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Abstract. We investigated the appropriateness of four different mammography
phantoms for image quality evaluation in Digital Breast Tomosynthesis (DBT).
We tested the CIRS BR3D phantom, the ACR Prototype FFDM Accreditation
Phantom, the Penn anthropomorphic breast phantom and the Quart mam/digi
EPQC phantom. This work discusses the advantages and shortcomings of each
phantom and concludes that none of them, in their current form, can be consi-
dered to be adequate as an image quality evaluation phantom for DBT.
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1 Purpose

Digital Breast Tomosynthesis (DBT), recently approved by the FDA for screening
and diagnosis of breast abnormalities, improves upon mammography by providing 3-
dimensional resolution that allows depth discrimination and overcomes the problem
of signal degradation by overlying anatomy. It is regulated under the Mammography
Quality Standards Act (MQSA), which requires quantitative image quality evaluation
with a human observer as well as objective image quality evaluation. For the quantita-
tive evaluation, human observers have to score the visibility of specific objects in the
phantom. The objective evaluation is software-based and provides information
about image quality metrics such as resolution, noise and contrast-to-noise ratio
(CNR). However, since image quality evaluation in DBT is currently based on quality
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evaluation in projection mammography, specific properties unique to DBT, such as
the slice-sensitivity profile, may not be sufficiently captured. To our knowledge no
study exists that would present a phantom specifically designed for DBT which can
be used to perform complete quality control and acceptance tests. So far studies on
quality control phantoms for DBT have only focused on single parameters of image
quality such as in-plane resolution and slice thickness [1, 2].

In light of the necessity to characterize clinical image quality in DBT, the purpose
of this study was to investigate the appropriateness as well as limitations of four cur-
rently available phantoms for image quality evaluation in DBT.

2 Material and Methods

For all image acquisitions, we used a Selenia Dimensions Digital Breast Tomosynthesis
device (Hologic, Inc., Bedford, MA, USA) located at the Hospital of the University of
Pennsylvania (Philadelphia, PA). All phantoms were scanned applying the “AutoFilter”
exposure control mode of the system that automatically chooses filter, tube voltage and
tube current. For each scan, 15 images were acquired at 1.07° intervals over an angle
range of +7.5°. The device reconstructs images in planes parallel to the breast support in
1 mm increments through the thickness of the phantom. We assessed the reconstructed
images in the same way as DBT images are viewed under clinical conditions (i.e. slice-
wise evaluation). If the phantom allowed a subjective image evaluation, it was always
performed by 4 human observers. The four phantoms tested in this study were:

The CIRS Model 020 BR3D Mammography phantom (CIRS, Norfolk, VA,
USA) consists of a set of 6 slabs made of two tissue equivalent materials mimicking
100% adipose and glandular tissues “swirled” together in an approximate 50/50 ratio
by weight. One of the slabs contains an assortment of speck groups, fibers and
masses; its diameters are given in Table 1. The CIRS phantom has been used in for-
mer studies for example to investigate the performance of DBT [3] or the potential of
an implemented scatter correction in the image reconstruction algorithm [4].

Table 1. Diameter of the objects embedded in the target slab of the CIRS phantom

Fibers Specks Masses
1 0.60 mm 0.400 mm 6.3 mm
2 0.41 mm 0.290 mm 4.7 mm
3 0.38 mm 0.230 mm 3.9 mm
4 0.28 mm 0.196 mm 3.1 mm
5 0.23 mm 0.165 mm 2.3 mm
6 0.18 mm 0.130 mm 1.8 mm
7 0.15 mm

The ACR Prototype FFDM Accreditation Phantom (CIRS, Norfolk, VA, USA)
is based on the well-known Mammographic Accreditation Phantom (CIRS Model
015) but with a phantom size in the range of the detector size and a finer gradation of
the test objects. It contains 6 fibers, 6 speck groups and 6 masses of diameters given
in Table 2. The objects are embedded in a homogeneous wax insert positioned within



286 C.C. Brunner et al.

a PMMA block. Further, the phantom contains a cavity to calculate the CNR and
large homogeneous regions to analyze the noise properties of the image.

Table 2. Diameter of the objects embedded in the ACR phantom

Fibers Specks Masses
1 0.89 mm 0.33 mm 1.00 mm
2 0.75 mm 0.28 mm 0.75 mm
3 0.61 mm 0.23 mm 0.50 mm
4 0.54 mm 0.20 mm 0.38 mm
5 0.40 mm 0.17 mm 0.25 mm
6 0.30 mm 0.14 mm 0.20 mm

The Penn anthropomorphic breast phantom was developed at the University of
Pennsylvania specifically for 3-dimensional breast x-ray imaging [5, 6]. It was
designed based upon the Penn software anthropomorphic breast phantom [7]. The
phantom consists of several slabs of tissue-equivalent adipose and glandular material
simulating a dense fibroglandular pattern resulting in images that are qualitatively
similar to clinical images with the grayscale range of adipose and fibroglandular ele-
ments approximating the pattern seen in a heterogeneously dense breast. An addition-
al, interchangeable slab contains iodinated lesions with 5 different diameters and two
different iodine concentrations. The additional slab was designed for the use with
contrast enhanced digital breast tomosynthesis [6].

The Quart mam/digi EPQC phantom (Quart GmbH, Zorneding, Germany) is a
relatively new phantom developed for mammography as well as for breast tomosyn-
thesis [8, 9]. It consists of a PMMA body containing a wedge of 12 steps on the chest
wall side to simulate different densities of breast tissue material. A titanium strip,
which is equivalent to 100 pm bone material, divides each step and therefore allows
the calculation of the CNR for various thicknesses. The MTF can be calculated using
the edges of a brass and a lead square and a slot for a suited dosimeter detector
enables performing dose measurements according to the EPQC guidelines [10]. Addi-
tionally, the phantom features so-called Landolt (broken) rings that are contained
within two different layers separated by 20 mm. These rings have a gap at either of 4
different directions (top, bottom, left and right) and are sorted in groups of 6 rings of
decreasing size on each step. By focusing on the planes that contain the Landolt rings,
it is possible to determine the distance between planes as well as to subjectively quan-
tify object visibility at two different heights. In order to do that, a human observer has
to estimate the position of the gaps for the ring groups corresponding to the 7 thickest
steps using appropriate zoom and contrast window. The number of correctly per-
ceived gaps gives one of the imaging performance parameters. For mammography, 20
gaps have to be called correctly for the image to pass the test, but for DBT an official
threshold has not yet been established.

Further, each of the 12 steps contains a low-contrast number indicating the PMMA
thickness corresponding to the step. The thicker the step on which the numbers can be
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read, the better is the image, so that the visibility of these numbers is an additional
imaging performance parameter.

The objective image analysis was done with a user-written Mathematica code, be-
cause the manufacturer’s software to automatically analyze the image parameters has
not yet been released. To calculate the MTF, the brass square was used, since it is
further away from the step wedge and therefore suffers less from reconstruction arti-
facts. Both the MTF perpendicular and parallel to the breast wall were calculated. In
order to estimate the noise variance, the noise power spectrum (NPS) was calculated
averaging over the homogenous region in the center of the phantom of all available
slices.

3 Results

Reconstructed images of each phantom under investigation are presented in Fig. 1.
All images are shown with the same magnification in order to give the reader an im-
pression about the different sizes of the phantoms and their structures.

Figure la shows the slice of the CIRS BR3D phantom that contains the objects.
Even though the objects are hardly visible in Fig. 1, the four human observers

Fig. 1. Reconstructed images of the mammography phantoms under investigation: a) CIRS
BR3D phantom, b) ACR FFDM phantom, c) anthropomorphic phantom and d) Quart phantom
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detected on average 4 %2 speck groups, 5 fibers and 3 masses on a suitable screen. How-
ever, it turned out that the actual scoring depends not only on the reader, but also
slightly on the order of the slabs, which is influenced by the heterogeneous background.

In the ACR phantom, shown in Fig. 1b, the objects are embedded in a homogenous
background. The four human observers detected on average all 6 masses, 3 %2 speck
groups and 4 V4 fibers.

Figure 1c shows that the anthropomorphic phantom is composed of dense fibrog-
landular tissue in the inner region in which compartments of adipose tissue are em-
bedded. The outer region is composed of adipose tissue supported by a matrix of
Cooper’s ligaments. Since no objects are embedded in the phantom, it can only be
stated that the phantom produces a realistic image of a breast, but neither a quantita-
tive nor objective analysis can be performed.

The Quart phantom, shown in Figure 1d, provides means to assess image quality me-
trics objectively. The brass (top) and lead (bottom) squares on the right can be used to
calculate the MTF and the homogeneous area in the center of the phantom allows calcu-
lating the NPS. We look at these two parameters to develop means to assess image quali-
ty as constancy testing. The MTF was calculated using the edges of the brass square
perpendicular and parallel to the chest wall. The resulting MTF curves, shown in Fig. 2a,
demonstrate the difference in resolution between the two directions. The 2-dimensional
NPS is shown in Fig. 2b as a function of the spatial frequency. As expected, the NPS has
the double-cone shape characteristic of a tomosynthesis NPS [11, 12].

The manufacturer recommends calculating the CNR using the step wedge. Howev-
er, it can be seen in Fig. 1d that the step wedge affords only small ROIs which are
very inhomogeneous in the reconstructed images due to edge enhancement effects.
This makes it difficult to use it for CNR calculations in DBT. The CNR may be more
reliably estimated using the brass and lead contrast squares. Even though they do not
allow calculating a thickness specific CNR as the step wedge, they can be used for a
simple CNR calculation at one specific height.
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Fig. 2. MTF calculated from the brass square perpendicular and parallel to the chest wall (a)
and the 2-dimensional NPS in mm? as a function of the spatial frequency in mm™ (b)
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Scoring the Landolt rings turned out to be a challenging task, because finding the
appropriate zoom and windowing level needs some time and experience. Further, the
evaluation is quite time-consuming and wearisome for the eyes. On average the hu-
man observers were able to correctly detect 19 gaps which is slightly below the
preliminary threshold for the image to pass the test. The manufacturer recommends
evaluating more images in case the number of detected gaps is between 18 and 22 to
have reliable results. However, since the tomosynthesis device is not on-site and our
study focused on testing the phantom for its advantages and shortcomings, we did not
acquire any additional images.

4 Discussion

Each phantom has its advantages and is useful for the purpose for which it was origi-
nally designed. However, we concluded that none of them by itself can be used as
either a quantitative or objective phantom that provides information useful for image
quality evaluation in DBT images. Further, none of these phantoms under investiga-
tion provide means to measure in-plane distance accuracy, slice-sensitivity profiles or
the amount of breast tissue missed at the chest wall.

The advantages and shortcomings of each phantom can be summarized as follows:

The CIRS phantom features different objects in a heterogeneous background. It al-
lows the qualitative evaluation of one reconstructed image slice that corresponds to
the height in which the objects are positioned. Careful choice of the windowing level
as well as high magnification and a trained reader are required to score the image.
Also, visibility of the objects is dependent upon the ordering of the slabs, as the struc-
tures above and below the plane of reconstruction contribute to the image complexity.
Therefore, it is important, in case this phantom is used for constancy tests, to always
maintain the same order of slabs. Its shortcomings are that it is neither possible to
check the reconstruction depth nor objective image parameters such as resolution,
noise variance or CNR.

The ACR phantom allows the scoring of different objects in a homogenous back-
ground and enables the calculation of the noise variance and the CNR. However,
since all masses are easily detectable, it still has to be proven that the phantom is suf-
ficiently discriminative of differences in image quality and overall system perfor-
mance for DBT. Moreover, the objects are only arranged at one specific depth so that
neither the reconstruction depth nor the object visibility at different depths can be
analyzed.

The Penn anthropomorphic phantom allows the evaluation of whether the scanner
provides natural looking reconstruction images with breast like structures. It includes
a controlled amount of dense tissue, which could be used to validate breast density
estimation. Currently it only contains a limited variety of targets for a quantitative
scoring of the images and no features that would enable an objective image quality
evaluation. However, additional slabs containing defined objects for quantitative
analysis or other features such as inserts for dosimeters (e.g., optically stimulated
luminescence dosimeters) are feasible. With its realistic structure and 3-dimensional
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extension, this phantom has the potential to become useful for image quality analysis
as well as direct dose and dose distribution measurements in DBT.

The Quart phantom is the only phantom we tested, that had features to objectively
measure the image quality parameters such as MTF, NPS or CNR. Depending on the
performance and user-friendliness of the upcoming software to automatically evaluate
the image quality, the phantom may potentially be useful for DBT. However, since it
was primarily designed for mammography, it also suffers from several shortcomings.
One issue is that the step wedge affords only small ROIs which are very inhomogeneous
in the reconstructed images due to edge enhancement effects. Even though the manufac-
turer has informed us that the upcoming software will address this issue, the results of
the CNR calculation may not be reliable. Moreover, due to the straight alignment of the
inserted objects in this phantom, it is not possible to calculate an oversampled MTF, as
required for mammography in the IEC standard [13], from an image that has been ac-
quired according to the manufacturer’s instructions. Finally, the Landolt rings allow
checking the accuracy of reconstruction depth and object visibility in tomosynthesis
images. The subjective evaluation with the Landolt rings however is wearisome and
time-consuming, so that this test can hardly be part of a regular quality control in the
clinic. Additionally, since the human observer mostly guesses the position of the gap, it
has to be investigated whether the observer’s memory begins to retain the position of
the gaps and therefore achieves better results after repeated scoring.

5 Conclusions

Although each phantom under study has its advantages, none of them allows a tho-
rough quality evaluation of reconstructed tomosynthesis images. The phantoms, in
their current form, may be still better suited for projection mammography. In some
cases (e.g. the Penn anthropomorphic phantom) the inclusion of additional layers
permitting 3-dimensional analysis is feasible; while in others (e.g. the ACR FFDM
phantom) major phantom redesign would be necessary for use in DBT. For all 4 phan-
toms tested, neither subjective nor objective evaluations involving all the recon-
structed planes are possible. Since there is no other phantom on the market, for our
knowledge that includes the features to measure all image properties relevant in DBT,
it is necessary to design a new phantom. In order to allow a clinical implementation
the new phantom has to allow a quick subjective image evaluation or provide user-
friendly software to automatically analyze the objective image parameters that opti-
mally could be measured in only one scan.
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