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ABSTRACT 

 
A prototype breast tomosynthesis system**  has been developed, allowing a total angular view of ±25o. The detector used 
in this system is an amorphous selenium direct-conversion digital flat-panel detector suitable for digital tomosynthesis. 
The system is equipped with various readout sequences to allow the investigation of different tomosynthetic data 
acquisition modes.  In this paper, we will present basic physical properties – such as MTF , NPS, and DQE  – measured 
for the full resolution mode and a binned readout mode of the detector. From the measured projections, slices are 
reconstructed employing a special version of filtered backprojection algorithm.  In a phantom study, we compare binned 
and full resolution acquisition modes with respect to image quality. Under the condition of same dose, we investigate the 
impact of the number of views on artifacts. Finally, we show tomosynthesis images reconstructed from first clinical data.  
 
Keywords: Tomosynthesis, digital mammography, flat panel detector, selenium detector, filtered backprojection, 
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1. INTRODUCTION 
 
Full-field digital mammography (FFDM) offers many advantages over film/screen mammography. Although most 
commercial FFDM systems have shown to have superior image quality over their analog counterparts – as measured 
through detective quantum efficiency (DQE) – large scale clinical trials have failed to demonstrate the expected 
improved diagnostic efficiency1,2.  The main reason for the diagnostic’s impairment of conventional mammography 
(both film/screen and FFDM) is the fact that the 3-D anatomical information is projected into a 2-D image plane.  
Therefore, anatomical structures that overlap the tumors – and not inherent signal-to-noise ratio of the image – limit the 
radiologist’s ability to detect certain cancers.  Digital tomosynthesis for mammography has shown promise to overcome 
this limitation of conventional mammography by acquiring several views of the breast from different angles and 
reconstructing the image into a 3-D volume set.   
 
In 1972, Grant3 described a type of geometric tomography called tomosynthesis, which uses a conventional x-ray source 
and a digital detector to produce a virtually unlimited number of tomographic images at arbitrary depths in the patient. 
Tomosynthesis has recently enjoyed a resurgence due to several key technological developments4  including flat-panel 
detectors capable of producing high-speed, high-quality digital images, as well as reconstruction and post-processing 
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algorithms which reduce the blur from out-of-plane structures, thereby rendering section images of much higher quality. 
Successful reconstruction and post-processing algorithms have included filtered backprojection and traditional shift-and-
add reconstruction coupled with matrix inversion or constrained iterative restoration deblurring methods. 
 
Breast tomosynthesis promises to improve the detection and characterization of lesions by removing overlapping dense 
fibroglandular tissue. The goal is to provide 3-D information at high resolution and comparable dose to mammography. 
Recent published work in breast tomosynthesis utilized prototypes based on commercial FFDM systems.  
 
Niklason et al.5 reported a modified shift-and-add tomosynthesis method, evaluated mastectomy sample images, and 
noted three potential benefits of tomosynthesis: (1) improve detection of lesions at screening compared to conventional 
mammography, particularly in dense breasts; (2) use for problem solving during diagnostic workup, since a lesion may 
be better observed (e.g., the lesion margins); (3) improve understanding of the 3-D relationship between a noted mass 
and calcifications. 
 
Suryanarayanan et al.6,7 evaluated various deblurring algorithms for improving breast tomosynthesis and carried out a 
contrast-detail study with a phantom layer sandwiched between background objects .  
 
Wu et al.8 evaluated tomosynthesis in both phantom and human subject data, using a maximum-likelihood expectation-
maximization (MLEM) iterative reconstruction algorithm. Evaluations with mastectomy samples and human subjects 
were performed on a clinical tomosynthesis prototype with up to 11 projection images acquired over an angular range of 
40-50°. More recently, Wu et al.9 also presented a comparison of different reconstruction algorithms. It should be noted 
that this work was constrained to the acquisition configuration of 11 projections over a 50˚ angular range. 
 
In this paper, we will present a prototype breast tomosynthesis system based on a modified full-field digital 
mammography device and an amorphous selenium detector suited for fast readout.  The goal of this prototype 
tomosynthesis system is to serve as a R&D tool to gain experimental insight into the tradeoffs between acquisition 
speeds, reconstruction algorithms, number of views, angular span for x-ray tube, x-ray spectrum, and many other 
parameters which affect tomosynthesis image quality, and patient glandular dose.   
 
 

2. METHODS AND MATERIALS 

2.1 System and detector description 
A Siemens NovationDR™ x-ray generator was modified to allow for an x-ray tube motion to cover an arc of ±25o relative 
to the pivoting point that is 6 cm above the detector surface.  Hardware and software modifications were also made to the 
machine to allow multiple x-ray pulses to be generated during a single x-ray exposure sequence, and synchronize the x-
ray pulses with the detector read/integrate cycle and x-ray tube motion.  In order to get rid of mechanical instabilities as 
much as possible, a mode with continous tube motion was selected instead of a “step and shoot” mode which might 
induce vibrations. The integrated tomosynthesis system is shown in Figure 1(c) . 
 
The detector used in this prototype tomosynthesis system is a direct converter amorphous selenium flat-panel detector.  
The array dimensions are 2816x3584, with a pixel pitch of 85 µm, which translates to an active area of 23.9cm x 30.5cm.  
The electronic gain and read time of the detector were optimized for tomosynthesis imaging.  A photograph of the x-ray 
detector is shown in Figure 1(a) and (b).   
 
Various image acquisition modes were designed into the system to facilitate different research objectives.  From the 
perspective of the detector, there are essentially two modes of operation – namely full resolution and binning.  In full 
resolution mode, the time required to read the panel is 0.6 seconds, and a programmable integration period, nominally 
0.2 seconds, is used to integrate the charge on the plate.  This leads to a total cycle time of 0.8 seconds, as shown in 
Figure 2(a).  In the binning mode, a 1x2 pixel binning has been implemented inside the detector, where the binning 
direction is in the same direction as the tube motion during the scanning process, which also correspond to the same 
orientation as the data lines on the detector.  In this mode, the read time for the plate has been reduced to 0.3 seconds, 
and a similar integration window of 0.2 seconds is also used as shown in Figure 2(b).  From these two basic detector 
modes, several different image acquisition strategies have been defined, which vary in scan time and total number of 
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frames.  For example, to almost completely eliminate focal spot blur, a very slow scan time of  39 seconds is used to 
acquire 49 different views spanning the entire ±250.  In order to investigate the effects of image lag,  modes where 
intermediate dark frames are acquired and combined in a recursive manner to reduce lag10 have been implemented, as 
shown in Figure 2(c).  Other acquisition modes which have been defined include 25 views in full resolution mode with a 
scan time of 20 seconds, and 25 views in binning mode with a scan time of 12.5 seconds.  Table 1 summarizes the 
different acquisition modes implemented in the current prototype system.  
 

 
 
Figure 1:  (a) Top view and (b) bottom view of amorphous selenium detector.  (c) Photograph of prototype tomosynthesis system. 
 
Table 1:  Summary of different image acquisition modes implemented in prototype system. 
 

Number of views Scan time/s Acquisition mode Lag correction 
49 39.2 Full resolution No  
25 40.0 Full resolution Yes 
19 15.2 Full resolution No  
15 24.0 Full resolution Yes 
11 17.6 Full resolution Yes 
25 20.0 Full resolution No  
25 12.5 1x2 binning No  
25 25.0 1x2 binning Yes 

 

2.2 Data acquisition 
In this paper we report on data taken from a phantom and from human subjects. The phantom was a sponge with three 
inserted beans and a group of microcalcifictions taken from an ACR phantom (RMI 156). The whole sponge was put into 
a plastic bag filled with water. The next phase of this project was to take projection data from mastectomy specimen with 
the goal to set up the system with respect to dose and acquisition parameters. In this paper we will skip those images. 
Finally, the first clinical patient data could be acquired. 
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For the purpose of geometry calibration the system provides angular information for each projection. From these data, 
the focal position of each single view is determined under the assumption that the focal spot moves on a circular path  
around the pivoting point (iso-center) in the plane perpendicular to the detector and intersecting the detector plane at the 
chest wall side. The appropriate accuracy of this geometric model was validated imaging a plexiglass phantom with 
metal balls inserted.  
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0.2sec 0.3sec

0.2sec 0.3sec

X X X X X X

X X X X X X X X X X

X X X X XB0 B0 B0 B0 B0
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Figure 2:  Various detector acquisition modes implemented in prototype tomosynthesis system. (a) Full resolution, (b) 1x2 pixel 
binning, and (c) 1x2 pixel binning with intermediate offset acquisition for recursive lag correction. The symbol X denotes the readout 
phase for the x-ray image. B0 is the symbol for the indermediate offset readout in (c). 
 

2.3 Tomosynthesis image reconstruction 
In this collaboration we investigate several different reconstruction methods. In this paper, however, we will focus on a 
reconstruction method based on filtered backprojection (FBP). The reconstruction approach described here allows a 
systematic filter design, an optimized image quality specific to the application, an easy adjustment of slice thickness, and 
strategies for reducing artifacts due to incomplete sampling of tomosynthesis. 
 
For the image results presented here, we reformulate the reconstruction method described in ref. 11 for 2-D circular 
sampling in x- and y-coordinates (circular tomosynthesis). Adaptation to mammographic sampling yields - in parallel 
beam approximation - a linear sampling path, e.g. in y-orientation. The parallel-beam approximation is appropriate for 
filter design since the associated inaccuracies are small compared to the effects of inherently incomplete tomosynthetic 
sampling. Then it can be shown that an appropriate filter function in Fourier space can be chosen as 
 
Hfilter (ωy, ωz) = Hspectrum(ωy) ⋅ Hprofile(ωz) ⋅ Hinverse(ωy, ωz),                                                                                                 (1) 
 
where Hinverse inverts the modulation transfer function Hprojection of the projection–backprojection process in the frequency 
region accessible by tomosynthis. For approximately equiangular sampling and small tomosynthetic (half) angle α, 
Hprojection is given by 
 

( )
y

zyprojection
 2

1
,H

ωα
=ωω                 (2) 
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For the spectral filtering Hspectrum we chose a von Hann (‘Hanning’) window 
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with parameter A to regularize noise. In the examples shown in this paper, we omit the ‘slice thickness’ filter11 
Hprofile(ωz) completely. Thus, the filtering applied here can be characterized as a ramp filter modified by the von Hann 
window. In general, this method is very flexible with regard to image quality and can be adjusted to the imaging task. 
 
For the backprojection step in FBP reconstruction it is of essence to correctly take into account the geometry of data 
acquisition. This is accomplished in our backprojection algorithm by employing projection matrices for each view12,13. 
The projection matrices can be determined by calibrating the system with the help of a marker phantom as described in 
section 2.2.                                                                      
 
 

3. RESULTS AND DISCUSSION 

3.1 Physical detector characterization 
The physical characteristics of the detector were measured using a W/Rh x-ray spectrum filtered by 4 cm PMMA placed 
near the x-ray tube that was positioned at 0o and not moving during the data acquisition.  The x-ray beam quality and 
intensity were measured by suspending the ion chamber from a calibrated Keithley 3505A x-ray dosimeter 76mm above 
the surface of the detector.  The HVL of the spectrum was evaluated to be 0.795mm Al, which according to tables 
published by Boone14, yields an x-ray fluence of 57800 photons/mm2/mR.  Using inverse square law relationships, the 
actual number of photons at the selenium surface was then determined from the aforementioned fluence and 
measurement of the exposure value for each exposure time.  

                                                    
 

 
 
 

 
 
 
 
 

 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 

                                  (a)                                                                                          (b) 
 
Figure 3: Plot of (a) signal conversion efficiency and (b) measured SNR as a function of detector entrance exposure for both binning 
and full resolution modes. 
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Flat-field images were acquired in both binning and non-binning modes using various exposure times to measure the 
characteristic response of the detector.  A single frame was acquired for each exposure time, and sufficient time was 
allowed between each exposure to ensure that detector lag did not influence the result.  
 
Figure 3(a) shows the characteristic curves for both binning and non-binning modes.  The gain of the detector in binning 
mode is almost twice as large as in the full resolution mode since two pixels are read at the same time in that particular 
mode, and hence twice as much charge is measured by the electronics.  From these flat-field measurements, the signal-
to-noise properties were extracted by using a 200x200 region of interest, and the results are shown in Figure 3(b).  The 
dotted line shows the theoretical curve one would expect if the image quality was completely quantum-noise limited.  As 
can be seen from the measured data points in Figure 3(b), the electronic noise of the detector in both binning and full 
resolution modes is almost completely negligible over the exposure range investigated, which was 0.26 mR to 6.5 mR.  
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

(a) (b) 
 
Figure 4:  MTF characteristics for horizontal and vertical directions for (a) full resolution mode and (b) binning mode 
 
 
The resolution of the detector was determined using a slightly angulated 10µm wide slit phantom (Nuclear Associates 
07-624-1000) as described in the literature15.  Since the resolution is anisotropic in the binning mode, the MTF was 
measured in both the horizontal and vertical directions.  Ten images of the slit camera were acquired, and then averaged 
together to reduce the influence of electronic and quantum noise.  Figure 4 (a) and (b) shows the resulting MTF in the 
full resolution mode and binning modes respectively. 
 
The detective quantum efficiency (DQE) was then derived from the flat-field images and the measurement of the 
detector MTF.  From each flat-field image, an ROI of 768x1024 was extracted near the location where the exposure was 
measured, and this ROI was subdivided into 3x4 256x256 regions.  The normalized noise power spectrum (NNPS) for 
each sub-region was then derived by taking the square of the modulus of the Fourier transform of each sub ROI, and the 
resulting 12 NNSP’s were then averaged together to produce the 2-D NNPS.  1-D NNPS curves were then extracted 
from the 2-D NNPS by taking a slice which is 16x256 for NNPSy, and a slice which is 256x16 for NNPSx.  The resulting 
1-D NNPS curves were then combined with the fluence measurements and the measurements of the corresponding 
MTF’s to produce the resulting DQE curves, which are shown in Figure 5 for the full resolution mode, and Figure 6 for 
the binning mode.   
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(a) (b) 
 
Figure 5: DQE(f) curves for various entrance exposures for full resolution mode. (a) vertical and (b) horizontal directions. 
 
 

(a) (b) 
 
Figure 6: DQE curves for various entrance exposures for 1x2 binning mode. (a) vertical (binned) and (b) horizontal (non-binned) 
directions. 
 
Despite the presence of some correlated noise in the low dose DQE measurements in the full resolution data, the relative 
shape and dose dependence of the DQE curves is approximately the same in both directions.  This is due mainly to the 
essentially isotropic MTF’s as a result of the square pixel aperature.  By comparison, the data from the 1x2 binning mode 
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shows an improved dose performance in both directions, and maintains the high MTF in the non binned direction at the 
expense of resolution in the binned direction.  Since perceived image quality is due to a tradeoff between resolution and 
noise, binning in an anisotropic manner as this gives the perception of improved image quality since the overall 
electronic noise is reduced, and only a modest reduction in resolution is noticed since it is only degraded in one direction. 
 

3.2 Tomosynthesis reconstruction 

3.2.1 Phantom images 
First, we want to investigate the influence of the data acquisition mode on image quality. The comparison between 
different modes is done by visual assessment of artifacts, spatial resolution, and noise. Also the reconstruction filter 
parameters were kept constant after some initial experiments. The parameter A for the Hanning window was chosen 0.25 
for the full resolution mode with a detector pixel size of 0.085 mm. This parameter was set to 0.5 for the binned mode, 
both for hardware and for software binning. In all cases discussed in the following, the slice distance is 1 mm with an in-
plane grid mesh for the reconstruction of 0.17 mm in both directions. Thus the voxel size for the voxel driven 
backprojection is 0.17mm x 0.17mm x 1 mm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Reconstructed slice of the sponge phantom, (a) overview, (b) subsection containing a microcalcification structure from 
binned projection data, (c) from unbinned projection data. 
 
 
 
 
 

(b)

(c) (a) 
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Figure 8: Reconstructed slice of the sponge phantom, (a) 13 projections (79 mAs), (b) 25 projections (79mAs), (c) 25 projections (156 
mAs), and (d) 49 projections (156 mAs).   
 
 
For the sponge phantom a W/Rh spectrum with 28kV and 80 mAs was chosen, which corresponds to the same x-ray 
technique deduced by phototiming the object on a conventional film/screen system. Figure 7 shows slice z = 24 mm 
(above the object support) of the sponge phantom with the microcalcification structure. In Figure 7(a) the complete slice 
can be seen whereas in Figure 7(b) a subsection of this slice is displayed reconstructed from the data taken in binning 
mode. The corresponding subsection (slightly shifted) is shown in Figure 7(c) for the unbinned projection data.  The 
acuity of the microcalcifications appears to be the same. However, in the images reconstructed from the binned data 
noise seems to be reduced. In the sequel, we therefore use only binned data for reconstruction.   
 
To study the influence of the number of views on image quality and artifacts, we performed a series of experiments with 
varying number of projections. In Figure 8 it is demonstrated that for 25 or more views the artifacts are largely reduced 
that can be seen for the case of 13 views. The data sets for Figures 8(a) and (b) and for Figures 8(c) and (d) were 
acquired with the same dose, respectively.  Therefore, the differences and artifacts seen are solely due to the limited 
number of views. Note that the slice shown in Figure 8 is 3 mm above that shown in Fig. 7 and, therefore, a different 
microcalcification can be seen, but not the two of Figure 7. 
 
 

(a) (b) 

(c) (d) 
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3.2.2 Clinical images 
Human subjects were recruited from among cases already scheduled to undergo biopsy, and informed consent was 
acquired in accordance with IRB approved protocols. One of the scans acquired at Duke Medical Center is shown in  
Figure 9.  The human subject with compressed breast thickness of  6 cm underwent tomosynthesis scans on each breast 
in MLO position. The anode/filter combination was W/Rh with 28kVp. According to the experimental exposure tables 
for the FFDM system with the same tube, 133.4 mAs were applied in total for 49 projections.  Figure 9 (left) displays a 
slice through the middle section of the compressed breast, where clearly the ducts and other fine structure are visible. 
Most prominent is a new invasive ductal carcinoma with some lobular component in this patient who had a biopsy 25 
years ago16. In Figure 9 (right) a slice close to the upper surface of the breast is shown depicting the blood vessels.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Reconstructed slices of a patient data set in MLO projections, (left) slice at z = 21 mm above patient table, (right) slice close 
to the surface of the breast∗ .  
 

                                                        
∗  WIP images are works in progress and are not commercially available in the U.S. 
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4. CONCLUSION 
 
We developed a research system for breast tomosynthesis based on an amorphous selenium direct detector with fast 
readout and low lag10. The detector is designed for high DQE to enable operation at very low exposures. This low-noise 
feature of the detector is particularly important if one wants to split the total exposure to many single projections for 
tomosynthesis reconstruction. The tungsten x-ray spectrum provided by the system helps further reducing  the dose of a 
tomosynthesis scan. 
 
We measured the physical image quality of the detector in binned and unbinned readout mode. The binned mode profits 
from improved noise performance. With phantom studies we showed that in the binned readout of the detector the frame 
rate could be increased to 2 frames per second, thus leading to an acceptable scan and compression time for the patient. 
We further demonstrated the improvement of  image quality by employing more projections than previously used for 
breast tomosynthesis. With a number of projections of 25 and more, the streak-like limited-number-of-view artifacts can 
be largely reduced.  First patient images promise the high potential of this breast tomosynthesis system. 
 
For future work we plan to thoroughly study the parameters relevant for tomosynthesis data acquisition and 
reconstruction. Among these are the number of views required and the angular range of the scan. The detector properties 
such as lag and ghosting for the different readout schemes have to be investigated.  Eventually,  pre- and postprocessing 
of the data, and the image reconstruction have to be optimized.  
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