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Advancements in digital detector technology over the past decade have facilitated the transition of
mammography image acquisition from film screen to full field digital applications. Nearly 90% of the
mammography performed in the United States utilizes digital imaging technologies. The ability to
capture the image information in an electronic format has allowed for three-dimensional image
reconstruction techniques to be applied to digital mammography images by employing tomosynthesis
acquisition techniques. The ability for digital breast tomosynthesis to represent the breast tissue in a
three-dimensional format has significant applications in clinical mammography to overcome the
inherent limitation of overlapping tissue in current 2D mammography applications. The quality control
requirements for mammography systems are based from regulations initially implemented through the
Mammography Quality Standards Act of 1992. These regulations have been modified as digital
mammography has developed and currently require that imaging modalities other than film-screen
adhere to the quality control program outlined by the manufacturer of the equipment. A test to
measure the signal to noise ratio (SNR) and signal difference to noise ratio (SdNR) is routinely used in
two-dimensional digital mammography quality control programs to assess the ability of the system to
adequately represent objects within the breast tissue structures. The purpose of this study was to
understand the differences in object detection between two-dimensional (2D) mammography and
digital breast tomosynthesis (DBT) applications. This study begins by examining potential variations in
SNR and SdNR measurements of 2D image acquisitions over increasing simulated breast thicknesses.
These measurements were then compared to SNR and SdNR measurements obtained for both
projection images and reconstruction slices generated in the DBT modality using the same simulated

breast thickness parameters as those acquired in the 2D modality. Human reviewer scores of contrast
detail phantom images acquired under corresponding parameters were used to determine whether any
measured differences in SNR and SdNR values correlated with changes in the ability of a human
observer to visually perceive known phantom image objects. As the thickness of the attenuating
material increased, differences were noted in the SNR and SdNR measurements as well as the reviewer
scores when 2D and DBT results were compared. This study found that the measured SdNR decreased
as the BR material thicknesses increased for both the 2D and DBT modalities; however, DBT
demonstrated a greater change than was noted for 2D. Reviewer scores also indicated a difference in
the ability to visualize the smallest phantom image objects between the two modalities. The scope of
this study does not provide for a clear correlation between the decrease in SdNR and reduced reviewer
visualization of test objects. However, the noted differences between 2D and DBT in SNR/SdNR and
reviewer scores support the need for consideration of object detection parameters for each modality
separately.
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1 Introduction
Developments in technology change the practices of many industries, and medical imaging has been
changing rapidly over the last two decades. Mammography has been relatively shielded from this
transition due to the fact that the mammography imaging community was reluctant to move away from
the established object detection standard demonstrated in film-screen format. This changed in the mid
2000’s, when the findings of the Digital Mammographic Imaging Screening Trial (DMIST) demonstrated
that digital mammography was as good as film screen mammography. (Pisano et al., 2008) The
transition to the use of digital mammography in the clinical setting ushered in new opportunities for
technological advancements such as digital breast tomosynthesis (DBT) and breast CT, among others.
DBT presents the best potential for widespread implementation thus far due to its similarity in
acquisition processes as compared to the established standard two-dimensional (2D) acquisitions. Even
as advancements in image acquisition and processing are made that promise to overcome the twodimensional limitation of conventional mammography, the ultimate goal of differentiating between the
subtle variations of breast tissue densities within the breast remains paramount. Breast cancer often
presents on mammography as a subtle variation in tissue density, so as technologies for mammography
emerge, object detection must be maintained. In order to differentiate between normal and abnormal
tissues and to visualize very small structures such as microcalcifications, all components of the
mammography system from image acquisition to reconstruction must be optimized to complement one
another. Understanding potential differences between the contrast resolution for the 2D and DBT
modalities is important to allow for comparison of object resolution in DBT to the established standard
accepted for 2D digital mammography. While DBT offers three-dimensional representations of the
breast structures in order to overcome the limitations of tissue overlap in two-dimensional imaging, the
ability of an imaging system to represent objects in the subject matter remains inherently tied to the
Signal Difference to Noise Ratio. Signal to Noise Ratio (SNR) and Signal Difference to Noise Ratio (SdNR)
are quantitative tests that can be used as a part of the quality control assessment to represent this
contrast resolution. Specifically, SdNR relates to the ability of a system to display objects from the
background image. The use of these SNR and SdNR parameters in two-dimensional digital
mammography imaging has become a standard system quality control test and is incorporated into
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many manufacturers’ quality control testing protocols. The Selenia Dimensions unit by Hologic, Inc. is
1

the only clinically approved system in the United States, so references to established quality control for
DBT within this paper are limited to this vendor. Current quality control parameters for the DBT system
approved for clinical use provides for SNR and SdNR testing in the conventional 2D modality only.
(Quality Control Manual; Selenia Dimensions 2D FFDM and Selenia Dimensions DBT, 2011) The purpose
of this study was to evaluate SNR and SdNR measurements for the projection images and reconstruction
slices obtained in the DBT modality and compare them to the same measurements obtained in the
conventional 2D modality. Further, phantom image review of a CIRS2 tissue equivalent phantom was
conducted to relate object detection through reviewer visualization of known phantom objects to the
corresponding measured SNR and SdNR over common clinical breast tissue representations. By relating
the SNR and SdNR values with human observer scores of phantom images, this work evaluated the
ability of exposure parameters determined by the automatic exposure control (AEC) to resolve objects
at various thicknesses. Additional investigation was made into how potential differences in exposure
parameters between the 2D and DBT modality changed the SNR and SdNR values and whether these
differences related to a change in observers’ ability to detect objects under a clinical observation setting.
In order to move from the established quality control parameters into the study parameters,
measurements of SNR and SdNR were made using the recommended quality control parameters for the
Dimensions unit using the American College of Radiology (ACR) phantom and the Dimensions unit’s
automatic measurement of SNR and SdNR. These measurements were then compared to the 4 cm
configuration of breast tissue equivalent resin (BR) material representative of the same breast density
represented in the ACR phantom. An aluminum contrast measurement detail was used with the BR
material. Once these parameters were demonstrated to be comparable to one another, various
thicknesses of BR material were used to trigger various exposure settings through the AEC. The
acquired images were used to measure the resulting SNR and SdNR to understand how AEC
performance relates to object detection in both the 2D and DBT modalities. In order to further relate
object detectability to the clinical setting, human observers scored phantom images obtained in BR
material configurations similar to those obtained for SdNR measurements. The trends in object
detection for both the measured SdNR and the reviewer scores were compared to understand how both
change over various acquisition parameters. Work has also been previously performed by Bertolini et al.
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to test the ability of DBT in reducing structured noise as compared to 2D imaging (Bertolini et al., 2011).
In the work by Bertolini et al., “for presentation” mammography images were used to obtain SNR and
SdNR measurements and the contrast detail phantom was placed in simulated breast phantoms with
complex backgrounds. Findings suggested that complex backgrounds were less influential in DBT
imaging than 2D images. As DBT becomes more prevalent in clinical use and more vendors are
approved for use in the United States, it is important to reevaluate currently accepted methods for
assessing object detection in mammography to ensure they continue to be appropriate as the
technology advances. This work seeks to identify differences in the quantitative measure of signal to
noise and signal difference to noise ratios between conventional 2D mammography and DBT imaging as
they relate to quality control protocols.

4

2 Background
2.1 Breast Cancer
Every year, 1 in every 8 women in the United States will be affected by breast cancer. Behind lung
cancer, breast cancer is the second leading cause of cancer death in women and is responsible for
approximately 3% of the deaths in women every year. Death rates from breast cancer have been
declining since about 1989, and this decline is believed to be the result of earlier detection through
screening, increased awareness, and improved treatment options. (“Breast Cancer Key Statistics,” 2013)
As cancer develops, it is staged to represent progression of the disease. Stage 0 represents the earliest
stage of breast cancer where the cancer is localized within the duct or lobule of the breast. The stage at
which the cancer is diagnosed is an important determinant in the prognosis of the patient. The
American Cancer Society reports relative survival rates of 98% for localized disease as compared to 24%
for disease that has metastasized to distant portions of the body. (Cancer Facts and Figures 2013, 2013)
Mammography has proven to be an important screening tool in the detection of breast cancer and
facilitates patient diagnosis at very early stages of the disease.
2.2 Background of Mammography
Mammography’s promise as a detection method for breast cancer began in the early 1900’s when a
surgeon named Albert Salomon noticed that infiltrating tumors could be differentiated from
circumscribed tumors in mastectomy specimens. (Gold, Bassett, & Widoff, 1990) Early mammography
practices were modeled after traditional X-ray imaging procedures. The breast tissue was placed on an
image receptor and exposed to X-rays generated from the X-ray tube. A 2D representation of the tissue
structures in the breast was created; however, the parameters for traditional X-ray imaging were not
well suited for mammography imaging. Over time, the parameters for mammography image acquisition
developed into a specialized technique to enhance the subtle contrast between the glandular and
adipose tissues that make up the breast. Breast cancer at its earliest stage can present as a subtle
increase in tissue density or development of tiny clusters of microcalcifications. Mammography systems
were designed to ensure that these subtle tissue changes initiated by the cancer cells were able to be
differentiated from normal breast tissue of very similar composition. Mammography systems were
designed with molybdenum anode targets and molybdenum filters to generate an X-ray spectrum
suitable to provide contrast resolution of the subtle variations of tissue density within the breast.
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Compression devices were developed to reduce the thickness of the breast tissue in the imaging plane.
This compression helps to reduce overlapping of breast tissue structures inherent in two-dimensional
imaging as well as reduce the dose required to adequately penetrate the tissues. These early
mammography systems were designed to complement the film screen receptors. As technology has
advanced, many mammography systems have converted from film screen to digital image receptors.
While the basic principles of mammography remain the same for both film screen and digital
mammography, digital mammography units have been developed to use different target and filter
combinations. Molybdenum anode targets and molybdenum filters were the target and filter
combination of choice due to the need to overcome the limiting factor of contrast in screen-film
imaging. With the transition to digital detectors as image receptors, a more linear contrast response
was realized relative to the delivered exposure. With the ability to achieve similar image quality at a
lower dose to the patient, photon statistics became a more pressing limitation than image contrast and
the use of different spectra such as tungsten anode targets with rhodium filters (W/Rh) were explored.
Investigations outlined by Dance et al. in The British Journal of Radiology regarding the use of W/Rh
target and filter combinations demonstrated that the dose delivered could be lowered while
maintaining adequate contrast resolution in digital imaging modalities. (Dance et al., 2000)
2.3 Mammography Quality Standards Act
As early mammography practices emerged across the U.S. and other developed nations, evidence of
wide variations in the quality of mammography emerged. Standardization of mammography practices
was necessary to facilitate adequate comparison of mammogram images between multiple
mammography providers, as well as to optimize mammography screening protocols. In October 1992,
the Mammography Quality Standards Act (MQSA) established standards for mammography
accreditation and certification, leading to widespread adoption of standardized mammography practices
and quality control across the United States. (“FDA: About the Mammography Program,” 2012) MQSA
amendments were made through reauthorization by Congress in 1998 and 2004. The initial MQSA
standards were established based on the film screen technology of the time, and while MQSA
amendments were made through reauthorization in 1998 and 2004, these initial standards continue to
serve as the basis of mammography quality evaluation today. (“American College of Radiology: MQSA
Background,” 2013) These standards guide the quality assurance and quality control procedures for all
forms of breast imaging that are considered to be mammography. As the industry has evolved and the
use of digital image receptors in mammography has increased, the MQSA regulations have been
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tubes with molybdenum targets and filters were designed to generate an X-ray spectrum suitable for
soft tissue imaging. Image receptors were developed with spatial resolution capable of demonstrating
fine details necessary to visualize the very small pathologies presented by breast cancer. Early
technologies utilized film screen combinations but as technological advances were made in imaging,
mammography has transitioned to utilizing pixelated digital image receptors with scintillator and
semiconductor detector materials. While film screen mammography offers good spatial resolution for
demonstrating very small details, the advent of digital detector technology has provided benefits such as
the ability to manipulate the images to enhance individual image variables and an ease of sharing
images across digital media. As demonstrated in Figure 1, mammography units consist of an x-ray tube
positioned in a fixed relationship to the image receptor. The X-rays produced from electron interactions
in the anode material within the tube housing exit through the tube window. Low energy photons are
filtered by an appropriate filter to generate the desired X-ray spectrum dependent on the estimated
breast thickness and tissue density. The breast is immobilized in a compression device and the X-rays
pass through the compressed breast tissue to the image receptor. The resulting image is a twodimensional representation of the densities within the breast.
2.4.2 Production of X-rays for Mammography
Bremsstrahlung interactions are the primary event in radiation interactions in the anode to produce Xrays for medical imaging. After electrons are accelerated over a potential difference within the vacuum

Relative Fluence

chamber of the tube, they interact with the anode material where a small number are slowed as they

Photon energy (keV)

Figure 2 - W/Rh Spectra
(adapted from Allison, J, n.d.)
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change direction around an atom as they are attracted by the positive charge of a target nucleus. The
loss of energy from these interactions results in the bremsstrahlung spectrum. In order to reduce the
number of very low energy X-rays produced, filtration is often used to attenuate these X-rays that will
contribute only to the dose and have no impact on image quality. Filtration materials that demonstrate
a K-absorption edge in the mammography energy range of the X-rays to be attenuated and are
commonly molybdenum and rhodium for molybdenum anode targets. (Bushberg, Seibert, Leidholdt, &
Boone, 2012) Characteristic X-rays are also produced when the incident electron energy exceeds the
binding energy of the K shell electron of the anode material. The characteristic X-rays produced in
molybdenum and rhodium anode targets fall within the range optimal for mammography and are used
to enhance the contrast of the subtle differences in tissue densities within the breast.
As digital mammography technology has advanced, there has been a transition to the use of tungsten
targets with rhodium or silver filtration. Tungsten has a higher atomic number than molybdenum which
allows for higher efficiency of X-ray production. Additionally, tungsten has a higher melting point and
can withstand higher temperatures, which is beneficial due to the release of thermal energy with along
with the photon energy from the electron interactions within the anode material. The operating range
of mammography at approximately 28 kVp does not provide sufficient voltage to produce characteristic
X-rays in the tungsten anode; however, post processing algorithms are able to be used to enhance
contrast. (Bushberg et al., 2012) The use of tungsten as an anode material in mammography produces a
large number of L-shell characteristic X-rays, so filtration is necessary to provide attenuation to produce
an X-ray beam in the optimal range depending on the composition of the tissue to be imaged. As
represented in Figure 2, rhodium and silver are useful as filter material because they also absorb
energies at the end of the bremsstrahlung spectrum at typical mammography kV values and further
narrow the width of the energy spectrum to the one comparable to the K-edge peak represented using a
molybdenum target.
2.4.3 Direct Conversion of Image Signal by Amorphous Selenium (aSe) Detector
Digital mammography systems currently available in the United States market capture the image signal
through either direct or indirect conversion processes. The direct conversion process is represented in
Figure 3. Amorphous selenium (aSe) semiconductor detector material with thin film transistor (TFT) flat
panel technology converts radiation interactions within the detector material by creating electron- hole
pairs. The electrons are attracted through the potential placed on the system to the charge collection
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recorded by the mammography machine to determine an appropriate kV setting. AEC is one of the
most important components of digital imaging and drives the exposure parameters to deliver a low dose
while preserving the desired image parameters for SNR and SdNR.
2.4.5 Grid
A high transmission cellular (HTC) grid is placed between the tube and the image receptor to reduce the
amount of scatter radiation reaching the detector and being recorded as noise. The HTC grid design is a
crosshatch structure which is precisely controlled by a microprocessor to eliminate grid lines. (Gray &
Princehorn, 2011) The grid must remain aligned with the primary photon beam in order to attenuate
scatter photons and allow primary beam photons to pass through.
2.4.6 Modes of Acquisition for 2D Imaging
There are three acquisition modes available on the Dimensions systems that are of interest for this
work. Phantom QC mode is used to acquire the weekly phantom image test for quality control. In an
effort to minimize degradation of the compression device and to limit variability in the kV selected by
the AEC, this mode assumes a compression thickness of 4.2 cm regardless of actual system recorded
compression thickness. The only acquisition option available in this mode is “Phantom QC”. The
acquisition settings are defaulted to use the AEC region designated as “2” by the system, which
corresponds to the second region distal from the chest wall edge of the detector. This mode is set to
acquire the image and process it immediately for viewing on the acquisition station viewing monitor.
Both the preprocessing raw image and the processed “for presentation” images are available for archive
by the system.
Patient Mode is the mode used for clinical imaging and thus allows for acquisition options that cover all
clinically relevant projections for mammography. This mode also uses AEC, however, it is defaulted to
select the full detector region as the AEC. Additionally, the kV setting is selected by the actual
compression thickness reading recorded from the mammography unit. Clinical images obtained with
conventional mammography can be acquired alone in conventional mode or in sequence with DBT
image acquisitions in the combo mode.
2.4.7 DBT – Equipment for Three-Dimensional Representation of Breast Tissues
The primary limitation in conventional mammography, apparent for both film screen and digital
modalities, is the overlapping of breast tissue structures in the 2D representation of the threedimensional breast anatomy. (Sechopoulos, 2013) The adaptation of mammography to a digital image
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format has allowed for mammography technology development that can provide three-dimensional
representation of the breast through new modalities such as breast CT and DBT. Both modalities hold
promise to provide images in three-dimensional format; however, DBT is the only three-dimensional
breast imaging modality currently approved for clinical use. Digital breast tomosynthesis is a method of
limited angle tomography where the image acquisition set up of the breast structures is very similar to
conventional mammography; however, there are a few fundamental differences. In DBT, projection
images are acquired with the X-ray tube positioned at various angles as it moves over a plane above the
image receptor. There are many variations to this DBT acquisition process across each of the vendors
offering a DBT product. In some systems, the detector remains stationary and in others, as reported by
Sechopoulos, to rotate. Regarding image acquisition, some systems acquire images using a “step and
shoot” method which stops the X-ray tube motion for each image acquisition. Other systems acquire
images as the tube continuously rotates. (Sechopoulos, 2013) The projection images acquired are
processed by a reconstruction algorithm to provide image slices representative of the breast tissue in
that plane.
2.4.8 Object Detection and Dynamic Range in Digital Mammography and DBT
The introduction of digital mammography changed the representation of contrast over the exposure
range. Film screen mammography relies on optimization of exposure factors to match the very narrow
latitude of the film and intensifying screen combination. Mammography film and image intensifying
screens demonstrate a steep characteristic curve representative of the response of the film used as the
image receptor. Images acquired using exposures outside the dynamic range for the film lacked
contrast resolution which limited object detectability within the mammographic image. The automatic
exposure control for mammography equipment used in film screen settings is calibrated for the facility’s
selected film type. Film can offer only a single dynamic range for each emulsion, so the selection of film
emulsion type is based on the properties of the demonstrated characteristic curve in an effort to
provide optimal images over a wide range of breast tissue types.
2.4.9 Dynamic Range in Mammography
Images acquired with digital mammography image receptors represent contrast over a linear
characteristic curve that is uniform over the exposure range, as shown in Figure 4. This expanded the
optimal range for contrast resolution through the use of a full exposure histogram to match the
acquired image with actual exposure range for the image. With digital processing and the ability to
adjust the window width and window level settings, a digital mammogram acquired within a wide
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image representation. The digital processing to optimize contrast resolution over the given exposure
range is similar from 2D to DBT, so DBT offers to increase object detection by reducing the noise from
other tissue structures within the breast.
2.4.11 Production of X-rays for DBT
The tungsten anode targets lend well to DBT by providing an efficient source of X-rays due to a relatively
high atomic number (Z= 74). Additionally, the heat generated by fifteen exposures made within a few
seconds of one another during the acquisition of the projection images necessitates the use of an anode
material with a high melting point. Tungsten’s melting point of 3695 kelvin allows it to withstand this
extra heat load within a short succession time. DBT acquisitions depend on post processing algorithms
to produce contrast within the reconstructed image planes. Filtration may be provided using a thin layer
of 0.7 mm aluminum placed between the anode and the image receptor to reduce the number of lower
energy X-rays within the beam. Reducing the number of X-rays in the beam reduces the entrance skin
air kerma (ESAK) and ultimately the mean glandular dose (MGD) for each image acquired. By reducing
the dose delivered by each projection image acquisition, the overall dose from the fifteen DBT
projection acquisitions can be maintained below the regulatory requirement of 300 mrad (3 mGy).
Works by Ren et al. and Glick et al. have also indicated that the use of higher energy spectra is beneficial
for DBT imaging and results in higher SNR values at higher kV potentials. (Sechopoulos, 2013)
2.4.12 Direct Conversion of Image Signal by aSe Detector for DBT
DBT systems currently available in the United States market capture the image signal through the direct
conversion process and utilize the same amorphous selenium (aSe) detector configuration used for 2D
imaging as described previously. Systems that employ aSe detectors for DBT must support the rapid
succession of images acquired for DBT projection imaging by quickly clearing residual trapped charges.
Sechopoulos reports on work by Cheung et al. that describes replacing the dielectric/Se layer on the
surface of the detector with a charge conductive layer as a method for more quickly clearing residual
charges. (Sechopoulos, 2013) The active detector area of 24 cm by 29 cm remains the same for DBT
projection imaging; however, 2 x 2 binning of the 70 µm pixels is employed to reduce the readout time
to allow for more rapid acquisition of the fifteen projection images. This binning results in an effective
pixel size of 140 µm for DBT. (Sechopoulos, 2013)
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2.4.13 AEC with DBT
The AEC behaves in a similar manner for DBT as it does for the 2D imaging. The initial pre-exposure to
determine the appropriate detector area for SNR measurement is made on the first projection
acquisition which is positioned at -7.5° angulation. Sechopoulos references a study by Feng and
Sechopoulos that studied the tube kV selected by the AEC for the Hologic Selenia Dimensions DBT
system. It was found that the AEC routinely selected a higher kV than was selected for 2D imaging.
(Sechopoulos, 2013)
2.4.14 Grid in DBT
The HTC grid is retracted during DBT projection image acquisitions and all projection images are
acquired with no grid in place. Due to the angular movement of the X-ray tube during acquisition of the
fifteen projection images, the primary beam of photons would be attenuated if the grid remained in
place.
2.4.15 Projection Images
Fifteen projection images are acquired over an angular range of 15° from -7.5° to +7.5°, as represented
in Figure 4, below. The tube rotates in a continuous motion over the angular range as each projection
image is acquired at 1° intervals, as shown in Figure 5. The fulcrum of the rotation is positioned at the
detector surface and the detector is reported by Sechopoulos to rotate with the tube angulation.
(Sechopoulos, 2013) All fifteen projection images are acquired in a total scan time of 3.7 seconds. Each
projection image is stored by the Hologic system in both “for processing” and “for presentation”
formats. The raw image data are used in the reconstruction algorithm to generate a series of
reconstruction image planes. (Sechopoulos, 2013) (Smith, 2011)
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Other filters may be applied to reduce the high frequency noise amplified by the ramp filtering process.
An inverse Fourier transform is then applied to the filtered image information and back projected to
create the spatial image. (Chen, 2013) The resulting reconstruction planes are 1 mm in thickness and
the number of reconstructed slices is dependent on the thickness of the compressed breast tissue.
(Dobbins, 2012)
The optimal data reconstruction results from acquisition of an appropriate number of projection images
that would produce the desired resolution in all planes. This number can be approximated through:
(2)
where D is the object diameter and r is the resolution. (Wu et al., 2003) As explained in the work by Wu
et al., one thousand (1000) images would be required to achieve desired resolution for a 10 cm diameter
breast. This is prohibitive in a clinical setting particularly due to the need to maintain a minimum dose
delivery to achieve adequate SNR for each projection image. This would result in delivery of an
unacceptable dose to the patient. (Wu et al., 2003) To reduce dose, DBT uses limited angle tomography
to balance the exposure per image acquisition series with the ability to adequately resolve the objects
within the breast structures. Filtered back projection algorithms have been found to introduce artifacts
in the image reconstruction of limited angle tomographic data. These artifacts can be resolved through
the use of iterative reconstruction techniques designed to reduce the mismatch between measured
projection data and the reconstructed data prior to displaying the reconstruction images. (Erhard, et al.,
2012) There are several types of iterative reconstruction techniques employed by DBT vendors. An
important concept that must be considered in any reconstruction model is the fact that the recorded
intensity resulting from the primary photon attenuation will include data variability due to scatter
radiation and the heterochromatic nature of the X-ray beam.
2.4.17 DBT Modes of Acquisition
There are two modes of acquisition for DBT imaging. The mode used for clinical imaging is termed as
the “Tomo” mode and acquires the fifteen projection images over the full angular range as described
previously. The images are automatically reconstructed and within seconds, both the fifteen projection
images and the resulting reconstruction images are presented on the acquisition workstation. As
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anatomy. In mammography, the overlapping of breast tissue structures on the 2D image is a form of
anatomical noise that compression assists in overcoming. The ability of DBT to demonstrate breast
tissue in a single plane allows for significant reduction in the anatomical noise normally present in 2D
imaging. (Bushberg et al., 2012) Quantum noise is related to the number of X-rays used to generate the
image. The number of X-ray interactions within the breast tissues directly relate to MGD, so by reducing
the number of incident X-ray photons the resulting dose can also be reduced. However, as the number
of incident X-ray photons is reduced, the amount of noise present on the image is increased. This is due
to the reduced probability for recording true X-ray interactions within the breast tissues and the
detector material with lower photon numbers. The assumption of a Poisson distribution (

√ ) for

the number of X-ray photons (N) indicates that a doubling of X-ray fluence of the same spectral
distribution will result in a doubling of patient dose. This means that that a doubling of X-ray fluence
(2N) will result in a reduction of quantum noise by a factor of 1.41. (Bushberg et al., 2012) It is
important to note that photon fluence can also be increased through spectra optimization processes,
which will not directly result in an increase in dose to the patient.
2.6 Radiation Dosimetry in Mammography and DBT
While the interaction of the X-rays within the breast tissues is essential to acquire mammography
images, these interactions can also cause damage that can lead to carcinogenesis. As described
previously, an increase in X-ray photons reduces the effect of quantum noise so the ability to resolve
objects within the image is improved as exposure is increased. In an effort to balance image quality with
the radiation risk of the exposure to the glandular tissues where carcinogenesis is more likely to occur,
mammography dose is measured as mean glandular dose, represented as Dg. (Bushberg et al., 2012)
Mean glandular dose is measured by:
(3)
where XESAK is the air kerma (mGy) measured at the location of the entrance skin of the breast, and DgN
is a factor to convert air kerma to mean glandular dose (mGy dose/ mGy incident air kerma). (Dance,
Young, & van Engen, 2009) Works by Dance et al., as well as others, have provided conversion factors
for many of the common acquisition configurations in mammography. These conversion factors are
determined by measuring air kerma with an ionization chamber at a given kV, mAs, and beam quality. In
order to determine which conversion factor to use, the half-value layer (HVL) measurement for the
system specific to the kV potential must be calculated. The half value of an X-ray beam is defined as the
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clusters of calcifications made up of Al2O3 of decreasing size, and five low contrast disks of decreasing
diameter and thickness to simulate masses. (Bushberg et al., 2012) In order to pass this test for the 2D
modality of the Dimensions system, a human observer must be able to visualize of a minimum of five of
the nylon fiber objects, four of the simulated clusters of calcifications, and four of the low contrast disks.
For the DBT modality, these minimum scoring criteria are reduced to four nylon fiber objects, three
simulated clusters of calcifications, and three low contrast disks. (Quality Control Manual; Selenia
Dimensions 2D FFDM and Selenia Dimensions DBT, 2011)
2.7.2 SNR/SdNR Tests
Signal to Noise Ratio and Signal Difference to Noise Ratio are two established tests performed for many
digital mammography units to measure the quality of the image signal detection. SdNR is commonly
referred to as Contrast Noise Ratio (CNR) in quality control manuals. Throughout this work, the CNR will
be referred to as SdNR. As described previously, noise is introduced into digital mammography images
through several means. The SNR provides a measure of the ratio of the mean signal to the standard
deviation of the fluctuations within an image through:
(
(

)

)

(4)

where, mean pixel value(ROI) is the average signal measured for the background of the test image and
SD(ROI) is the standard deviation of variation in the background signal. It is noted that in the Selenia
Dimensions quality control manual, an established DC offset value of 50 is subtracted from the mean(ROI)
value for this calculation. (Quality Control Manual; Selenia Dimensions 2D FFDM and Selenia Dimensions
DBT, 2011) There are several ways to increase SNR; however, many have disadvantages that must be
considered. Increasing the number of photons reaching the detector by increasing the X-ray tube
current or exposure time is one approach, but results in an increased patient dose and the potential for
image unsharpness due to patient motion.
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background only. (Quality Control Manual; Selenia Dimensions 2D FFDM and Selenia Dimensions DBT,
2011) The SdNR provides a measure by which to evaluate the ability of the system to discern an object
from the inherently noisy background of the image. A visual representation is provided in Figure 8. By
reducing noise within the image, the SdNR can inherently be improved. However, as noted previously,
there are many factors that are involved in the contribution of noise to the image beyond the quantum
noise measured.
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3 Materials
3.1 Clinical Mammography 2D/DBT Unit
DBT has been clinically available in the United States since 2011. The system used to gather the data for
this study was a clinically used Hologic Selenia Dimensions mammography system located at Iowa
Diagnostic Imaging and Procedure Center (Iowa Radiology) in Clive, Iowa (Figure 9). This unit was
configured to acquire both conventional mammography images for two-dimensional mammography
and projection images for DBT reconstructions. The date range for data collection relative to this study
was 1/2013 – 3/2013. The system had no major maintenance or repairs during this time frame and no
significant variation in the system parameters was noted over the course of the data collection period.

Figure 9 - Dimensions mammography system located at
Iowa Radiology, Clive, Iowa.
3.2 Two-Dimensional (2D) Mammography Mode
In the 2D mode, this Hologic Selenia Dimensions mammography system was configured to obtain a
single image with the photon beam originating perpendicular to the image receptor. The photon beam
for this unit was generated in the X-ray tube through the firing of electrons across a high voltage
potential where they interacted with a tungsten anode. There were two filter options that were
selected to shape this initial photon beam. These filters are automatically selected based on parameters
set for the AEC mode labeled as “Auto Filter”. The rhodium filter was employed for most of the two-
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dimensional acquisition configurations; however, as the attenuation of X-ray beam in the resin material
increased the silver filter was engaged. The X-ray source remained in a fixed position 70 cm from the
image receptor surface. The exposure parameters can also be selected by the system through the AEC
by registration of the thickness of the attenuating material within the compression device and sampling
all areas of the detector region in order to determine optimal exposure settings. For this study, the user
designated AEC region labeled as “2” was selected to reduce variability of the automatic exposure
operation. An HTC grid was positioned between the resin material and the detector to absorb scatter
radiation produced from interactions within the resin material. The detector used by the Hologic
Dimensions system is a 24 cm x 29 cm amorphous selenium detector with a pixel pitch of 70 µm. The
patient mode labeled “Conv” was used for acquisition of the 2D images and is the same mode that is
used for clinical 2D patient imaging. The images acquired were retained in both raw and processed
formats. As a note, the Hologic Dimensions system also has a phantom image quality control protocol
mode which assumes the ACR phantom thickness of 42 mm, regardless of the actual unit compression
thickness recorded. Because the registered thickness recorded by the system is an important
determinant in the AEC selection of exposure factors, this phantom image quality control mode was
used only for initial verification of study parameters and was not used to collect measured data for this
study.
3.3 DBT Mode
In the DBT mode, the imaging parameters for this system were set to acquire fifteen (15) projection
images at approximately 1° increments over a fifteen (15) degree angular range. The AEC mode labeled
as “Auto Filter” is also an option for DBT; however, the user defined AEC region “2” was selected and
operated in the same manner as described for 2D. The initial pre-exposure measurement used by the
AEC to determine the proper exposure factors in DBT was acquired in the first angular position of – 7.5°.
The DBT settings in the system employ an aluminum filter to shape the photon beam generated from
the tungsten target. The HTC grid was retracted from the image receptor assembly and the binning of
the detector pixels resulted in a pitch of 140µm for DBT projection acquisitions. The patient mode
labeled “Tomo” was used to acquire the exposures and images for the DBT portion of this study. As a
note, the Dimensions unit offers a patient mode labeled “Combo” that acquires the 2D and DBT
projection images in succession during one depression of the exposure switch. After determination that
the exposure parameters for both the “Conv” and “Tomo” modes in the “Combo” setting were the same
as the parameters used when each mode is selected separately, this “Combo” mode was used to reduce
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the amount of time needed to acquire images. The DBT projection images were also retained in both
raw and processed formats. An additional mode labeled “Zero Degree Tomo” was used to acquire raw
projection images for SNR/SdNR measurements of the DBT system that were not possible with the
angled projection images. The images acquired in this mode were available in raw format only.
The projection images acquired over the fifteen (15) degree angular range are reconstructed through
proprietary algorithms specific to Hologic, Inc. as noted in previous sections. The system reconstructs
the data collected from the projection images into 1 mm thick slices or planes. The number of slices
generated varies on the thickness of the material in the compression device as recorded by the system.
These reconstructions were stored in a secondary capture object (SCO) format proprietary to Hologic,
Inc.
3.4 Breast tissue equivalent resin (BR) materials
The materials used to simulate breast tissue for this study are industry standard breast tissue equivalent
resins (BR) comprised of an epoxy resin matrix of homogeneous breast tissue equivalent material
representative of clinically observed glandularity and compressed thicknesses. This phantom material
closely matches the mass attenuation, mass-energy absorption coefficients, and density of the common
breast tissues imaged clinically. For this study, three BR materials representative of the following
common tissue compositions were used; BR 3070 – 30% glandular/70% adipose, BR 12 – 47%
glandular/53% adipose, and BR 7030 – 70% glandular/30% adipose.
3.5 Contrast Detail and Contrast Measurement Objects
Contrast objects were used with the BR materials to facilitate the measurement of contrast resolution
through SdNR calculations or the recording of object details visualized by human observers.
3.5.1 Aluminum Measurement Detail
A 2 cm square of aluminum material measuring 0.2 mm thick was placed at the 2 cm level of the BR
material configurations to serve as the measurement contrast object for all acquisitions.
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3.7 Dosimetry Equipment
All dosimetry measurements for this study were obtained with a 9095 Dosimeter from Radcal
Corporation5 equipped with a 10X5-6M ion chamber and 40X9-Mo kVp FFT kV sensor with a range of 2240 kV. The HVL was determined by using various configurations of 99.9% pure aluminum foils, each
measuring 0.1 mm thick. A total of eight foils were used during this study to facilitate measurement of
HVL at the higher kV levels used for configurations with greater resin material thickness.
3.8 Software Systems
Specialized software systems were used throughout this study in addition to the normal Microsoft
Office6 software suite. These software packages are noted in the subsections below.
3.8.1 Image J
ImageJ software is Java based image processing and analysis software downloadable from the National
Institutes of Health7. (Rasband, n.d.) The software was used to open and view images acquired from the
Hologic Dimensions system and to write macros for measurement and calculation of SNR and SdNR.
ImageJ was also used to display the images for phantom image review, and a macro was developed to
advance and manipulate image display parameters to a predetermined setting for each image to limit
variability between reviewers from image manipulation.
3.8.2 GView/MView
GView and MView are Hologic, Inc. vendor software products that were used to manipulate the DBT
reconstruction images that were saved from the Hologic Dimensions system in the proprietary SCO
format. This software allowed for viewing of the reconstruction image slices and for slice extraction of
the images to a binary format for manipulation and measurement in the ImageJ software. These
software systems were only available for use at the Food and Drug Administration, Center for Devices
and Radiological Health offices, so all image manipulations and reviews were performed at that location.
3.9 Review Workstation monitors
Five megapixel monitors manufactured by Agfa Healthcare Corporation. 8

5

Radcal Corporation, 426 West Duarte Road, Monrovia, California 91016, USA
Microsoft, Inc., One Microsoft Way, Redmond, WA 98052-6399
7
National Institutes of Health, 31 Center Dr., Bethesda, MD 20892
8
Agfa Healthcare Corporation, 10 South Academy Street, Greenville, SC, 29601
6
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3.10 Individuals as Phantom Reviewers
Nine individuals with previous medical physics or phantom image review expertise scored the CIRS
Model 82 phantom images presented as described in methods below.
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4 Methods
4.1 ACR Phantom Imaging
SNR and SdNR measurements for currently established quality control testing for the two-dimensional
imaging modality are obtained using the American College of Radiology (ACR) phantom image test tool.
Initial tests were conducted using these established quality control parameters to determine differences
in image acquisition modes and to allow for a baseline comparison of the measurements obtained for
this study with the measurements calculated in the integrated quality control processes of Dimensions
system. The ACR phantom was placed centrally on the image receptor surface with the posterior edge
of the phantom test tool aligned with the chest wall edge of the image receptor surface. The Phantom
QC mode depicted in Figure 11 was selected from the Dimensions system settings and the image was
acquired. The integrated systems measurement of SNR and SdNR was initiated by selecting the
“SNR/CNR” tab on the Dimensions Control panel. The SNR and SdNR were recorded from the
Dimensions system display. The raw output for the ACR phantom image was then measured for SNR
and SdNR using the ImageJ software and macro developed for this study. Another phantom image was
acquired using the Patient RCC mode settings using the same physical setup for phantom image tool
placement. The settings automatically designated by the Dimensions system for this acquisition mode
were used with the exception of the limitation of the AEC to the region “2” area of the detector. The
images were saved and the raw image was processed with the ImageJ macro to measure the SNR and
SdNR for this acquisition configuration for future comparison with the image acquisitions with the BR 12
resin material.
4.2 SNR/SdNR Measurements – Image J
After evaluation of the various system acquisition modes, images were acquired over thicknesses of 2
cm to 8 cm using the three phantom materials BR7030, BR12 and, BR3070 resin materials. A description
of these configurations is listed in Table 1.
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Figure 11 - Image Acquisition Parameters ACR Phantom

Table 1, Exposure Configurations for resin material with Al contrast measurement detail
(X indicates thickness of material tested)

Thickness

BR3070

2 cm

BR12

BR7030

X

X
X

4 cm

X

X

6 cm

X

X

8 cm

X
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An aluminum contrast measurement material with an area of 4 mm and 0.2 mm thickness was placed 6
2

cm from the chest wall edge of the image receptor as shown in Figure 12. The aluminum contrast
material was placed on top of the 2 cm slab of BR material for each image acquisition in order to
maintain a consistent object image distance (OID) for the ROI measurements. The AEC region “2” was

Figure 12, BR 12 resin and Al contrast measurement detail configuration
selected to ensure that the aluminum contrast measurement material did not interfere with the system
exposure parameter selection. For each exposure, the compression readout on Dimensions unit was
verified to be within 1 mm of the physical measurement of BR material thickness. The images were
acquired for each configuration described in Table 1 using the “Patient RCC Combo” mode, which
acquires both the 2D and DBT images for each configuration setup. Entrance skin exposure
measurements for each configuration were measured using the Radcal 9095 ion chamber and recorded
in an Excel spreadsheet. The ESAK measurements were carried out with the ionization chamber (Radcal
10X5-6M) placed next to the corresponding configuration of resin material that was shifted to allow the
ionization chamber to be placed 6 cm from the chest wall edge of the image receptor. The half value
layer (HVL) was determined for each acquisition configuration at the respective kV setting. The HVL was
used in determining the average glandular dose for each acquisition configuration. Tables and
conversion factors provided in 2000, 2009, and 2011 papers by Dance et al. were used to calculate the
MGD. All imaging and measurement data were stored on an external hard drive for transport to
appropriate locations for data processing. Raw projection images and reconstruction slices obtained in
the DBT mode were transported to the Center for Devices and Radiological Health (CDRH) at the Food
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and Drug Administration (FDA) where the vendor software was available to allow the raw projection and
resulting reconstruction images provided in secondary capture (SCO) format to be opened and resaved
in binary format suitable for data measurements using ImageJ software. Raw images acquired in the
conventional 2D mammography mode were saved in the DICOM MG format and were processed
directly using ImageJ software. The raw image data provided from the Dimensions unit or accessed and
resaved through the M-View software were imported into the ImageJ software. A macro developed for
this study automatically placed the region of interest (ROI) areas on the image to measure the
background signal and object signal, as well as the standard deviation of the signal in each of these
areas. The data from at least two separate image acquisitions for each thickness and density
configuration were measured, and these values were averaged to determine the overall SNR and SdNR
measurement for that configuration. The recorded SNR and SdNR measurements were entered into an
Excel spreadsheet and analyzed as reported in the results section of this paper.
4.3 CIRS Phantom Image Review Process
In order to evaluate whether any variation of SNR/SdNR over the different imaging parameters
translates to a difference in visualized image quality, images were obtained with contrast detail
phantom under comparable conditions as those with aluminum measurement detail. The only
difference in the set up for the image acquisition resulted from the replacement of the 0.2 mm Al
contrast detail with the 1 cm thick CIRS contrast detail phantom. This resulted in overall thicknesses of
the acquisition parameters to be 1 cm greater than the corresponding image acquired with the
aluminum measurement detail. The configurations for this set of image acquisitions are outlined in
Table 2. Both 2D and DBT images were acquired for each reflected configuration.
As in the previous set of image acquisitions, the entrance skin exposure measurements and the HVL for
each acquisition configuration at the respective kV setting were recorded to determine
Table 2, Configurations for resin material with CIRS contrast detail phantom
(X indicates thickness of material tested)
Thickness
BR3070
BR12
BR7030
3 cm

X

X
X

5 cm

X

X

7 cm

X

X

9 cm

X
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the average glandular dose for each resin material configuration. These images were scored by nine
independent phantom reviewers on the review workstation located at the FDA CDRH lab located in
Silver Spring, MD. Each reviewer was presented a series of images to include the 2D “for presentation”
image and DBT reconstruction plane at level 20 for each configuration listed in Table 2. The
presentation of the plane from level 20 was deliberately selected to provide consistent image
presentation across all DBT images in an effort to reduce variability in reviewer scoring. Additionally, all
images were set to a preselected window width and level within the ImageJ software. The images were
presented randomly to the reviewers with no correlation in ID’s between the 2D and the corresponding
reconstruction image. The reviewers were blinded to the imaging configuration for the images
reviewed. The scoring process required the reviewer to indicate the number of objects visualized for
each of the nine columns displayed as represented on the example reviewer form in Figure 13. The
reviewer data were collected and averaged together to generate an overall score for each material
configuration. These values were then entered into an Excel spreadsheet to reflect the reviewers’
ability to visualize objects of small diameter at the shallowest object depth. These data are presented in
the results section of this paper.
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5 Results
The initial measurements of SNR and SdNR for the ACR phantom were obtained through measurements
performed using the integrated “SNR/CNR” option provided by the Hologic Dimensions mammography
system. For the 2D image of the ACR phantom, the system reported a measured SNR of 49.51 and a
measured SdNR of 10.37. The DBT reconstruction image produced a measured SNR of 42.83 and a
measured SdNR of 5.61. This integrated “SNR/CNR” option is not enabled to measure the SNR and SdNR
for images obtained in the 0° tomo mode. The SNR and SdNR for these ACR phantom images were then
measured using the ImageJ software to demonstrate a comparison between the established SNR/SdNR
measurement process of the Hologic Dimensions system and the ImageJ macro developed for this study.
The ImageJ measurements resulted in an SNR of 49.5, 134.7, and 29.8 for 2D, 0° tomo mode, and DBT
reconstruction images, respectively. The SdNR was measured as 10.3, 17.7, and 7.2, for 2D, 0° tomo
mode, and DBT reconstruction images, respectively. These values are represented for SNR in Figure 14
and for SdNR in Figure 15.
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Figure 14 – ACR Phantom – Compare SNR in 2D, 0 Degree Tomo, and DBT Reconstruction
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SNR/SdNR calculations ranged from 2 cm to 8 cm. The addition of the 1 cm CIRS phantom material for
the material configurations for phantom review resulted in thicknesses ranging from 3 cm to 9 cm. For
comparative analysis purposes, the material thickness represented for the SNR/SdNR measurement
corresponds to the phantom review configurations thickness of one additional centimeter over the
entire range of BR material configurations. Additionally, the methodology described above to use
numerical values from 1 to 9 to represent the diameter of the object visualized is used in these data to
represent the “highest” score for the phantom review. The assignment of numerical value for each
object’s diameter size is represented in Table 5. The “highest” reviewer score for these data is defined
as the smallest diameter, represented by decreasing numerical values from 9 to 1, that can be visualized
at the shallowest 0.05 cm depth for a given acquisition configuration. The 0.05 cm depth demonstrates
variability among reviewer scores as represented through error bars representing standard error ranging
from 0.17 to 0.6. This uncertainty is inherent due to the low number of reviews contributing to the data;
however, the variability at this contrast detail depth measure was comparable to standard error
calculated for the other depth measures. In order to increase certainty in these reviewer scores,
additional reviews would need to be conducted.
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6 Discussion
The initial stages of this study set out to understand the basic operations of the Dimensions
mammography until and to confirm that the study parameters would adequately represent the quality
control protocols currently in place for full field digital mammography. This verification was confirmed
through the comparison of the SNR and SdNR (termed CNR by Hologic) calculated by the Hologic
Dimensions automated calculation process with the values calculated through the developed ImageJ
macro. Using the 2D acquisition mode, the percent difference between the measured SNR from the
Hologic Dimensions systems and the ImageJ calculation was determined to be 0% and the SdNR
indicated 0.7%. These values were considered to be within an acceptable relative range of one another
to be considered as comparable. Once it was validated that the measurements from the ImageJ
protocol were comparable to the industry accepted measurement results produced from the Hologic
Dimensions system, the next step focused on comparing the test tools under these parameters. This
comparison was made by evaluating the percent difference between the SNR and SdNR measurements
from the ACR Phantom from those obtained from the BR 12 and aluminum contrast measurement
detail, both in the 2D mode. In this comparison, the percent difference was determined to be 3.2% for
the SNR measurements and 26.2% for the SdNR, which was expected based on the use of different
attenuation material for the contrast measurement object in each acquisition configuration.
6.1 Trends in SNR/SdNR Data
There were two main trends noted during evaluation of the SNR and SdNR values measured with this
study data. It was noted that as the SNR increased over increasing thicknesses and material densities,
SdNR decreased. Overall, it was noted that the 7030 and 3070 resin materials followed the general
trends as compared to their relative thicknesses of BR 12 material. This indicates that there is not a
significant difference in the trendline of the data due to tissue density variations, and allows the
majority of the data trending considerations to be discussed with regards to the results gathered from
the BR 12 resin material. The SNR and SdNR values measured over the increasing thicknesses of the BR
12 resin compared across the three evaluated modes of 2D, 0° Tomo Mode, and DBT Reconstructions
demonstrates a trend of increasing SNR values as the thickness of the resin material increases for all
modes. As the thickness of the resin material is increased, the AEC for the digital mammography
system is calibrated to alter the exposure settings to ensure that an adequate number of photons reach
the detector to create a suitable contrast resolution within the resulting image. These changes in
exposure settings result in an increased dose delivered to the resin material, likely to compensate for
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the increase in scattering and resultant object noise. At the 8 cm thickness of resin material, it is noted
that the dose decreases which is likely a result of the change in filter material from Rh to Ag. The overall
result of these AEC adjustments is an increased number of radiation interactions within the detector
material which effectively reduces the standard deviation of these interactions across the pixels. In
order to gain a better understanding of the proportional amount of increase in dose required to achieve
the noted increase in SNR, a quality factor was used where the SNR was squared and divided by the
corresponding mean glandular dose measured. (Bushberg et al., 2012) Figures 27 and 28 represent SNR
in the context of this quality factor and demonstrate a decreasing trend as the thickness of the
attenuating material increases. While not directly related to the evaluations of this study, this dose to
SNR relationship demonstration allows for a clearer understanding of the trade-off of increased dose
necessary to maintain adequate image quality at increased tissue thicknesses.
6.1.1 Trends in SdNR
Even with the noted trend of increasing SNR values with increasing material thickness, the SdNR values
are noted to decrease as the thickness of the attenuating material increases for all evaluated modes. It
is noted that with the aluminum filter as the only option in the DBT mode, the only AEC adjustment
available to increase the SNR at the thickest resin material configurations is to increase the dose. It
appears that a high SNR value is necessary in the projection images in order to allow the reconstruction
algorithm to produce adequate SNR and SdNR values for the resulting reconstruction images. It also
appears that the reconstruction algorithm is adjusting the data from the DBT projection images to
represent the SNR and SdNR in a similar trend as is depicted in the 2D measurements. This is
represented in the measured SNR and SdNR values from the reconstruction slice 20 appearing to be
representative of the trends depicted in the 2D system, although of a much lower value. It is noted that
the projection images require an SNR value of more than double that of the corresponding SNR
measured with the 2D system in order to represent a reconstruction image with a measured SdNR less
than that measured for the 2D image. This difference in SNR values between the 2D images and the
projection images increases as the material thickness increases. The resulting SdNR values for the
reconstruction images also follow a decreasing trend; however, the values vary from 30% to 60% lower
than those SdNR values measured with the 2D system. A likely contributor reducing the measured SNR
value calculated in 2D as compared to the projection images is the presence of the anti-scatter grid
placed between the attenuating material and the detector. This grid effectively reduces the amount of
scattered radiation events that occur within the detector, and thus reduces the number of photons
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reaching each pixel. As discussed in the background section of this text, radiation events occurring
within the detector material that are unrelated to the initial ionizing event of interest can contribute to
noise. Although the SNR for the 2D images is lower than the projection images, the resulting SdNR
values for the 2D image remains larger than the SdNR value calculated for the reconstruction images.
These data indicate that increased noise, due to scatter from the increased attenuation material
thickness and lack of anti-scatter grid in the DBT acquisitions, is removed through the reconstruction
algorithm and requires an increase in SNR values in order to produce the corresponding SdNR. This
measurement in the reconstruction plane does not directly translate to a reduction in object detection,
because DBT review includes evaluation of all imaging planes and the removal of anatomical noise can
improve object detection. The results do demonstrate the need to increase the SNR in order for the
reconstruction algorithm to properly create the reconstruction slices with adequate SdNR values leads
to the potential of increased dose to the patient. However, if in an effort to reduce this dose the SNR is
not increased in the proper proportion, it appears that the SdNR for each reconstruction plane would be
inversely affected. This lowered SdNR value creates the potential for reduced detection of objects
within the resultant reconstruction plane images that reviewers would use to evaluate for subtle tissue
changes.
6.1.2 Percent Change in SdNR over BR Material Thicknesses
The percent change in SdNR from 2 cm to 8 cm of BR 12 resin as reflected in Figure 24 for 2D, 0° Tomo
Mode, and DBT Reconstructions is 33%, 68% and 61%, respectively. This indicates that the 2D
acquisitions demonstrate the least amount of reduction in SdNR as attenuating material thickness
increases when compared to both the projection images and the reconstructed image slices. With the
data for all modes indicating a general increase in SNR as the thickness of the attenuating material
increases, it is evident that other factors are contributing to the resultant inverse trend for SdNR as the
thickness increases. As mentioned earlier, a likely contributor reducing the overall change for the 2D
system is the presence of the anti-scatter grid placed between the attenuating material and the
detector. In order to adequately relate this relationship between the increasing SNR values in the raw
projection images and decreasing SdNR values in the reconstructed slices, a better understanding of
how the filtered back projection reconstruction techniques are employed by the Hologic system to
process the raw data is necessary.
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6.2 Overview of Phantom Reviewer Scores
A review of the data from the phantom image reviewer scores demonstrated a general trend of
decreasing visualization of small diameter objects at the shallowest depth in the CIRS Model 82
phantom image test tool as the thickness of the attenuating resin material increased. This was noted
on both the phantom reviewer scores for images presented for the 2D mode, as well as the phantom
reviewer scores for images presented in DBT Reconstruction Slice 20.
When comparing the 2D scores with the DBT Reconstruction Slice 20 scores, it was noted that the scores
for the 2D configurations remained comparable over the configurations of attenuating BR material with
a sharp decrease in visualization of contrast details beginning at a contrast detail depth of approximately
0.15 cm to 0.2 cm. This decrease in visualization appears to occur near the same contrast detail depth
range for DBT; however it is noted that as the thickness of the attenuating material increases to 9 cm
there is an overall decrease in the visualization of contrast details at all contrast detail depths. For the
images acquired using BR material at 5 cm, 7 cm, and 9 cm thicknesses, the 2D phantom image score
indicates the reviewers’ are better able to resolve smaller diameter objects at the shallowest depths
when compared to the images from the same material configurations presented in DBT reconstruction
at slice number 20. This difference in object detectability at the shallowest contrast detail object depth
was also noted for the 7030 resin material. Due to the fact that each image was reviewed at Slice 20 to
reduce variability in the reviewer data, it is possible that these noted differences in object detectability
could be the result of variations in the algorithm’s processing of the data. This could result in the best
contrast resolution of the phantom objects occurring at a different reconstruction slice level for each
configuration. Reviewer variability is also a potential reason for the difference; however, the trends are
consistent across several different material thickness and density configurations. This supports the
potential validity of the noted trends. The reduced phantom image score requirement for DBT as
compared to 2D as referenced in the Hologic QC manual is also indicative of an inherent reduction in
object resolution between the two modalities when 2D images are compared with a single DBT
reconstruction slice. In order to rule out this potential variability in the data, additional work could be
performed to increase the number of reviewers with a focus on evaluating DBT reconstruction slices
over the entire range of reconstructed objects.
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6.3 Overview of SNR/SdNR vs. Phantom Scores
Comparison of the SdNR measurements with their corresponding phantom image reviewer scores
indicates that the percent change difference of 30% between the DBT and 2D modalities are related to a
reduction in human reviewer visualization of objects at the 0.05 cm contrast detail depth as the
thickness of the BR 12 resin material increased. For the 2D images, the reviewer score indicates that the
3 mm diameter object remained detectable at a 0.05 cm contrast detail depth over the 3 cm, 5 cm, and
7 cm BR material thicknesses. At a BR material thickness of 9 cm, the visualization of the contrast detail
object decreased to only resolving the 4 mm diameter object. When compared to DBT, the 3 mm
diameter object was detectable at a 0.05 cm contrast detail depth at the 3 cm BR material thickness
only. At a BR material thickness of 5 cm, the object visualization reduced to the 4 mm diameter object.
No objects were detectable by human reviewers at the 0.05 cm contrast detail depth in the DBT mode.
This reduction in reviewer visualization reflects the overall decreasing trend reflected in the measured
SdNR values for both 2D and DBT modalities, although not directly correlative. In order to further relate
reviewer object detection to SdNR values at this most detailed region of the CIRS phantom, which is
represented as a contrast detail object diameter of 0.25 mm and depth of 0.05 cm, additional reviews
must be conducted to reduce the variability in reviewer scores at this level of detail.
6.4 Limitations and Variability
Several factors contribute to the potential for variability within the results of this study. During analysis
and measurement of the image data acquired in the zero degree tomo modes, it was noted that there
appears to be a correction factor applied to the projection images by the Dimensions software. This
adjustment appears to correlate to the expected inverse square law variation in X-ray intensity over the
various angles of projection image acquisitions obtained in tomosynthesis mode. This correction
appears to be applied to images acquired in zero degree tomo mode even though all images are
acquired at 0° angle. The effect of this correction is estimated to be less that 5% across the image. To
further ensure minimal impact from this variation, the projection image used for measurements was the
seventh image acquired in the series which should correspond to a system applied correction based on
the system assumed position of the X-ray tube at 0° angulation.
Another noted variation in image density was noted as an increase in average pixel values within the ROI
over the fifteen projection images. This is possibly the result of slight ghosting effect due to the inability
of the detector system to completely clear the charges within the charge storage as multiple projection
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exposures occur in quick succession. The proprietary nature of many of the software systems and
algorithms used by the Dimensions unit for reconstructions also limits the amount of analysis that can
be performed on the data from clinical units to explain potential findings.
To reduce variability in SNR and SdNR measurements throughout this work, efforts were made to
remain consistent with currently established methods for measuring SNR and SdNR. A consistent
object-to-image distance was maintained by placing the aluminum contrast measurement object at the
2 cm level for all thickness configurations. It is possible that placing this aluminum detail on top of each
thickness configuration would change the attenuation of the structure which may demonstrate a
difference in ROI values and thus a different measured SdNR value. As the thickness increased, the
contrast resolution of the aluminum detail could theoretically be reduced through magnification and
potential for scatter photons from the material below the aluminum detail to contribute to the pixel
values within the measured ROI. The effect of an object detection of structures at varied OID is beyond
the scope of this work.
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7 Conclusions
The nature of medical imaging relies on a continual balance of the risk of cancer induction from
radiation interactions within the tissues with the benefit of identifying an abnormality within that tissue.
This balance is established in mammography through the optimization of exposure techniques to
maximize image quality while minimizing patient dose. This threshold is constantly evaluated through
quality control testing established by the manufacturers of the digital mammography imaging
equipment. It is important to ensure that the quality control parameters are established to detect
subtle changes in the system calibration before changes in image quality are evident to the interpreting
clinician. The quality control tests must be practical in nature to ensure they are able to be easily
performed in the scope of facility QC programs. SNR and SdNR measurements allow for weekly tracking
by technologists with little burden on the time or resources of the facility. As new modalities emerge,
continued consideration of currently established quality control tests, such as SNR, SdNR, and phantom
image quality checks, is important to ensure that they continue to adequately measure image quality.
The inherent differences in the acquisition and image processing for DBT as compared to 2D imaging
lends to the question of how currently accepted quality control standards for SNR and SdNR are
relatable to DBT imaging. This study noted differences in the measured SNR and SdNR values over
varied breast thicknesses between 2D and DBT image acquisitions, where the SdNR values reflecting
image contrast resolution decreased more significantly over increasing attenuation material thicknesses
for DBT reconstruction images as compared to 2D. This trend was also demonstrated in phantom
reviewer scores reflecting reduced visualization of the smallest diameter objects in DBT images at lower
thicknesses of attenuation materials than is noted for 2D. The scope of this study does not provide for a
clear correlation between the decrease in SdNR and reduced reviewer visualization of test objects was
made. However, the noted differences between 2D and DBT in SNR/SdNR and reviewer scores support
the need for consideration of each modality separately as quality control protocols are developed. It
would be recommended that further validation be performed to correlate reductions in reviewer
phantom image scores to changes in SNR, SdNR, or other appropriate QC tests. A larger pool of
reviewers and more images obtained in each of the acquisition configurations would reduce uncertainty
in the data and help to further confirm these results.
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