

Table 7 Average of the grid factor for each PMMA thickness and
anode/filter combination measured for the GE system.

GE

PMMA (mm) Mo/Mo Rh/Rh

30 0.64 —

45 0.66 0.67

60 — 0.69

Table 8 Average of the grid factor for each PMMA thickness and
anode/filter combination measured for the Hologic system.

Hologic

PMMA (mm) W/Rh W/Ag

30 0.72 0.73

45 0.72 0.72

60 0.73 0.72
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20 to 500 μGy. The x-ray beam was collimated to approximately 100 × 100 mm2; the anti-
scatter grid and the compression paddle (in contact with the PMMA) were in the field of view.
The PVs in each image were normalized to EA using the inverse of the STP described earlier. The
NPS was then calculated and normalized for each image in a laterally centered 50 × 50 mm2

ROI, positioned 60 mm from the chest wall edge. The ROI was split into several half-overlapping
sub-ROIs of 256 × 256 pixels. The final NPS was estimated for each sub-ROI and averaged for
each dose level.35 The three noise coefficients were then estimated by applying a two-
dimensional fit to relate EA to each spatial frequency.

The quantum noise coefficient is beam quality sensitive, that is, it is different for each beam
quality compared with the reference beam quality. On the other hand, it is assumed that the
structure and electronic noise coefficients are not beam quality sensitive. So the quantum noise
coefficient needed to be corrected for each beam quality.25 Keeping the same setup used for the
reference noise coefficient measurements, flat-field images over the range of thicknesses of
PMMA described earlier were acquired for each system at the dose level set by the AEC.
For the 30, 45, and 60 mm thicknesses of PMMA, images were acquired at more variations
of technique factors: different anode/filter combinations, lower and higher tube voltages, and
lower tube current–exposure time products. The NPS was calculated and normalized for each
beam quality. Then, the quantum noise coefficients were also calculated for each beam quality
using the information of the reference noise coefficients calculated previously and the mea-
sured NPS.

Figure 11 shows the normalized noise power spectra (NNPS) measured for the GE and
Hologic systems at the reference beam quality of 45-mm PMMA and used to calculate the noise
coefficients (Fig. 12). The NNPS was also calculated over a range of technique factors and for
different PMMA thicknesses (Fig. 13) to estimate the quantum noise coefficient.

6.6 Glare and Scatter Properties

The GPR was measured with a lead disk phantom with five lead disks of diameter between 1 and
3 mm placed embedded in a 2-mm-thick PMMA on the breast support table, with the AEC beam
quality and high tube current–time product, with anti-scatter grid, without compression paddle,
and with 2-mm-thick aluminum at the tube head. The SPR was acquired using the same lead disk
phantom but placed on the compression paddle that was in contact with the PMMA slabs and for
30, 45, and 60 mm of PMMA.33 The GPR and the SPR were then calculated by comparing the
PVs in the background and within the disks in the image. The measured SPR already includes a
contribution from the glare, so each value of SPR was corrected by removing the GPR.

The GPR was found to be 0.0857 and 0.0237 for GE and Hologic, respectively. The SPR was
measured for the three PMMA thicknesses of interest and different anode/filter combinations for

(a) (b)

Fig. 11 NNSP measured at the reference beam quality of 45-mm PMMA for the (a) GE and
(b) Hologic systems. The peaks observed at frequency 3.5 and 5 mm−1 for GE and Hologic,
respectively, are related to an anti-scatter grid artifact.
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the GE and Hologic systems. For Hologic, the values were calculated previously.28 A relation-
ship between the SPR and kV was found and is shown in Table 9.

6.7 Phantom Specifications

The phantoms were developed using anonymized patient mammograms that were acquired at
specific conditions. Table 10 shows all of the parameters used to acquire each of the patient
mammograms corresponding to each 3D-printed breast phantom.

(a) (b)

Fig. 12 Noise coefficients (electronic, quantum and structure) for (a) GE and (b) Hologic systems.
The peak observed at frequency 3.5 mm−1 for GE is related to an anti-scatter grid artifact.

(a) (b)

(c) (d)

Fig. 13 NNPS calculated for different tube voltages, anode/filter combinations, and PMMA thick-
nesses, for (a), (b) GE and (c), (d) Hologic systems. The peaks observed at frequency 3.5 and
5 mm−1 for GE and Hologic, respectively, are related to an anti-scatter grid artifact.
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Table 9 Equations for SPR for the GE and Hologic systems.

PMMA (mm) Anode/Filter SPR equation

GE

30 Mo/Mo SPR ¼ 0.0004 kV2 − 0.0199 kVþ 0.3455

45 Rh/Rh SPR ¼ 0.0005 kV2 − 0.0306 kVþ 0.5887

60 Mo/Mo SPR ¼ 0.0006 kV2 − 0.033 kVþ 0.6681

60 Rh/Rh SPR ¼ 0.0005 kV2 − 0.0273 kVþ 0.5538

Hologic

30 W/Rh SPR ¼ 0.0085 kV − 0.0818

45 W/Rh SPR ¼ 0.00782 kV − 0.1071

45 W/Ag SPR ¼ 0.006887 kV − 0.0836

60 W/Rh SPR ¼ 0.0036 kV − 0.0230

60 W/Ag SPR ¼ 0.0005 kV2 − 0.0243 kVþ 0.4030

Table 10 Parameters used to acquire each patient mammogram corresponding to each 3D-
printed breast phantom.

Breast
phantom DM system Detector Type

Pixel
size (mm) Anode/filter

Tube
voltage (kV)

Tube
current–exposure
time product (mAs)

Anna Lorad Selenia Amorphous
selenium

0.07 W/Rh 27 78

Barbara 32 92

Chris Mammomat
Inspiration

Amorphous
selenium

0.85 W/Rh 27 61

Diana 30 81

Elizabeth 31 285
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