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In this article the authors evaluate a recently proposed variable dose �VD�-digital breast tomosyn-
thesis �DBT� acquisition technique in terms of the detection accuracy for breast masses and micro-
calcification �MC� clusters. With this technique, approximately half of the total dose is used for one
center projection and the remaining dose is split among the other tomosynthesis projection views.
This acquisition method would yield both a projection view and a reconstruction view. One of the
aims of this study was to evaluate whether the center projection alone of the VD acquisition can
provide equal or superior MC detection in comparison to the 3D images from uniform dose �UD�-
DBT. Another aim was to compare the mass-detection capabilities of 3D reconstructions from
VD-DBT and UD-DBT. In a localization receiver operating characteristic �LROC� observer study
of MC detection, the authors compared the center projection of a VD acquisition scheme �at 2 mGy
dose� with detector pixel size of 100 �m with the UD-DBT reconstruction �at 4 mGy dose� ob-
tained with a voxel size of 100 �m. MCs with sizes of 150 and 180 �m were used in the study,
with each cluster consisting of seven MCs distributed randomly within a small volume. Recon-
structed images in UD-DBT were obtained from a projection set that had a total of 4 mGy dose.
The current study shows that for MC detection, using the center projection alone of VD acquisition
scheme performs worse with area under the LROC curve �AL� of 0.76 than when using the 3D
reconstructed image using the UD acquisition scheme �AL=0.84�. A 2D ANOVA found a statisti-
cally significant difference �p=0.038� at a significance level of 0.05. In the current study, although
a reconstructed image was also available using the VD acquisition scheme, it was not used to
assist the MC detection task which was done using the center projection alone. In the case of
evaluation of detection accuracy of masses, the reconstruction with VD-DBT �AL=0.71� was
compared to that obtained from the UD-DBT �AL=0.78�. The authors found no statistically signifi-
cant difference between the two �p-value=0.22�, although all the observers performed better for
UD-DBT. © 2009 American Association of Physicists in Medicine.
�DOI: 10.1118/1.3116902�
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I. INTRODUCTION

Breast cancer is the most prevalent type of cancer in women,
with an annual incident rate of 126.1 per 100 000 women in
the US.1 Early detection with screening x-ray mammography
has reduced the mortality rate, with screening �primarily
x-ray mammography� lowering the rate by about 30%.2

However, mammography suffers from low sensitivity and
specificity in cancer detection, predominantly due to tissue
overlap. Although recent advances in detector technology
have provided large-area, low-noise detectors for breast im-
aging, leading to increased use of digital mammography
�DM�, DM is still a two-dimensional �2D� imaging technique
and suffers from the tissue-overlap problem. Recent years
have witnessed increased research on acquisition techniques
and image reconstruction algorithms3–6 for digital breast to-
mosynthesis �DBT�. With DBT, the three-dimensional �3D�
breast volume is reconstructed from a series of projections
acquired over a limited angular range. Although preliminary
results with DBT have been encouraging, there have been

anecdotal reports suggesting limitations in accurately por-
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traying small microcalcifications �MCs� using this technique.
Accurate detection of MCs in a screening environment is
especially important for the detection of ductal carcinoma in
situ �DCIS�. DCIS is highly prevalent, and since it is thought
to be a direct precursor to invasive cancer, its early detection
can potentially contribute to decreased breast-cancer mortal-
ity. With conventional mammography, Feig and Shaber7 and
Anderson8 reported that 89% and 95%, respectively, of DCIS
were observed on the basis of mirocalcifications alone.

MC detectability in DBT can be affected by many factors
including the detector type, reconstruction and acquisition
parameters, blur due to source/detector motion, and patient
motion during acquisition. One of the initial clinical trial
studies9 using a prototype Hologic �Bedford, MA� system
concluded that “Subjectively, tomosynthesis has comparable
or superior image quality to that of film-screen mammogra-
phy and could decrease the recall rate when used adjunc-
tively with digital screen mammography.” This study also
reported that “tomosynthesis was inferior to diagnostic mam-

mography in characterization of calcifications.” A more re-
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cent, small clinical study10 using a General Electric �GE�
prototype system reported equal or better visibility of MC
using DBT in comparison to film mammography. However
this study did not assess a detection accuracy, and the MCs
that were already visible using mammograms were viewed
using DBT and evaluated for visibility.

X-ray imaging of the breast has the advantage of detect-
ing both masses and MCs �unlike imaging modalities such as
MRI and optical imaging, both of which do not detect MCs�.
One of the difficulties in optimizing DBT systems is due to
the fact that the objective is to image both masses and MCs
using a single 3D image for each patient. A better approach
to breast-cancer screening might be to combine the separate
strengths of mammography and DBT. Mammography yields
very good MC detectability due to low quantum noise and
the absence of source/detector and patient motion, while
DBT appears to have the edge for mass detection on account
of reduced tissue overlap. One such approach suggested by
Nishikawa et al.3 is a variable-dose digital breast tomosyn-
thesis �VD-DBT� technique in which one-half of the total
dose is allotted to acquiring the central projection and the
other half is distributed among the other projections. It was
proposed that the central projection would be primarily used
to detect MCs, while the reconstructed 3D images �which
can be at a lower resolution� would primarily be used to
detect larger masslike lesions. Compare this to the standard
uniform dose digital breast tomosynthesis �UD-DBT� ap-
proach where the total dose is equally distributed among the
projection angles and the reconstructed 3D image is used to
detect both masses and MCs

For any such newly proposed acquisition methodology or
detection strategy, evaluation studies are required before its
merits and feasibility can be determined. For this paper, we
applied localization receiver operating characteristic �LROC�
methodology11 with simulated breast images and human ob-
servers to evaluate the relative merits of the VD-DBT and
UD-DBT strategies for MC and mass detection. Section II
describes the simulation methods and details of the observer
studies. Results and discussion are provided in Secs. III and
IV, respectively.

II. METHODS AND MATERIALS

A DBT computer simulation was used in evaluating the
performance of the VD-DBT methodology. This simulation
applied realistic models of the x-ray spectra, breast anatomy,
and of the signal and noise transport through the breast and
an indirect conversion flat-panel detector. Focal spot and de-
tector blurring were also modeled. In this section, each of
these components of our DBT system simulation is described
as are our 3D models of malignant masses and MC clusters
�MCCs�.

II.A. The DBT system

Breast tomosynthesis using a rotating source and detector
geometry was modeled, with 21 projection views obtained
over a �30° arc with respect to the center of rotation. The

x-ray spectrum model assumed a 30 kVp molybdenum an-
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ode source,12 with x-ray fluence scaled to provide a specified
mean glandular dose �MGD� to a 5 cm thick compressed
breast. To perform this scaling, we determined the x-ray flu-
ence per projection that would give the specified mean glan-
dular dose for UD-DBT acquisition from the breast dosime-
try data �DgN coefficients� generated by a Monte Carlo
simulator.13 For VD-DBT the spectra were scaled to provide
half of the allotted MGD for the center projection, while the
spectra for the rest of the �N−1� projections was scaled to
provide the other half of the allotted MGD. Focal spot blur-
ring with a 300 micron focal spot size was modeled using a
Gaussian modulation transfer function.14 Projection images
were computed by modeling the x-ray transmission through
breast tissue using Siddon’s ray tracing algorithm.15 Subse-
quent signal and noise propagation through an indirect
100-�m-thick CsI-based flat-panel detector with a 100 �m
pixel size was simulated using a serial cascade model.16,17

The scintillator blurring was modeled using an empirically
measured presampling modulation transfer function �MTF�.

II.B. The breast model

Generating a realistic object model for x-ray imaging of
the breast is challenging due to the complex breast anatomy.
Several mathematical models have been proposed including
a power-law noise model18 and the anthropomorphic Bakic
breast phantom.19 While such models have proved useful for
gaining a better understanding of breast CT and tomosynthe-
sis, they might not be adequate as the basis of a clinically
realistic observer study for the assessment of mass and MC
detection. In order to perform clinically realistic observer
studies, one would need breast models that look as close as
possible to real breast images obtained clinically. Recently
we have been developing a breast model based on high-
resolution, low-noise cone-beam CT images from mastec-
tomy specimens.20 Freshly obtained mastectomy specimens
were imaged �under an IRB approved protocol� in specially
designed holders that provided for specimen compression to
a degree appropriate for DBT. Figure 1 shows the bench-top,
cone-beam CT system with rotating object holder that was
used to image the specimens. The object holder rotates 360°-
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FIG. 1. Photograph of our bench-top cone-beam CT system where the mas-
tectomy specimens are imaged by placing them in holders.
collecting a total of 300 projections. The average size of the
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breast in the compressed breast holder is 16�5�10 cm3.
The maximum width and the height of each breast specimen
vary slightly depending on the size of the mastectomy speci-
men. Figures 2�a� and 2�b� show reconstructed slices from
the same mastectomy specimen imaged without and with
compression respectively. The reconstruction was done with
a 200 �m voxel size.

These compressed specimen reconstructions were then
used to develop breast models for tomosynthesis simulation.
It was observed that cone-beam CT images of the breast
show predominantly two gray levels; one representing fibro-
glandular tissue and the other representing adipose tissue
�neglecting skin and microcalcifications�. Segmentation of
the mastectomy specimens was performed to classify each
voxel as either fibroglandular or adipose tissue. For this
study, each specimen was segmented using a threshold value
in the CT image. All breast voxels above this threshold were
labeled as fibroglandular tissue, and all voxels below this
threshold were labeled as adipose tissue. The region outside
the breast was labeled as air. With this segmentation ap-
proach, noise in the reconstructed image does not translate
into noise in the breast-object model. Also, dividing the en-
tire volume into predominantly adipose and glandular re-
gions allows the use of energy dependent tissue attenuation
coefficients as given by Johns and Yaffe.21

A total of eight 3D breast phantoms was used for the
mass-detection study. Each volume provided 6 background
slices, for a total of 48 slices. These slices were selected at
random except that a separation of 0.6–0.8 cm was main-
tained between the neighboring slices. From visual inspec-
tion, this was determined to be a sufficient distance for the
six slices to appear as completely different backgrounds

(b)

(a)

FIG. 2. �a� Cone-beam CT image of the mastectomy specimen when placed
in a normal mold �uncompressed breast object�. �b� Cone-beam CT image of
the same mastectomy specimen when placed in a compressed breast mold.
when displayed slice by slice. For each study, 46 out of the
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48 slices were used both with and without an abnormality,
for a total of 92 different cases, of which 10 were training
images and 82 were study images. Each abnormality was
randomly placed in a given slice. As the MC study was per-
formed later, there were more breast phantoms, leading to 24
training images and 82 study images,

II.C. The mass model

Several researchers reported observer studies with simu-
lated mass models for 3D breast imaging system
evaluation.22,23 Many of the other existing 3D mass models
use random growth model based simulations or other geo-
metric models which might look realistic in a 2D projection,
yet need improvement in order to be used in observer studies
involving radiologists. Figure 3�a� shows a histological sec-
tion that bisects a spiculated invasive ductal carcinoma. It is
well known that a strong indicator for carcinoma in 2D
mammography is an irregularly shaped mass with spiculated
borders and several researchers have developed 2D mass
models that mimic these characteristics in a
mammogram.24,25 Based on our observations of malignant
masses in our CT specimen reconstructions and the corre-
sponding histopathologic sections, most of which showed ir-
regular or spiculated borders, it appears that the same mod-
eling requirement applies to 3D breast imaging. Hence our
aim was to generate models of 3D masses having spiculated
borders. To do this, spiculated 2D objects were hand drawn,
and then connected using a custom program to create a non-
uniform rational B-spline �NURBS� surface. Although some-
what ad hoc, from a subjective standpoint this procedure was
deemed to produce realistic 3D mass simulations.

Figure 3�b� shows a few slices �slice numbers: 39, 47, 55,
65, 77, and 80, respectively� from a single 3D mass model
containing 100 slices in total. Spiculations arise from a base
volume that is, on average, smaller than 1 cm3. Eight unique
mass models each one of size �1 cm or less of the center
were developed for our study. These simulated masses were
digitally embedded in the breast model �one per breast
model�, replacing voxels in the background tissue. Every
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FIG. 3. �a� Histopathology slice of a invasive ductal carcinoma. �b� Various
slices of a 3D simulated lesion.
voxel within the simulated mass was assumed to have an
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energy-dependent attenuation coefficient for invasive ductal
carcinoma, as suggested by Johns and Yaffe.21

II.D. Microcalcifications

Although previous simulation studies have investigated
MC detection with mammography and 3D imaging modali-
ties like CT and tomosynthesis,26,27 most of these studies
used simpler breast backgrounds and/or MCCs arranged in a
regular square or rectangular array pattern. It is possible that
such patterns may be easier for humans to detect, especially
with simple geometrical background structures. In our study,
2D MCCs formed in irregular patterns were generated in
random distributions.

Our study objective was to evaluate the detection of chal-
lenging MCCs. Eight different cluster shapes were developed
for this study and each cluster consisted of seven MCs. The
individual MCs had diameters of 150 or 180 �m, although
all MCs in a given cluster were of the same size. The average
area covered by a cluster was less than 1 cm2. To minimize
sampling effects, the MCCs were generated as spheres using
a finer voxel grid �about ten times smaller than the individual
calcification diameters� that was subsequently resampled be-
fore projection. Within the breast phantom, each cluster was
confined to a 2D plane, parallel to the detector plane. The
reason for this was that our observer studies are currently
done by displaying slices of reconstructed images and not the
3D image itself. X-ray attenuation properties of calcium
phosphate �modeling malignant breast calcifications� were
used for the entire energy range of interest.

II.E. Projection data for cases with MCCs

In the mass-detection study, the masses were embedded in
the breast background volume and projections of the whole
volume were generated. To simulate cases with MCCs, how-
ever, separate MCC projections were added to normal-breast
projections. In this section, we describe how the projections
were combined. The breast model was divided into voxels,
with each voxel i represented by its percentage composition
of the adipose tissue �Ci�. Since it is assumed that each voxel
is composed of a mixture of adipose and fibroglandular tis-
sue, a voxel’s percentage composition of adipose tissue is
given as Ci and its percentage composition of fibroglandular
tissue is given as �1−Ci�. If �a�E� and �g�E� represent the
energy-dependent attenuation coefficient of adipose and fib-
roglandular tissue, respectively, then the projection at pixel j
on the detector along a line Lj is given by

pj�E� = exp�− �
i�Lj

�Ci�a�E� + �1 − Ci��g�E��li� , �1�

where li is the length of Lj inside voxel i.
Instead of taking projections for each energy, the equation
above can be simplified to
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pj�E� = exp	− 
��a�E� − �g�E�� �
i�Lj

Cili + �g�E� �
i�Lj

li�� .

�2�

Thus only two energy-independent projections �indicated by
the summations in Eq. �2�� are needed to express the projec-
tion data at any defined energy level.

To simulate the presence of a calcification cluster in the
breast volume, we add the projection of the calcification
cluster from the desired 3D location in the same imaging
configuration. The attenuation values of the calcification
cluster are chosen as the attenuation values of calcium phos-
phate. If Lc represents the length of the line through the
calcification, the equation for the projection through the
breast with superimposed projection of the microcalcifica-
tion�s� is given by

pj�E� = exp	− 
��a�E� − �g�E�� �
i�Lj

Cili + �g�E� �
i�Lj

li

+ �c�E� �
i�Lc

li�� , �3�

where �c�E� is the energy-dependent attenuation coefficient
of calcification.

For an energy range Emin to Emax, the equation for the
total attenuated fluence upon propagation through the breast
is

Ij = �
k=min

k=max

I0�Ek�exp	− 
��a�Ek� − �g�Ek�� �
i�Lj

Cili

+ �g�Ek� �
i�Lj

li + �c�Ek� �
i�Lc

li�� , �4�

where I0�Ek� represents the exposure on the breast for energy
Ek at a given angle. A discretized energy spectrum at 1 keV
interval was used for the simulation.

To model signal and noise propagation through the CsI-
based flat-panel detector, the detector is viewed as a cas-
caded linear system.16,26 The interaction process of x rays in
the flat-panel detector can be considered as a cascade of six
stages:17 Interaction of x rays with the detector material �ab-
sorption�, generation and emission of optical quanta from
x-ray photons, stochastic spreading of the optical quanta to-
wards the detector, coupling of optical quanta, integration of
quanta by photodiodes, and addition of electronic noise.
Thus, this simulation models images with realistic signal and
noise in the detector, as well as blurring effects. The indi-
vidual projections were obtained using the Siddon’s ray trac-
ing method.15

II.F. Image reconstruction

The projections were acquired on a detector with pixel
size of 100 �m. A standard filtered backprojection method28

was used to form the reconstructions with isotropic voxel
size of 200 �m for the case of the mass-detection study. For
the case of the calcification detection study, we reconstructed
the images with isotropic voxel size of 100 �m. An example

of a MC cluster projection in the VD-DBT center projection
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is shown in Fig. 4�a�. Figure 4�b� shows the corresponding
reconstructed slice area from UD-DBT reconstructed with a
pixel size of 100 �m. Slabbing was not performed since the
clusters were confined to single plane and there was no three-
dimensional cluster that needed to be detected. To reduce the
noise in the tomosynthesis image, a post reconstruction fifth-
order 3D Butterworth filter was used. For the images used
for assessing mass detectability �with a reconstruction voxel
size of 200 �m� the cut off frequency used was
0.25 cycles /pixel and for the MC detectability �where the
reconstructions were with a pixel size of 100 �m�, the cut
off frequency was 0.2 cycles /pixel.

II.G. Acquisition methodology and LROC
observer studies

As a guideline, we assumed that the MGD for screening
should not exceed the total dose currently used in two-view
mammography.29,30 Hence, in this study we have used a total
MGD of 4 mGy �for 5 cm thick breast models� to evaluate
the VD-DBT and UD-DBT acquisition techniques. We per-
formed separate LROC observer studies to evaluate MC and
mass detectability. In the first study, we compared MC de-
tectability using the center projection of VD-DBT and a re-
constructed slice from UD-DBT. The second study compared
mass detectability using reconstructed slices from VD-DBT
and UD-DBT.

An LROC analysis was used for comparing the perfor-
mance of the two acquisition techniques. The figure of merit
used to assess performance was the area under the LROC
curve �AL�. Each LROC study consisted of the observer first
reading a set of training images with feedback, followed by
the study images. The observer’s task was to localize the
abnormality within the displayed image and give a confi-
dence rating for each image. An example of the LROC dis-
play that was used for the mass study is shown in Fig. 5.
Four confidence ratings were used; �1� high confidence le-
sion present, �2� low confidence lesion present, �3� low con-
fidence lesion absent, and �4� high confidence lesion absent.
If for a given displayed image, the observer was confident

(b)(a)

FIG. 4. �a� Shows the center projection �pixel-size�100 microns� of VD-
DBT showing the slice with the MC cluster. �b� Shows the corresponding
reconstructed slice �pixel-size�100 microns� of the UD-DBT. The area con-
taining the MC cluster is enclosed in the circle in both the images. Dimen-
sion of each image is 1.5 cm�1.5 cm.
that there was no abnormality present, they were instructed
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to click on an arbitrary location within the image and select
rating 4. If the observer suspected an abnormality at a certain
location, they were instructed to click on the center of the
abnormality and choose one of the three ratings from 1, 2, or
3. Each of the observers read four major sets of images: �1�
The VD-DBT center projection for MC detection, �2� a UD-
DBT reconstructed image for MC detection, �3� a VD-DBT
reconstructed image for mass detection, and �4� a UD-DBT
reconstructed image for mass detection. For the case of the
MC study, the projection image �detector pixel size of
100 �m� from the VD scheme was compared against the
reconstructed slices �resolution of 100 �m� using FBP for
UD-DBT. The display for the images was 9�9 cm2. Edges
of images that exceeded this display window were chopped
off. For the case of the mass study, the reconstructed slices
from VD-DBT were compared to the reconstructed slices
from UD-DBT. Here, the reconstruction voxel size was
200 �m, and the images displayed for the LROC study were
4.5�4.5 cm2.

II.G.1. MC detection study

Projection sets were simulated with inserted MC clusters
in the breast background using both the UD-DBT and VD-
DBT techniques. For UD-DBT, 21 projection views each of
0.19 mGy �i.e., 4 mGy total allotted MGD divided by 21
views� were generated and the 3D reconstructed image was
formed. For VD-DBT, 21 projection views were also simu-
lated; however, for this method, the center projection was
allotted a dose of 2 mGy, and the remaining 20 projection
were allotted 0.1 mGy each �i.e., 2 mGy total allotted MGD
divided by 20 views�.

As previously described, one of the goals of this study is
to evaluate whether MC detection accuracy would be im-
proved by reading the center projection of a VD tomosynthe-
sis acquisition as compared to detecting MCCs from conven-
tional UD-DBT slices. To evaluate this question, 24 training
images and 82 study images were generated for both the
UD-DBT and VD-DBT methods, as described above. Half of

FIG. 5. A typical LROC display that was used in this study. A simulated
mass can be seen in this slice �in the circle�. The image display size was
4.5 cm�4.5 cm and the pixel size is 200 microns.
these study images contained a MCC and half did not. For
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the UD-DBT reconstructed data sets, the center slice bisect-
ing the MCC was used �parallel to the detector�, while for
the VD-DBT study, the center projection image was used.
Observer studies were conducted in a darkened room using a
monitor with a perceptually linearized grayscale.31 Before
conducting each reading session, each observer was required
to undergo training in reading images for the method to be
evaluated. This consisted of reading 24 images prepared for
training, approximately half with MCC present. During this
training session, feedback was provided to the reader after
each selection. Immediately after the training session was
completed, the comparison study was performed. Each ses-
sion consisted of reading 82 images. The observers consisted
of four medical physicists. Observer confidence rating and
the suspected MCC location were recorded for all the images
displayed. Swensson’s method11 was used to fit the data and
obtain the area under the LROC curve.

II.G.2. LROC study for mass detection

Another goal of this study was to investigate the penalty
in detecting masses by reading tomosynthesis slices obtained
using a VD-DBT acquisition versus the UD-DBT method. To
compare these two approaches, two tomosynthesis projection
sets were generated. For UD-DBT, 21 projection views each
of 0.19 mGy �i.e., 4 mGy total allotted MGD divided by 21
views� were generated and 3D reconstruction was performed.
For VD-DBT, 21 projection views were also simulated; how-
ever, for this method, the center projection was allotted
2 mGy, and the remaining 20 projection views were allotted
0.1 mGy each �i.e., 2 mGy total allotted MGD divided by 20
views� and reconstructed images were obtained using this
projection set. In total, 92 reconstructions from each method
were generated, half of which contained a mass of 1 cm,
simulated as described in Sec. II C. Ten of these reconstruc-
tions were used for training, whereas the remaining 82 were
used for the study evaluation. For each 3D reconstruction, a
2D slice was extracted for viewing. For those cases with a
mass present, this slice bisected the center of the mass. Using
this image set, LROC analysis was performed, as described
above. Images were reconstructed with a reconstructed voxel
size of 200 �m.

A two-way analysis of variance �ANOVA� �Ref. 32� study
was performed to estimate the statistical significance of the
differences in techniques and also to estimate the statistical
significance in the performance difference between the three
observers.

II.G.3. LROC statistical power analysis

A post-hoc assessment of the statistical power in our
LROC analyses was also conducted. The Monte Carlo-based
process accounted for observer variability but not case vari-
ability. For a given strategy in an LROC study, the average
and standard deviation of the individual observer perfor-
mances defined a normal distribution on area under the
LROC curve �AL� for a population of observers. A sample
from this distribution is associated with the mean and stan-

dard deviation parameters for the binormal model for LROC
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rating data, as shown in Eqs. �7�–�10� of Ref. 11. An equi-
variance assumption for the binormal model simplified these
calculations. A total of 5000 sets of rating data based on four
observers and 82 images �41 abnormals and 41 normals� per
strategy were created and analyzed for the MC LROC study.
The power analysis was carried out with an assumption of no
correlation between an observer’s scores for the two strate-
gies.

III. RESULTS

LROC study results assessing human-observer perfor-
mance for MC and mass detection were obtained from the
VD-DBT and UD-DBT images. Figure 6 compares the
LROC curves for MC detectability averaged over the four
observers. The curve for the UD-DBT reconstructions with a
100 �m pixel width is seen to be higher than the VD-DBT
curve over most of the x axis. Table I lists the areas under the
LROC curves for these two acquisition techniques for the
four observers. The stated uncertainties are the standard er-
rors reported by Swensson’s LROC fitting software.11 The
average area for the VD-DBT technique was 0.76�0.04,
while the UD-DBT technique had an average area of
0.84�0.01. The uncertainties represent the standard devia-
tion in the observer performance. There is a higher interob-
server agreement for the UD-DBT study in comparison to

FIG. 6. LROC curves �x-axis is the false positive fraction �FPF� and y-axis
is the true positive fraction �TPF� with correct localization� for MC detect-
ability using the central projection of VD-DBT �solid line� and using the
reconstructed slice of UD-DBT �dashed line�.

TABLE I. Comparison of area under the LROC curve for VD-DBT �center
projection� and reconstrcucted slice of UD-DBT for the four observers �MC
detection�.

AL for
UD-DBT

AL for
VD-DBT

Observer 1 0.83�0.06 0.73�0.07
Observer 2 0.84�0.05 0.80�0.06
Observer 3 0.84�0.06 0.72�0.07
Observer 4 0.84�0.04 0.79�0.06
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the VD-DBT study. This could be attributed to the fact that
the center projection from the VD scheme is acquired with
2 mGy dose leading to a noisier projection image in com-
parison to the UD-DBT reconstruction image obtained from
a projection set that received a total of 4 mGy dose. A two-
way ANOVA found statistically significant differences �at a
significance level of 0.05� in performance between the acqui-
sition techniques �p=0.038� but not between pairs of observ-
ers �p=0.49�. However, as indicated by Table I, all four ob-
servers performed slightly better with the UD-DBT images
than with the VD-DBT images.

Figure 7 displays the average LROC curves for the mass-
detectability study, while Table II gives the areas under the
LROC curve and the standard errors. The average areas for
the VD-DBT and UD-DBT techniques were 0.71�0.02 and
0.78�0.08, respectively. The uncertainties here represent the
standard deviation in the observer performance. A two-way
ANOVA did not show a statistically significant difference
between the two techniques �p=0.22� or between any two
observers �p=0.44� at a significance level of 0.05.

Since the statistical significance for MC study was bor-
derline, a statistical power of this significance test was deter-
mined by our post-hoc analysis and was found to be 0.25.
The simulation assumed there was no correlation between an
observer’s scores for the two acquisition techniques. The ac-
tual correlation coefficient for these scores was 0.19 for the
MC study.

FIG. 7. LROC curves �x-axis is the false positive fraction �FPF� and y-axis
is the true positive fraction �TPF� with correct localization� for UD-DBT
�dotted� and VD-DBT �solid� for mass detection study.

TABLE II. Comparison of area under the LROC curve for UD-DBT and
VD-DBT for the 3 observers �mass detection�.

AL for
UD-DBT

AL for
VD-DBT

Observer 1 0.87�0.08 0.72�0.07
Observer 2 0.71�0.07 0.72�0.07
Observer 3 0.77�0.07 0.69�0.07
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IV. DISCUSSION AND FUTURE WORK

The purpose of this investigation was to examine the pos-
sibility of combining digital mammography and breast tomo-
synthesis for breast-cancer detection. Radiologists are trained
to detect both masses and MCs from mammograms and are
thus accustomed to looking at these images. It seems reason-
able to expect that any widespread clinical transition from
mammography to tomosynthesis might take at least as long
as the time required for digital mammography to be accepted
in place of film-screen mammography. An acquisition-and-
detection technique combining the benefits of both mam-
mography and 3D imaging could help to ease this transition
by yielding better cancer detection with lower radiation dose.

The VD-DBT technique is one such candidate. In this
paper we evaluated two key questions: �1� How would MC
detectability compare using the center view of VD-DBT
alone as opposed to using the 3D reconstruction from the
UD-DBT, and �2� would the accuracy of mass detection be
sacrificed using 3D reconstructed images of VD-DBT over
UD-DBT? In both studies, UD-DBT slightly outperformed
VD-DBT. The mass-detection results do not show a statisti-
cally significant difference when using reconstructed slices
from the VD-DBT and UD-DBT techniques. However, the
difference in MC detection between using the center projec-
tion image �with 2 mGy dose� from the VD-DBT projection
set and using a slice from the UD-DBT 3D reconstruction
�100 �m pixel width� generated from a projection set with
4 mGy dose was shown to be statistically significant. For
this study, observers did well with either technique at detect-
ing MCCs with calcifications of 180 �m. The difference in
performance between the two techniques resulted mainly
from detection of the smaller, 150 �m calcifications. It
should be noted that this MC detection study for VD-DBT
did not make use of the slices from the reconstructed image
that was available; the effects of doing so will be evaluated
in a future study. Our study cannot be considered as a direct
comparison of mammography to tomosynthesis itself for MC
detection since the center projection of VD-DBT received
only 2 mGy and the UD-DBT images were obtained from a
projection set that received a total of 4 mGy.

These MC results differ in comparison to our previously
published results.33 We believe that this is primarily due to
two limitations in the previous study which have been ad-
dressed for this paper. In Ref. 33, the individual MCs in
some of the clusters were very close together �less than
100 �m�, causing these clusters to exhibit a brighter-than-
normal overall signal. Also, the tomosynthesis reconstruc-
tions in Ref. 33 were performed using a simple backprojec-
tion method and a voxel size of 200 �m. The current
simulation has more-realistic MCCs and a more-accurate
filtered-backprojection reconstruction method with a voxel
size of 100 �m.

Another approach to cancer detection would be to obtain
the mammogram and tomosynthesis images separately. Pro-
totype DBT systems from Hologic, Inc., now undergoing
clinical testing, acquire both DM and tomosynthesis imagery

in two views �mediolateral oblique �MLO� and cranio-caudal
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�CC��. A downside to this approach is increased dose com-
pared to current mammography standards. For this reason,
dose allocation with the VD-DBT technique should be stud-
ied in more detail, including the possibility of two-view VD-
DBT �i.e., both CC and MLO views�. The impact on the
detection task with change in the dose distribution in the
VD-DBT should be investigated. In the current paper we
have taken the total dose to be 4 mGy �for a standard 5 cm
compressed breast�, which is close to the accepted average
dose for two-view examination in mammography. Here, the
center projection view receives an average dose of 2 mGy
and the remaining 2 mGy is distributed among the remaining
projections. The MGD used in DM is 3.8 mGy for one ex-
amination with an average dose of 1.88 mGy for the CC
view, which is lower than the average dose for MLO views.30

Higher dose does not necessarily mean better detection. With
proper dose allocation, a combined acquisition technique
such as VD-DBT may be sufficient to improve cancer detec-
tion.

In the current study, a dose of 2 mGy was used at the
center VD-DBT projection, which was primarily used for
MC detection. It would be interesting to study the effect of
changing the dose allocated to this central projection. Per-
haps an increase in dose at the central projection while keep-
ing the total dose constant would improve the overall VD-
DBT performances. The effect of total dose in a single
projection �mammogram� for MC and mass detection has
been performed by Ruschin et al.34 Figures of merit from
Ref. 34 and our study cannot be directly compared due to the
differences in study methodologies. However, their study
shows that total dose on the mammogram can affect MC
detectability. In our future studies we plan to evaluate VD-
DBT with various dose distributions and total dose levels.

VD-DBT would provide an easier transition for radiolo-
gists in moving from DM to DBT. In VD-DBT, a center
projection view and a 3D reconstructed image set are both
available. Hence radiologists would be able to use the center
projection view just as they would a mammogram and look
primarily for MCs. The 3D image would be primarily for
mass detection but could also aid MC detection as needed.
Usually in DBT images, slabbing is performed to improve
the visibility of a 3D cluster. However, VD-DBT slabbing
would not be required since MCs would mostly be detected
at the center projection view. Slabbing increases structural
overlap and can adversely affect mass detection, which will
not be an issue in VD-DBT. Another advantage of using a
VD-DBT system is that the existing computer aided diagno-
sis �CAD� tools could be used to assist MC detection at the
center projection. CAD systems for mammograms have
shown to perform better on MCs than on masses.35 In a
UD-DBT system, which relies entirely on the 3D recon-
structed image for MC detection, the possibility of missing
MCs due to blurring and motion artifacts cannot be avoided.
With fast x-ray pulses, motion blur could be reduced. How-
ever patient motion or breathing can also result in blurred
images, resulting in reduced detectability of tiny MCs. Thus

it would be advantageous to have an acquisition technique
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like VD-DBT, which can yield a “mammographylike” pro-
jection image �which will have minimal effects of motion�
along with the 3D reconstructed image.

The simulation study presented here has generated
realistic-looking images; hence the observer study closely
mimics the clinical situation. Nonetheless, many approxima-
tions are made in any simulation study. Although a clinical
trial might provide more information on how these methods
compare, it would be difficult to perform a similar clinical
study without subjecting patients to higher dose.

In some other important respects, the LROC studies pre-
sented in this paper should be viewed as a starting point for
further investigation of VD-DBT. For example, no radiolo-
gists participated in the reading. Furthermore, the study re-
sources were quite limited, with the mass-detection study
there were three observers and for the MC study there were
four observers and eight breast phantoms from which to
draw cases. This is reflected in the low power of our statis-
tical analyses. Given the observer variability tested in our
Monte Carlo power simulations, reasonable power �in the
range of 0.7–0.8� would require actual differences of ap-
proximately 0.2 in AL �roughly 2.5 times the differences
measured in our work� between the UD-DBT and VD-DBT
techniques. These power estimates likely understate the ac-
tual power in our studies because �1� correlations between an
observer’s scores for the two techniques were not accounted
for, and �2� the sample variances in observer AL were inac-
curate estimates of population variance. Nonetheless, future
studies certainly will require larger case sets.

Other study limitations that should be considered for fu-
ture improvements are as follows: �1� Although the VD-DBT
acquisition yielded both a single projection �equivalent to
mammogram� and a 3D image, we have not used the slices
from the 3D image to assist MC detection. �2� The tomosyn-
thesis image display was 2D. The accuracy of mass detection
would likely improve with 3D display of images and MC
detection may suffer if the observer is not presented with the
actual slice that has the calcification. The 3D display of im-
ages is more realistic and better matches a clinical study. �3�
The abnormality locations were chosen randomly, but these
locations should have some basis in the clinical probability
of a lesion being positioned in certain locations of the breast.
�4� The reconstruction method used herein was filtered back-
projection. Future studies will investigate other reconstruc-
tion methods. �5� The 3D Butterworth filtering applied the
same cutoff frequency for VD-DBT and UD-DBT in the
mass-detection study. However, since the average dose per
projection was lower in VD-DBT �leading to the possibility
of higher noise�, a higher cutoff frequency might have been
more appropriate; �6� the simulation model does not include
motion artifacts that can degrade MC detectability in 3D
UD-DBT images. Thus the results presented here represent
the best case scenario for MC detectability in UD-DBT. Ad-
ditionally, scattered x rays within the breast were not mod-
eled, but since this was the case for both VD-DBT and UD-
DBT, it might be expected that the addition of in-body

scatter would not alter the relative differences between them.
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V. CONCLUSION

This work has presented a preliminary investigation of the
VD-DBT and UD-DBT acquisition techniques based on
human-observer studies of MC and mass detection. In this
study where we compared the center projection image from a
VD scheme vs the slices of the 3D reconstructed image from
a UD-DBT for MC detection, the UD-DBT yields statisti-
cally significant �p=0.038� higher performance. For mass
detection where the reconstructed images from both the
schemes were compared, all the observers performed better
using UD-DBT although the difference was not statistically
significant �p=0.22�. Future studies comparing these tech-
niques will investigate different dose distributions for VD-
DBT and also make use of 3D image displays. Our study
cannot be considered as a direct comparison of mammogra-
phy to tomosynthesis itself for MC detection since the center
projection of VD-DBT received only 2 mGy and the UD-
DBT images were obtained from a projection set that re-
ceived a total of 4 mGy.
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