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Mammography is a very well-established imaging modality for the early detection and diagnosis of
breast cancer. However, since the introduction of digital imaging to the realm of radiology, more
advanced, and especially tomographic imaging methods have been made possible. One of these
methods, breast tomosynthesis, has finally been introduced to the clinic for routine everyday use,
with potential to in the future replace mammography for screening for breast cancer. In this two
part paper, the extensive research performed during the development of breast tomosynthesis is re-
viewed, with a focus on the research addressing the medical physics aspects of this imaging modality.
This first paper will review the research performed on the issues relevant to the image acquisition
process, including system design, optimization of geometry and technique, x-ray scatter, and radia-
tion dose. The companion to this paper will review all other aspects of breast tomosynthesis imag-
ing, including the reconstruction process. © 2013 American Association of Physicists in Medicine.

[http://dx.doi.org/10.1118/1.4770279]
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. INTRODUCTION

Standard mammography is a low cost, fast, noninvasive x-ray
study that involves relatively low doses of ionizing radiation.
However, the two-dimensional (2D) nature of mammography
results in tissue superposition, which can create two prob-
lems: dense glandular tissue located above and/or below a
lesion of interest can reduce the visibility of the lesion (re-
ducing sensitivity), or two or more normal features that are
only vertically separated can appear to be the projection of
a lesion of interest (reducing specificity). These two phenom-
ena are partially responsible for a sensitivity and specificity of
screening mammography of 83.5% and 90.9%, respectively.'
These values may be lower for women with dense
breasts.>?

The introduction of digital acquisition has helped improve
mammography by avoiding screen-film’s narrow range of lin-
ear response, among other issues. However, digital mam-
mography still only acquires a 2D projection of a three-
dimensional (3D) object, maintaining the issue of tissue su-
perposition. Potentially, the most important contribution of
digital mammography is its flexibility, which allows for the
development of imaging methods that can resolve some of
the limitations of mammography. Specifically, to overcome
the loss of information in the third dimension, among other
advantages, two new imaging methods have been developed:
dedicated breast computed tomography* ' and tomosynthe-
sis imaging of the breast. While dedicated breast CT remains
promising, breast tomosynthesis is now clinical technology,
with different systems having received approval for clinical
use around the world and one system being approved in the
U.S. over the last few years (see Table I).

Tomosynthesis is a technique that enables pseudotomo-
graphic imaging by acquiring a limited number of projec-
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tions from a narrow angular range, and combining these
projections to reconstruct a quasi-3D image. An in-depth
discussion of the history of the development of tomosyn-
thesis has been published by Dobbins and Godfrey'! and
Dobbins.!?

In tomosynthesis imaging of the breast, first demonstrated
by Niklason et al. in 1997,'3 the acquisition geometry is very
similar to that used in mammography, with the difference
that the x-ray tube is rotated in one plane around the static
compressed breast and a series of images is acquired, one
at each x-ray tube position (Fig. 1). During the acquisitions,
the detector can either be static or rotate to maintain its top
surface normal to the x-ray tube.'*!> The series of projec-
tions acquired is then processed by a reconstruction algorithm
which uses the different location in the projections of the
same tissues to compute their vertical position, thereby es-
timating the 3D distribution of the tissues. Due to the limited
angle of the projection acquisitions, tomosynthesis is charac-
terized by anisotropic spatial resolution, with very high spa-
tial resolution in the planes parallel to the detector, and a
considerably lower resolution in the perpendicular direction.
However, this low spatial resolution in the depth direction
is deemed to be enough to substantially reduce the issue of
tissue superposition, lowering its impact on sensitivity and
specificity.

This two part review of digital breast tomosynthesis (DBT)
will concentrate on the medical physics-related aspects of the
research performed to date. This paper will review the im-
age acquisition aspects of DBT, while its companion paper
will address all the postacquisition aspects, including image
reconstruction. The investigation of the clinical performance
of DBT and its comparison to mammography is beyond the
scope of this review, but has been covered in depth in a re-
view by Baker and Lo.'¢

© 2013 Am. Assoc. Phys. Med.  014301-1
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TABLE I. Characteristics of breast tomosynthesis systems in clinical use or under development. The specifications for these systems, especially the prototypes,

could change in the future.

Siemens
Hologic Selenia IMS Giotto Philips Planmed Nuance MAMMOMAT
System GE Essential Dimensions TOMO MicroDose Excel DBT Inspiration
Detector type Full Full field—direct Full field—direct Linear slit Full field—direct Full field—direct
field—indirect (a-Se) (a-Se) scan—spectral (a-Se) (a-Se)
photon counting
(Si)
Detector size (cm) 24 x 30 24 x 29 24 x 30 21 line detectors, 24 x 30 24 x 30
each 24 cm long
Detector pixel size 100 70 (binned 2 x 2)* 85 50 (perpendicular 85 85
(pm) to motion)
Detector motion Static Rotating Static Continuous slit Rotating during Static
scan exposure?
X-ray tube target Mo or Rh w w w w w
X-ray tube filtration 0.03 mm Mo or 0.7 mm Al 0.05 mm Rh or 0.5 mm Al 0.075 mm Ag or 0.05 mm Rh
0.025 mm Rh 0.05 mm Ag 0.06 mm Rh
X-ray tube motion Step-and-shoot Continuous Step-and-shoot Continuous Continuous Continuous
Angular range (deg) 25 15¢ 40 11 30 504
Number of 9 15 13¢ 21 15 25
projections
Scan time (s) 7 3.7 12 3-10 20 254
Source to detector 66 70 68 66 65 65.5
distance (cm)
Detector to center of 4 0 2 —40 4.37 4.7
rotation distance'
(cm)
Air gap (cm) 2.2 2.5 2.2 0.4-2.4 2.38 1.7
Reconstruction Iterative FBP Iterative with total Tterative Iterative FBP
method variation
regularization
Development stage® Prototype Commercial Commercial Prototype Prototype Commercial
system system! system!
16,31 16 32-35 26,27,36 37 16,38-40

References

#Reconstruction results in an in-plane pixel size of approximately 100 pum.

YDetector and compressed breast are rotated with x-ray source, while each projection is being acquired (x-ray tube current is on). Detector and breast are returned to
original position at end of each projection.

“This system supports an angular range up to 30°, which requires a software change by the manufacturer.
dThese values for angular range and scan time are for the x-ray tube motion; the x-ray exposures actually cover ~46° in 20 s.
¢In the current commercial system outside the U.S., this system can be set to use 50% of the total tube output for the 0° projection and the rest distributed evenly among

the other 12 projections.
fPositive values are towards the x-ray source.

£For systems which perform both mammography and DBT, this information is specific for the DBT mode.

hCurrently not approved for clinical use in the U.S. by the FDA.

Il. HARDWARE
ll.LA. General system design

Currently, most DBT systems consist of the same basic
components as digital mammography systems: a direct or in-
direct full field digital detector, a breast support and com-
pression plate, and an x-ray tube mounted on an arm. The
single basic hardware addition that transforms a mammog-
raphy system into a tomosynthesis system is the ability of
the x-ray tube to rotate around a point close to or on the de-
tector and having a detector with relatively fast readout. Of
course, additional modifications have been implemented by
manufacturers to optimize their system’s tomosynthesis ac-
quisition compared to the mammography acquisition, includ-
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ing, for example, different x-ray spectrum filtration and pixel
binning."”

Some tomosynthesis systems being developed diverge
from this more “traditional” design. For example, to avoid
focal spot blurring due to the x-ray tube motion during
acquisition'® and potentially shorten total acquisition time, a
carbon nanotube array of x-ray sources is being investigated
as a replacement for the x-ray tube and rotating gantry.'%>
In recent work, the investigators replaced the x-ray tube and
gantry of a commercial DBT system (Selenia Dimensions,
Hologic, Inc., Bedford, MA) with a carbon nanotube array
with 31 x-ray sources, spanning 370 mm, resulting in an an-
gular coverage of 30°. The stationary x-ray source was shown
to yield an improved modulation transfer function (MTF)
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FIG. 1. Schematic of a breast tomosynthesis acquisition, in which a number
of projection images is acquired of the compressed breast, while the x-ray
source rotates around a center of rotation close or on the detector surface
while the detector is either static or rotates, depending on the system design.

compared to that with a standard rotating x-ray tube, in addi-
tion to an increase in the sharpness of phantom microcalcifica-
tion images. Detector readout rate and x-ray tube current and
exposure time are issues that still need to be addressed to op-
timize total scan time.?’

Another tomosynthesis system that fundamentally differs
from the “traditional” full-field design is one based on a scan-
ning slit photon counting detector (Sectra Microdose, now
Philips Healthcare, Best, The Netherlands). In this system, a
multislit linear detector and a collimated x-ray fan beam are
scanned in an arc across the breast with the center of rota-
tion below the breast.”?” Advantages of this system include
a very low scatter signal,?® no electronic noise, and high quan-
tum efficiency. This results in a highly efficient system with
low radiation dose requirements. In addition, a new version
of this photon counting detector includes energy resolution,
allowing for simultaneous acquisition of two images (low and
high energies).”® However, due to the system’s acquisition
geometry, this tomosynthesis system cannot acquire mammo-
graphic images. A similar slot scanning photon counting sys-
tem with a linear motion has been investigated, but its devel-
opment has been discontinued.?®-

Table I summarizes the characteristics of the different to-
mosynthesis systems currently in clinical or preclinical use.

I1.B. Detectors

Extensive work has been performed to optimize the de-
tectors for tomosynthesis imaging. In addition to the require-
ments for digital mammography, detectors for DBT need to
achieve additional capabilities. These include: (i) faster read-
ing time, to keep the total acquisition time of all projections
to a minimum, with (ii) minimal ghosting and lag, which has
been shown to introduce image artifacts,*' and (iii) minimal
reduction in detective quantum efficiency (DQE) at low expo-
sures (given the need to divide the total exposure over several
projections).
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Various studies have characterized the capabilities of di-
rect detectors based on an amorphous selenium (a-Se) layer
for direct conversion from x-rays to electron-hole pairs.
Bissonnette et al. characterized a mammography system mod-
ified for DBT imaging (Siemens Novation DR) using both a 2
x 1 binned (binning in the x-ray tube travel direction) and
a full resolution non-binned readout mode.*> As expected,
binned mode results in an increase in signal-to-noise ratio
(SNR), but with a penalty in the MTF in the binning direction
(parallel to the x-ray source motion). Reduction in DQE with
decreasing exposure, although relatively low for the full res-
olution mode, is further diminished for the binned mode. In
a subsequent empirical investigation again using a Siemens
mammography system modified for DBT, Zhao and Zhao
measured the MTF with the x-ray tube in motion, replicat-
ing the acquisition conditions for operating with a continuous
motion system. It was determined that 2 x 1 pixel binning has
a larger impact on the MTF than the blurring due to the mo-
tion of the focal spot.*> On the other hand, lag was found to be
higher when the detector is binned, while ghosting is minimal
in both modes. It was also found that the DQE at the lowest
exposure levels relevant to DBT decreases only by about 20%
compared to the high exposure condition.

Reporting on the development of a different a-Se based di-
rect detector for the Hologic DBT system, Cheung et al. char-
acterized a new detector optimized for DBT that reduces the
reading cycle time by replacing the dielectric/Se layer at the
top of the Se surface with a charge conductive layer.** This
modification eliminates a major location of charge trapping,
which required an additional erase cycle in between image ac-
quisitions and extended the readout cycle time. This change,
in addition to the use of 2 x 2 pixel binning, allowed for a
decrease in readout time to the subsecond level with mini-
mal ghosting, resulting in a total scan time for a complete
tomosynthesis acquisition of 3.7 s in the final system.!’

Il.C. X-ray incidence angle impact on detection

In DBT systems where the detector remains stationary,
the incidence angle of the x-rays onto the detector can be
large. The consequences of this large incidence angle on the
point spread function (PSF) and the MTF have been studied
empirically,** analytically,*»>*~*® and using Monte Carlo
simulations® for both direct a-Se detectors and scintillator-
based indirect detectors. The effect on the PSF in indirect
detectors was first studied using Monte Carlo methods by
Badano et al., showing the anisotropy introduced by the non-
normal incidence and its variation throughout the detector sur-
face due to the varying incidence angle.** On follow-up work,
Freed et al. developed an analytical model to predict the PSF,
again for indirect detectors, for different conditions without
having to perform CPU-intensive Monte Carlo simulations.*
This model was then extended by the same group to include
direct detectors.”® As expected given the variation in the PSF,
the impact of the oblique incidence on the MTF was also
found to be substantial for both direct and indirect detec-
tors. In empirical and analytical work, the MTF was found
to be reduced by 25% to 30% at 6 Ip/mm.*>»* Reiser et al.
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found that oblique incidence on indirect detectors results in a
loss of DQE at high frequencies and a small increase at low
frequencies, with a 13% loss in detectability for small
signals.’! Acciavatti and Maidment derived the MTF and
noise power spectra (NPS) and estimated the DQE from
first principles for indirect detectors with unstructured scin-
tillators, such as gadolinium oxysulfide doped with terbium
(Gd,0,S:Tb).*"-*8 The authors used their analytical model to
study the dependence of these metrics on x-ray incidence an-
gle and on detector design. They found that the response of
back-illuminated detectors is less sensitive to incidence angle
than that of front-illuminated detectors, and would therefore
be more suitable for tomosynthesis imaging. Currently there
are no back-screen detectors available, but ongoing technol-
ogy developments may result in the introduction of this type
of detector in the future.

I.D. Other detector designs

In early work, the development of a-Se-based photon
counting detectors was investigated by Chen et al. by devel-
oping a theoretical model and validating it empirically with a
one dimensional detector prototype.>? Promising results were
found by the authors, showing that this type of detector is
feasible. Naday et al. characterized a CMOS-based detector
specifically designed for DBT, which allows for variable bin-
ning and gain for each acquisition.>?

lll. GEOMETRY OPTIMIZATION

As with most medical imaging modalities, acquisition of
a DBT image involves the selection of a number of param-
eters. In DBT, the acquisition parameters that have resulted
in the most research are those involved in defining the acqui-
sition geometry, specifically the number of projections, the
total angular range covered by the projections, and the dis-
tribution of the projections. The reason for the high interest
in these parameters is twofold: these parameters have a high
impact on the resulting image quality, and there are no pre-
viously established modalities that involve similar parame-
ters from which to draw any experience. This latter reason
is why although technique optimization (e.g., tube voltage)
has also been studied, the availability of previous experience
from digital mammography has made this an easier problem
to address. The vast differences in the geometrical parame-
ter values used in current tomosynthesis systems, as shown in
Table I, are a prime example of the complexity involved in op-
timizing these parameters. A priori, it would be expected that
maximizing the number of projections and the angular range
would result in the highest image quality. However, the ability
to maximize the number of projections is constrained by lim-
its on the total exposure available for all projections. This is
because a higher number of projections require the lowering
of the exposure per projection, increasing quantum noise in
each and potentially making electronic noise more dominant.
Increasing the angular range also results in higher obliquity in
incidence angle, which, as discussed earlier, results in a degra-
dation of the spatial resolution. Finally, the possibility of hav-
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ing an irregular distribution of the projection angles through-
out the angular range and/or using different tube current-
exposure time products for different projection angles adds
to the complexity of the optimization problem. But it could
also result in an increase in image quality, especially for spe-
cific clinical tasks (e.g., microcalcification vs soft tissue lesion
detection).>*>

To study the optimal values for the geometrical parameters
relevant to DBT imaging, Maidment ef al. performed simula-
tions of tomosynthesis imaging of a wire and imaged a rab-
bit with a photon counting tomosynthesis system.?’ The wire
simulations were performed without the addition of noise
and it was found that maximizing the angular range and the
number of projections yields the optimal acquisition proto-
col. Studying the effect of the number of projections included
in the tomosynthesis set but this time using clinical images,
Maidment et al. again found that maximizing the number of
projections yields better image quality.?” In the rabbit images
of the first work and in the patient images of this last work, the
authors introduced the additional noise expected due to the in-
crease in the total number of projections after reconstruction.
Using a homogeneous phantom, Ren ef al. found that increas-
ing the number of projections for a fixed total dose and angu-
lar range results in a small improvement of the vertical pro-
file of contrast-to-noise ratio (CNR) for larger microcalcifica-
tions, making no difference for smaller calcifications, while
in-plane image quality is degraded with increasing number
of projections.®® Zhou et al. performed a simulation-based
study comparing four different acquisition protocols (a fifth
variation involved the use of 2 x 2 pixel binning) using a
monochromatic x-ray beam and a homogeneous background
and three different reconstruction methods.'® As a metric of
in-plane image quality, the authors used the signal-difference-
to-noise ratio, while for vertical resolution, the authors used a
common metric in tomosynthesis imaging, the artifact spread
function (ASF), which was defined by Wu et al.’” as

L (z) —Igc (2)
I (z0) —Igg (z0)

where 7 is the location of the in-focus plane, z is the current
location, I is the mean pixel value of the signal, and Ipg is
the mean pixel value of the background. Using these metrics,
Zhou et al. found that maximizing angular range and number
of projections results in the best image quality.

Hu et al. developed and validated a cascaded linear sys-
tems model of tomosynthesis acquisition and then used it to
predict the PSF and ASF of a small high contrast object for
varying angular ranges.>® The authors found, as expected, that
an increased angular range results in a narrower vertical PSF.
However, they also found from their analysis of the ASF, that
an increase in angular range should be accompanied by an
increase in the number of projections, to minimize the pres-
ence of ghosting of high contrast objects located in off-focus
planes, which are manifested by an increase in the tails of
the ASF. The need for an increase in the minimum number
of projections when increasing the angular range to minimize
the introduction of reconstruction artifacts was also reported
by Mertelmeier et al.>®

ASF (z) = (1)
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FIG. 2. Aurtifact spread function from simulated DBT images acquired with a
60° angular range and varying number of projections. Reprinted with permis-
sion from I. Sechopoulos and C. Ghetti, “Optimization of the acquisition ge-
ometry in digital tomosynthesis of the breast,” Med. Phys. 36(4), 1199-1207
(2009). Copyright (© 2009, American Association of Physicists in Medicine
(AAPM).

This was also confirmed by Sechopoulos and Ghetti, who
in addition found that increasing the number of projections for
each angular range beyond that required to minimize the off-
focus plane artifacts does not result in any further improve-
ment in the vertical resolution (Fig. 2).%° The authors further
found that the in-plane image quality is inversely proportional
to the number of projections under a constant dose condition.
Therefore, the upper limit in vertical resolution is given by the
angular range, and the number of projections for a specific
angular range should be that which just meets the required
“threshold” number to obtain the best possible ASF, with no
benefit in a further increase. To investigate these relationships,
the authors proposed the “quality factor,” a combination of the
in-plane image quality and the vertical resolution, as a metric
to compare tomosynthesis image quality, defined as

CNR

QF = ASFy,’ @)

where the CNR provides the metric for in-plane image qual-
ity, and the ASF,, is a measure of the width of the ASF, e.g.,
the z location at which the ASF(z) attains a value of 0.2.
This threshold value was used because visual inspection of
the ASF curves showed that noise started being dominant at
values below this level. Of the 63 different combinations of
geometrical acquisition parameters investigated, Sechopoulos
and Ghetti found that the highest image quality was obtained
with a 60° angular range (the widest they investigated) and
13 projections. As can be seen from Fig. 2, the number of
projection angles required to achieve the “threshold” beyond
which the vertical resolution is not further improved for a spe-
cific angular range is quite low. Using the same QF metric,
Tucker et al. arrived at similar conclusions on the impact of
angular range and number of projections for DBT performed
with stationary carbon nanotube x-ray sources.>*

Using a more advanced image quality metric, specifically
the detectability of a simulated lesion as evaluated by an ob-
server model, Chawla er al. also studied the impact of to-
tal angular range and number of projections on tomosynthe-
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sis image quality, analyzing both the projections and the re-
constructed images.®"-%! Under the constant total dose condi-
tion, the results agree with the findings of Sechopoulos and
Ghetti; detectability increases with increasing angular range
and number of projections, but the latter achieves a maxi-
mum beyond which observer performance decreases. Of the
parameter values studied, Chawla et al. found that the maxi-
mum angular range studied (44.8°) and 15-17 projections re-
sulted in the maximum lesion detectability. Using numerical
observers that included search, Gifford et al. found that for
one task [background-known-exactly (BKE)], fewer projec-
tions and wider angular range was beneficial, while for the
quasi-BKE task a higher number of projections showed an
improving trend.%

In a study that investigated the effect of lesion size on the
optimization of geometrical acquisition parameters, Reiser
and Nishikawa, using an observer model with simulated
breast backgrounds and lesions, found that larger lesion de-
tectability is insensitive to the number of projections and to
quantum noise.** For smaller lesions at higher quantum noise
levels, the previous results reporting a “threshold” number of
projections for a given angular range were confirmed. Finally,
Reiser and Nishikawa also found that increasing the angular
range improves detectability for all lesion sizes.

In a study using both a breast phantom and three hu-
man subjects, Lu et al. investigated both varying angular
range and varying angular distribution for a fixed number of
projections.® For this, the authors compared the CNR, the in-
plane full width at half maximum (FWHM) and the ASF of
microcalcifications for each acquisition parameter set. As ex-
pected, the acquisitions with a larger angular range resulted in
an improved ASF. In addition, the acquisitions that involved a
larger number of projections at the widest angles also resulted
in an improved ASF, while the acquisitions with very narrow
angles or with most projections concentrated in the center an-
gles resulted in artifacts. The in-plane FWHM variability with
acquisition conditions depended on the direction of the pro-
file, with the FWHM in the direction perpendicular to tube
motion being insensitive to acquisition condition, while in the
other direction the FWHM was improved with narrower ac-
quisitions. Finally, the authors found that the CNR for small
subtle microcalcifications was also improved for narrower ac-
quisitions, while for larger microcalcifications the CNR did
not vary with acquisition conditions. In agreement with most
of these studies, Van de Sompel et al. found that when the
total dose used for acquisition remains constant, image qual-
ity continuously improves with wider angular range but that a
maximum is reached at a certain number of projections, af-
ter which image quality declines.®® For their analysis, Van
de Sompel et al. used both CNR and a numerical observer
in a very comprehensive analysis of various aspects affecting
image quality of DBT reconstructions. As part of this study,
the authors also compared using a static vs rotating detector
acquisition geometry, and found that the rotating detector re-
sults in an improved CNR, especially for the filtered backpro-
jection (FBP) and maximum likelihood (ML) reconstruction
algorithms, but in a slight decrease in performance of the nu-
merical observer. Ren et al., however, suggested that CNR
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alone is not an appropriate metric for optimization of angular
range, since a variation in angular range affects the inherent
filtration performed by the reconstruction algorithm, which in
turn impacts the value of CNR, rather than the angular range
variation having a direct impact on CNR.®’

Finally, Gang et al. proposed an analysis framework for
optimization of geometry parameters using cascaded systems
analysis by measuring the background power spectra of tex-
tured phantoms and incorporating this feature into a general-
ized detectability model that takes into account background,
quantum and electronic noise.®® The authors used this model
to investigate the impact of varying angular range and num-
ber of projections (including values relevant to tomosynthesis
and CT) on signals of different frequency characteristics, and
found that the optimal parameter values differ for low and
high frequency tasks.

lllLA. Alternative x-ray source motion

In standard tomosynthesis designs, the x-ray source moves
in one plane on an arc around the imaged breast, as shown in
Fig. 1. However, other designs for DBT have been proposed.
Stevens et al.%’ proposed circular tomosynthesis, in which the
x-ray source and detector move in circles in planes parallel to
each other. Zeng et al. proposed to combine the acquisition
of a CT scan with a tomosynthesis acquisition to result in im-
proved reconstruction quality by combining a low resolution
CT scan acquired using an arc-and-line motion with a high
resolution tomosynthesis scan acquired using a conventional
arc motion.” Xia et al. proposed moving the x-ray source in
two arcs normal to each other, therefore encompassing a por-
tion of a spherical surface above the imaged object.”' This
geometry, with the addition of combining the source rotation
with rotation of the detector, was also proposed by Zhang and
Yu, who also presented a different way of covering this spheri-
cal surface: a sequence of curved zigzag lines (Fig. 3).”> Both
of these designs aim to sample the frequency domain more
completely, resulting in improved image quality. All these
proposals have been tested using either phantoms or computer

2D source scanning surface 2D source scanning surface

defined by two arcs defined by zigzag lines

1

N ~ detector detector
s T -

FIG. 3. Alternative x-ray source motions proposed by Zhang and Yu for
acquisition of tomosynthesis projections Ref. 72. Reprinted with permission
from J. Zhang and C. Yu, “A novel solid-angle tomosynthesis (SAT) scanning
scheme,” Med. Phys. 37(8), 4186-4192 (2010). Copyright © 2010, Ameri-
can Association of Physicists in Medicine.
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simulations. Although their results are encouraging, potential
geometrical issues with the rest of the patient’s body would
need to be addressed for these geometries to be successful
clinically.

IV. TECHNIQUE OPTIMIZATION

Although the optimization of acquisition technique param-
eters for DBT could be deemed simpler than the optimiza-
tion of the geometrical acquisition parameters due to the prior
knowledge available from digital mammography, the opti-
mal techniques, especially tube voltage selection, could differ
greatly due to the reduction in anatomical noise inherent in
tomosynthesis imaging compared to planar imaging. In addi-
tion, the acquisition of multiple projections during a complete
tomosynthesis acquisition introduces the question of how the
total exposure available for the complete study should be di-
vided among the projections. These are the two main aspects
that have been addressed by the studies reported on technique
optimization.

IV.A. Tube voltage optimization

Investigating the optimal tube voltage for use in DBT, Ren
et al. reported on an experimental x-ray spectrum optimiza-
tion study that used a homogeneous background, x-ray spec-
tra with a maximum tube voltage of 39 kVp and the CNR
of the signals in projection space as the quality metric, and
concluded that higher energy spectra are beneficial in DBT.'*
Zhao et al. reported on a simulation study that used the SNR
in projection space of a simulated microcalcification in a ho-
mogeneous breast.”> The highest tube voltage studied was
40 kVp and the projections included in the study were 0° and
25°. They concluded that a higher SNR is achieved at mildly
higher kVp settings than those used for mammography for
all breasts except a very thick glandular breast, for which a
9 kVp increase was found to be beneficial. Glick ef al. per-
formed a simulation using a frequency domain detectability
metric in projection space to study the optimal x-ray spec-
trum up to 40 kVp, using a serial cascaded model to introduce
the system characteristics into the simulation and a homoge-
neous background, and found that a tungsten target/rhodium
filter combination maximizes the detectability metric.”* As
opposed to the previous studies, Glick et al. reported that x-
ray spectra at the lower mammographic energies result in the
highest detectability. Wu ef al. studied x-ray spectra optimiza-
tion empirically, acquiring the 0° projections of a disk over a
homogenous background and using CNR normalized by the
mean glandular dose (MGD) of the signal in the projection as
the quality metric.” In this study, higher kVp energies were
found to be beneficial only for the thickest breasts.

IV.B. Total exposure optimization

In an early study that attempted to optimize the exposure
levels needed in DBT, Kempston et al. found that signal-
difference-to-noise ratio (SDNR) in structured phantoms first
increases with increasing exposure and then levels off. This
suggested that further increase in exposure has no benefit to
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image quality due to anatomic noise becoming dominant.”®

In a study to determine the total exposure level needed to de-
tect and characterize different types of lesions compared to
mammography exposure levels, Timberg et al. found that re-
sults vary with lesion type, with, in general, high contrast and
well defined lesions requiring half of the exposure of a single
mammographic view, while low contrast lesions with diffuse
edges require double the exposure of one mammogram.”’ The
median exposure level was equal to that of a single mammo-
graphic exposure. Finally, no significant difference was found
when using pixel binning, suggesting that this mode could be
used to reduce acquisition time.

In a study that characterized a commercial DBT sys-
tem (Selenia Dimensions, Hologic, Inc., Bedford, MA), Feng
and Sechopoulos used breast phantoms to determine what
tube voltages were selected by the automatic exposure con-
trol (AEC) for DBT and mammography, finding that for the
same breast phantom thickness and composition, the AEC se-
lects a higher tube voltage for tomosynthesis acquisition than
mammography.”® However, due to the differences in the fil-
tration used (DBT: Al, mammography: Rh or Ag), for breast
phantoms below 6 cm thick the first half value layers of the
mammography spectra are higher than the first half value lay-
ers of the DBT spectra.

IV.C. Distribution of total exposure

In terms of how the available tube current-exposure time
product should be divided among the projections, Nishikawa
et al. proposed a nonuniform distribution of this technique
parameter.>* In their proposition, the authors assume that clin-
ical tomosynthesis will be performed by acquisition of a sin-
gle view [purportedly the medio-lateral oblique (MLO) view]
with a tube current-exposure time product that results in dou-
ble that used for a mammographic acquisition. Using this as-
sumption, Nishikawa et al. proposed to assign half of the total
exposure available to the central projection (0°), while divid-
ing the other half equally among the remaining projections.
This would mean that the central projection would be almost
the equivalent of a mammographic acquisition. It would not
be exactly equivalent to a mammographic acquisition because
currently all tomosynthesis acquisitions are performed with-
out an x-ray scatter grid, which is normally used for mammo-
graphic acquisitions. Furthermore, the authors propose that
the physician use the tomosynthesis reconstructed image only
for mass detection [in addition to using a computer aided de-
tection (CADe) algorithm optimized for mass detection] and
the central projection 2D image only for microcalcification
detection (again in addition to using a CADe for microcalci-
fication detection). In this way, the authors propose a method
that ideally leverages the strengths of both tomosynthesis and
mammography with a single acquisition and with no more
dose to the breast than that currently used for a standard two
view mammographic acquisition.

This proposed method was tested by Das et al. using mas-
tectomy specimen-based computer simulations of breasts un-
dergoing tomosynthesis acquisition.”> In a localization re-
ceiver operating characteristic (LROC) study, the authors
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found that the observers (medical physicists) performed better
with the standard DBT image (acquired using uniform dis-
tribution of total exposure among all the projections) than
with the proposed half-dose central projection, but perfor-
mance improved only in the detection of simulated micro-
calcifications. When comparing the DBT acquisitions with
uniform exposure distribution with the acquisitions with vari-
able exposure distribution as proposed by Nishikawa et al.,
the authors did not find a statistically significant difference.
Therefore, this study would suggest that performing standard
DBT with a uniform exposure distribution is more prefer-
able than the variable dose distribution approach proposed by
Nishikawa et al. Currently, research is ongoing on the devel-
opment of a synthetic mammogram from the DBT projection
data, obviating the need to acquire a separate mammogram
during DBT imaging (see the accompanying review paper on
post-acquisition processes in DBT). It could be of interest to
study how such a synthetic mammogram, once fully devel-
oped, could be incorporated into an acquisition and interpre-
tation protocol such as the one proposed by Nishikawa ef al.
In another study on variable dose DBT, Hu and Zhao devel-
oped a cascaded linear system model with which they imple-
mented an ideal observer model to estimate the detectability
index, d’, resulting from acquisition of DBT images of micro-
calcifications of different sizes.”” In addition to the uniform
dose distribution, Hu and Zhao investigated two different vari-
able dose distributions in which approximately 60% of the to-
tal exposure was used in the central five and seven projections
of a total of 25 projections in a complete tomosynthesis ac-
quisition. Although the authors also studied different values
for the reconstruction algorithm’s window width of the slice
thickness filter (B), for a given value of B, they found that a
variable exposure distribution could be beneficial only for de-
tection of small (<200 pm) signals. In the resulting phantom
image obtained (Fig. 4), an improved visibility of the micro-
calcifications can be seen with the variable dose acquisition.

FIG. 4. Comparison of microcalcification visibility between a standard DBT
acquisition (constant exposure per projection) (left), and two different vari-
able exposure acquisition schemes (center: central 7 projections with 4x the
exposure of the 18 peripheral projections; and right: central 5 projections
with 4.8 x the exposure of the 20 peripheral projections), showing improved
visibility for the latter. The total exposure for all three acquisitions was ap-
proximately equal. Reprinted with permission from Y.-H. Hu and W. Zhao,
“The effect of angular dose distribution on the detection of microcalcifica-
tions in digital breast tomosynthesis,” Med. Phys. 38(5), 2455-2466 (2011).
Copyright (©) 2011, American Association of Physicists in Medicine.
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It should be noted that one commercial DBT system, the
IMS Giotto TOMO listed in Table I, can use a variable dose
distribution among its 13 projections. In this mode, 50% of
the total tube output available for the entire tomosynthesis ac-
quisition is used during acquisition of the 0° projection, while
the other 50% is distributed evenly among the other 12 projec-
tions. Although this scheme is currently an option in the com-
mercial system approved for clinical use outside the U.S., the
manufacturer plans to use a constant tube output distribution
only in its U.S. commercial system, once FDA approved. Fur-
thermore, this manufacturer is investigating a prototype sys-
tem in which the projections are unevenly distributed among
the 40° spanned during DBT acquisition.>*

V. RADIATION DOSE

In breast imaging, the radiation dose of concern is that de-
posited in the glandular tissue of the breast since this is the
tissue at risk of cancer development. Therefore, the concept
of the mean glandular dose (MGD) has been introduced as
the metric for dose in breast imaging. In general, to estimate
MGD, Monte Carlo methods that simulate the acquisition pro-
cess have been used to quantify the energy deposited in the
glandular portion of a breast. In these simulations, the breast
is usually represented as a homogeneous adipose-glandular
tissue mixture enveloped by a layer of skin.®*> Normally,
the air kerma at the entrance surface of the breast is used as
the normalizing factor for MGD, resulting in the normalized
mean glandular dose (DgN), which is expressed in units of
mGy of mean glandular dose per unit mGy air kerma.

In DBT, to simplify the estimation of the total MGD from
a complete acquisition, the concept of the relative glandular
dose (RGD) was proposed, defined as®

< 3)

where D N(«) and DNy are the normalized glandular dose
values for projection angles « and 0°, respectively. Therefore,
the latter is equivalent to the DoN for a mammographic ac-
quisition under the same conditions. Using the RGD, the total
D,N for a complete DBT acquisition can be computed using®

DN =D;Ng - Y RGD(at) = DyNg - N - ptgap. ~ (4)

Where N, is the number of projections acquired, and urgp
is the mean of the RGD of the projection angles involved
in the tomosynthesis acquisition. As opposed to D,N, RGD,
and therefore, rgp, have been shown to be a weak function
of x-ray spectrum and breast glandular fraction, so polyno-
mial fit equations for RGD as a function of breast size and
compressed thickness have been published.® Since the Euro-
pean model of breast dosimetry, also used by the IAEA, only
considers the CC view and a single breast size, RGD (repre-
sented as t(0) in that publication) is only a function of com-
pressed breast thickness, resulting in a table being published
providing t(#) for different breast thicknesses and projection
angles.}” In addition, for specific DBT system implementa-
tions where the projection angles are fixed, urgp (T in the
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European model) can be reported for each breast thickness.’

These values, combined with published data for D,Nj ei-
ther for mammography®’%> or specifically for DBT,36:88:89
can be used to compute D,N for the complete tomosynthesis
acquisition.

Of course, if a tomosynthesis acquisition results in a urgp
of unity, then D,N can be estimated simply by multiplying
the appropriate DNy by the number of projections in the ac-
quisition. For certain acquisition conditions, like small total
angular ranges and for some breast sizes and thicknesses, the
UrGD has been found to be very close to unity.36-37

The results on normalized glandular dose were used by
Feng and Sechopoulos, combined with measurements of air
kerma and x-ray spectra characteristics based on the auto-
matic exposure control (AEC), to characterize the dosimetry
of the Hologic Selenia Dimensions clinical DBT system.”®
Using homogeneous breast phantoms of varying glandular
fraction and compressed breast thickness, the authors deter-
mined the tube voltage and tube current-exposure time prod-
uct selected by the AEC to acquire a DBT and a mammog-
raphy image. From this data and the corresponding D;N and
RGD values, the authors estimated the glandular dose to each
breast phantom for each imaging modality. For the traditional
definition of an average breast (5 cm thick, 50% glandular
fraction), the authors found that DBT acquisition with this
specific system results in only an 8% higher MGD than mam-
mography, and that both are substantially lower than the dose
values used recently in the clinic with previous generation
digital mammography systems.’® For a breast definition that
has more recently been proposed to better represent an av-
erage breast (6 cm thick, 14.3% glandular fraction),”! the
authors found a larger dose increase of 83% from mammogra-
phy to DBT. It should be noted that these findings are system-
specific, and therefore these results may be different for other
DBT systems from other manufacturers.

It must be noted that these values were based on using a ho-
mogeneous phantom to characterize the behavior of the AEC.
In the future, once a large number of combined mammog-
raphy/tomosynthesis acquisitions during one breast compres-
sion are performed in the clinical realm, a better estimation
of the comparison of the dose between these two modalities
for the same breasts can be performed. Of course, for such
a study the true glandular fraction of each breast would not
be known. However, analysis of the variation with glandular
fraction of the ratio of DgN for mammography and DBT for
the same breast thickness using the data published by Feng
and Sechopoulos (Tables IV and V) (Ref. 78) shows that us-
ing an incorrect glandular fraction would introduce an error
that ranges from 0% to 10%, with a mean of 5%, making this
type of study valid and feasible.

VI. X-RAY SCATTER

The detection and inclusion of the x-ray scatter signal in
the acquired images in x-ray imaging results in a loss of con-
trast, among other effects such as loss of accuracy, depending
on modality. In mammography, x-ray scatter has been dealt
with through the use of anti-scatter grids located between the
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breast and the detector, which preferentially absorb scattered
x-rays and transmit primary (non-scattered) x-rays. Of course,
anti-scatter grids are not perfect, and involve a penalty of in-
creased dose to the breast to achieve the same signal at the
detector.”? In DBT, x-ray scatter is of additional concern com-
pared to mammography for two basic reasons: (i) the varying
relative position of the x-ray source compared to the detector
would result in severe absorption of the primary x-rays by the
grid at non-zero projection angles, and (ii) the already low ex-
posure available per projection would be lowered further by
the use of a grid. It is possible that the first limitation could
be overcome with some novel design for the grid. For exam-
ple, the grid lines could be oriented parallel to the x-ray tube
travel direction, with the grid moving during acquisition in the
perpendicular direction. However, there currently is no public
information that such a grid is being used or developed. In ad-
dition, it is not clear if the second limitation mentioned above
could be overcome by any novel grid design. Therefore, the
magnitude, characteristics, and impact on image quality that
x-ray scatter has on DBT has been studied, and new methods
to reduce its impact have been sought.

In a scatter characterization study, Sechopoulos et al. used
Monte Carlo methods to estimate the scatter PSF and scatter-
to-primary ratio (SPR) for varying imaging conditions and
breast definitions.”®> The authors found that the tails of the
scatter PSF on the side opposite the x-ray tube location widen
with increasing projection angle, while there is a narrowing
of the tail on the same side as the x-ray tube location. In addi-
tion, as expected from previous mammography results,’* the
scatter PSF does not vary considerably with x-ray spectrum
and varies to a small extent with breast glandular fraction.
The analysis of SPR resulted in polynomial fit equations for
determining SPR at the center of mass of the breast projec-
tion as a function of tomosynthesis projection angle, glandular
fraction, and breast thickness. Incidentally, it was found that
the breast support plate and detector cover have a substan-
tial impact on SPR distribution, especially for thicker breasts
(> 5 cm), both in mammography and DBT. This results in the
highest SPR for these breasts not being located at the center of
mass, as previously thought, but at the periphery of the breast.

The impact that x-ray scatter has on DBT image qual-
ity was investigated by Wu et al., using analytical meth-
ods to simulate tomosynthesis images with scatter, quantum
noise, and realistic breast backgrounds with added simulated
lesions.” The authors found distinct cupping, loss of con-
trast, and a loss in accuracy of the reconstructed voxel values
(Fig. 5). Quantitative analysis found that lesion contrast
was reduced by the presence of scatter by 30%, while SDNR
was reduced by 60% and the inferred attenuation coefficient
was reduced by 28%. Of course, although this impact in ob-
jective terms is clear and substantial, how this affects clinical
performance has not been studied.

VI.A. Scatter reduction methods

Clearly, it would be beneficial for image quality in DBT for
some form of x-ray scatter reduction or correction method to
be used. One such proposed method, described by Liu et al., is
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FI1G. 5. Horizontal profile through the center of a lesion in a DBT recon-
structed slice showing the reduction in voxel values and contrast due to the
presence of x-ray scatter. Reprinted with permission from Wu et al., “Eval-
uation of scatter effects on image quality for breast tomosynthesis,” Med.
Phys. 36(10), 4425-4432 (2009). Copyright (©) 2009, American Association
of Physicists in Medicine.

a software algorithm that involves no additional hardware.”®

In this proposed method, after reconstructing the DBT image,
the voxels in the reconstructed breast are mapped to a lim-
ited number of different combinations of mixtures of adipose
and glandular tissue or to calcium. The resulting classified
3D image is input into a Monte Carlo simulation to estimate
the scatter signal distribution in the projections. These esti-
mates are then subtracted from the originally acquired projec-
tions, yielding estimates of the primary only signal in each,
which are used to reconstruct the breast again. The authors
show that the proposed method results in an increase in voxel
values and state that they found an increase in contrast. How-
ever, as expected, an increase in noise was also found. X-ray
scatter correction algorithms that are based on the subtraction
of the low-frequency scatter signal from the acquired projec-
tions with no reduction of the scatter quantum noise are char-
acterized by this increase in noise by reduction of the overall
signal.’® Currently, the performance of a Monte Carlo sim-
ulation to estimate the scatter field for each acquired patient
image involves many hours of computation time, making such
an approach challenging to introduce for clinical work. Scat-
ter estimation acceleration methods”® in conjunction with the
ever-increasing speed of computers could in the future make
this type of approach feasible.

To avoid the computation time needed for patient-specific
Monte Carlo simulations, Feng and Sechopoulos proposed to
take advantage of the known insensitivity of the scatter dis-
tribution to breast size and composition to perform a model-
based scatter correction.”® Specifically, the authors propose
that since scatter distribution is a weak function of these two
parameters, a precomputed scatter signal distribution for sim-
ulated homogeneous breasts of similar, but not the same,
size and shape as that of the acquired clinical case could
provide a good estimate of the true scatter distribution in
the latter. Before performing the subtraction of the model-
based scatter estimate from the acquired projections, the
former would have to be registered to the latter to accommo-
date the differences in shape. Therefore, by eliminating the
need to estimate the scatter signal exactly, a limited num-
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ber of Monte Carlo precomputed scatter distributions that
cover the range of possible breast shapes could be stored
and used. Alternatively, a multiparameter model could be de-
veloped to produce the scatter distribution estimate from a
few input parameters (e.g., breast thickness, chest wall-to-
nipple distance, and projection angle), without the need for
computation-intensive simulations. To decrease the impact of
the scatter quantum noise, the authors also propose the use of
an adaptive means filter to reduce noise while attempting to
preserve the spatial resolution. Using a textured breast phan-
tom, Feng and Sechopoulos showed an improvement in signal
difference, SDNR and integrated signal difference between
background and lesions when applying their proposed algo-
rithm, superior to that obtained when applying only the noise
reduction filter.

Vil. BREAST COMPRESSION REDUCTION

It has been proposed that since tomosynthesis inher-
ently reduces the problem of tissue superposition, or
anatomic noise, present in planar imaging, DBT could
be performed with substantial reduction in the mechani-
cal breast compression used during acquisition compared to
mammography.'%1°! To investigate this possibility, Saunders
et al. performed a study with phantom images generated using
Monte Carlo methods, simulating three breasts each with two
different compressed thicknesses (4 and 6 cm) and one alter-
nate reduced compression version (4.5 and 6.75 cm).'% Using
lesion conspicuity as the metric of choice for masses and cal-
cifications, the authors found no significant difference with
the reduced compression when the exposure parameters were
varied to maintain a constant dose to the breasts. Fornvik et al.
performed a clinical study in which patient DBT images were
acquired with full compression and with half of the force used
during full compression, using the same acquisition technique
for both acquisitions.'’! Portions of the DBT images that in-
cluded different types of features, such as lesions, calcifica-
tions, glandular structures, and fibrous strands/vessels, were
selected and compared. The image quality comparison, which
was performed by three radiologists subjectively and indepen-
dently, yielded a significant preference for the full compres-
sion image only for the visualization quality of the glandular
structures and fibrous strands combined. Not surprisingly, the
patient volunteers had a preference for the reduced compres-
sion acquisition.

Although minimization of tissue superposition is the main
reason for breast compression in breast imaging, it is not the
only one. Reduction of x-ray scatter signal, breast dose and
motion artifacts, and increase in the amount of breast tissue in
the field of view are other important considerations for breast
compression.'?? Therefore, before DBT with reduced com-
pression can be performed clinically, it must be determined
that these other factors are not adversely affected by the re-
duction in compression force.

VIll. CONCLUSIONS

A lot of research has been performed on many of the ac-
quisition parameters and other physical aspects of DBT image
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acquisition, such as radiation dose and x-ray scatter. In many
aspects, this has resulted in a good understanding of the is-
sues, with several different research approaches often arriving
at similar conclusions. For example, it was repeatedly found
that the widest angular ranges (approx. 45°-60°) studied re-
sulted in increased image quality, while the optimal number
of projections was achieved at a relatively low number (ap-
prox. 15-20). Other aspects, e.g., a correction or reduction of
the x-ray scatter signal in DBT projections, still necessitate
further research before application in clinical DBT imaging.
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