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ABSTRACT 

Digital tomosynthesis mammography algorithms allow reconstructions of arbitrary planes in the breast from limited-
angle series of projection images as the x-ray source moves along an arc above the breast. Though several 
tomosynthesis algorithms have been proposed, no complete comparison of the methods has previously been 
conducted. This paper presents an analysis of impulse response for four different tomosynthesis mammography 
reconstruction algorithms. Simulated impulses at different 3-D locations were simulated to investigate the sharpness 
of reconstructed in-plane structures and to see how effective each algorithm is at removing out-of-plane blur. 
Datasets with 41, 21 and 11 projection images of the impulse were generated with a total angular movement of +/- 
10 degrees of the simulated x-ray point source. Four algorithms, including shift-and-add method, Niklason 
algorithm, filtered back projection (FBP), and matrix inversion tomosynthesis (MITS) are investigated. Compared 
with shift-and-add algorithm and Niklason method, MITS and FBP performed better for in-plane response and out-
of-plane blur removal. MITS showed better out-of-plane blur removal in general. MITS and FBP performed better 
when projection numbers increase.  
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1. INTRODUCTION 
 

Compared with standard mammography techniques, tomosynthesis imaging methods improve conspicuity of 
structures by removing the visual clutter associated with overlying anatomy [1,2,3]. The advent of digital x-ray 
acquisition technology makes it possible to acquire a series of low-dose projection images from different locations 
of x-ray source to provide the depth information for tomosynthesis reconstruction.  
 
As early as 1932, Ziedses des Plantes led the pioneering effort in convention linear tomography [4]. Forty years later, 
Grant developed conventional shift-and-add tomosynthesis to reconstruct planes through the subject [5]. Niklason 
and colleagues modified the shift-and-add technique for mammography to investigate a tomosynthesis method with 
the x-ray tube moved in an arc above the stationary breast and detector [2]. Wu et al. applied the maximum likelihood 
iterative algorithm (MLEM) to reconstruct the distribution of x-ray attenuation in the breast [3]. Filtered back 
projection (FBP) algorithms are used widely in computed tomography (CT). Stevens et al. [6], Lauritsch et al. [7], and 
Matsuo et al. [8] investigated inverse filter techniques for tomosynthesis reconstructions. Matrix inversion 
tomosynthesis (MITS) technique uses linear algebra to enable high-speed reconstruction of arbitrary planes using a 
deblurring algorithm to solve for the blurring function in each reconstructed plane. MITS has been investigated in 
tomography of the lung [9] and arthritis assessment [10].   
Though several tomosynthesis algorithms have been proposed and investigated, no complete theoretical comparison 
of all available methods has been conducted as of yet.  A review of digital tomosynthesis was given by Dobbins et 
al. [13] Wu et al. recently published an initial comparison of the shift-and-add technique, Feldkamp [11] filtered back 
projection (FBP) algorithm, and MLEM algorithm for breast tomosynthesis [12].  

 
This paper represents an effort at such a quantitative comparison and presents an analysis of impulse response for 
four different tomosynthesis mammography reconstruction algorithms, including shift-and-add method (SAA), 
Niklason algorithm (NIKL), filtered back projection (FBP), and matrix inverse tomosynthesis (MITS). Initial efforts 
are also underway in our laboratory to evaluate the Maximum likelihood expectation maximization (MLEM) 
method, but the non-linear characteristics of MLEM iterative methods require more sophisticated task-based 
methods of comparison; therefore, MLEM will not be compared with above four linear methods here in this paper.  
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Simulated impulses at different 3-D locations were used to investigate the sharpness of reconstructed in-plane 
structures and to see how effective each algorithm is at removing out-of-plane blur. Datasets with 41, 21 and 11 
projection images of the impulse were generated with a total angular movement of +/- 10 degrees of the simulated x-
ray point source. The above four algorithms for breast tomosynthesis were studied and their performances were 
compared.  
 

2. METHODS 
 

A. Breast tomosynthesis system 
Parameters similar to a full-field digital mammographic system with pixel resolution of 70 µm (selenium-based 
direct conversion Siemens Mammomat Novation prototype system) were used for geometries of the simulation. 
Figure 1 shows the tomosynthesis breast imaging system.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In this tomosynthesis method, the system can acquire a limited number of projection images (up to 49 views) with 
the x-ray tube moving automatically in an arc above the stationary digital detector. The angular movement has a 
maximum range of +/- 250 and the arm rotation axis is 60 mm above the detector surface. The distance from the 
detector to the surface plate is 17.1 mm. The compression paddle is used to keep objects still during the 
tomosynthesis procedure.  

 
B. Impulse simulation 
Impulses at different 3-D locations were simulated to investigate the sharpness of reconstructed in-plane structures 
and to see how effective each algorithm is for removing out-of-plane blur artifacts. The slice thickness of 
reconstruction planes from different algorithms is fixed as 1 mm.   
 
Four groups of impulses were simulated: 1) impulse that is exactly underneath the x-ray source (near the chest wall) 
and in a defined reconstructed plane (20 mm above the surface plate); 2) impulse that is exactly underneath the x-ray 
source (near the chest wall) and halfway between reconstructed planes (20.5 mm above the surface plate); 3) 
impulse that is approximately 4 cm away from the chest wall and in a defined reconstructed plane (20 mm above the 
surface plate); 4) impulse that is approximately 4 cm away from the chest wall and halfway between reconstructed 
planes (20.5 mm above the surface plate).  
 

Figure 1. Tomosynthesis Mammography Imaging System 
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Datasets with 41, 21 and 11 projection images of the impulses were generated with a total angular movement of +/- 
10 degrees of the simulated x-ray point source. Planes were reconstructed at 1mm intervals. A 10*1024 region 
containing the impulse was extracted from each simulated projection image. Four different algorithms were then 
implemented with simulated projection images to generate reconstruction slices. The impulse response in the spatial 
domain was analyzed for evaluation. 
 
C. Reconstruction algorithms 
Four algorithms including shift-and-add method (SAA), Niklason algorithm (NIKL), filtered back projection (FBP), 
and matrix inversion tomosynthesis (MITS) were studied and compared.  
1) Shift-and-add (SAA) algorithm 
When the X-ray tube moves, objects at different heights above the detector will be projected onto the detector at 
positions depending on the relative height of the objects. If the detector remains stationary and the tube moves in a 
plane that is parallel to the detector plane, the magnification of objects depends only on the height of the object. The 
SAA algorithm shifts and adds projection images acquired during the tube’s movement to line up and focus 
structures in a certain plane for reconstruction [1]. However, for our breast tomosynthesis system, the tube is moved 
in an isocentric motion in an arc above the stationary digital detector. The plane of the tube movement is not parallel 
to the detector plane. Under this condition, the projected positions on the detector from central points of each plane 
were used to calculate the relative shift amount in order to line up the in-focus structures. Then the shifted planes 
were added together to emphasize the in focus plane and blur out structures in other planes.  
  
In figure 2, plane i is the reconstruction plane passing through the breast. Pi is the projected position of the middle 
point of this plane. z is the plane height above the detector. Point O is the axis of rotation of the x-ray tube arm. In 
order to make the plane i in focus, the necessary shift amount for the projection image from angle θ is: 
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 Figure 2. Shift-and-add (SAA) breast tomosynthesis algorithm 
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2) Niklason algorithm 
Niklason and colleagues modified the shift-and-add technique for mammography to further address the partial 
isocentric geometry. [2] Compared with the above shift-add-add algorithm, the projection positions on the detector 
were adjusted according to the isocentric motion geometry first, then the shift amount for each projection image was 
calculated based on that adjusted ‘shrunk’ image.  Figure 3 shows the principle of the Niklason algorithm.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In figure 3, point A is in the plane that passes through the breast. Pi is the real projected position of point A from 
angle θ. If one assumes the tube moves in a line that is parallel to the detector plane, the projected position on the 
detector will be changed to be Pi’.  
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where L is length of the rotation arm, R is the height of the rotation axis from the detector. According to formula (3), 
which is similar to the calculation of Niklason [2], one can use the original Pi to calculate the point A’s position p, 
then ‘shrink’ it to Pi’ to satisfy the parallel motion assumption.  
 

The new shift amount for each plane will be: ')( ik Pzshift = . Then the shifted planes are added together for 

reconstruction. 
 
3) MITS algorithm  
Matrix Inversion Tomosynthesis (MITS) technique uses linear algebra to enable high-speed reconstruction of 
arbitrary planes. The conventional shift-and-add tomosynthesis of n reconstructed planes can be represented as the 
convolution of the actual structure si in the plane i and the blurring function fij due to the structures in plane j.  

z 

Figure 3. Niklason (NIKL) breast tomosynthesis algorithm 
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In Fourier frequency space, the convolution can be expressed as (5), which can also be written as: SMT ⋅= , 
where M is the matrix of the Fourier Transform of blurring functions, and S is the matrix of Fourier Transform of the 

real structures. Thus, one has )( 11 TMFTs ⋅= −− . Based on the SAA algorithm and the matrix of blurring 
functions, one can acquire the real structures by MITS reconstruction.  

 
4) FBP algorithm 
Filtered back projection (FBP) algorithms are used widely in computed tomography (CT). For tomosynthesis 
reconstruction, based on the central slice theorem, a parallel projection samples the object on a plane perpendicular 
to the projection plane. In frequency space, the main limitation of the tomosynthesis reconstruction is the incomplete 
sampling. In this paper, the inverse filter was designed based on the sampling density, which is calculated as the 
inverse of the shortest distance from a sampled point in Fourier space to sampled points from another view. The 
algorithm is: 1) Fourier transform the original projection images into frequency space. 2) Multiply the inverse 
sampling density filter. 3) Apply a hamming window. 3) Shift-and-add the filtered projection in spatial space for 
reconstruction.  
 
In order to reduce the high frequency noise, a FBP algorithm with a hamming window was analyzed in this paper. 

The hamming window we used is: )
2
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. Here i is the individual frequency bin in the 

total points of N in frequency space. 
 

 
3. RESULTS AND DISCUSSION 

 
Forty-one, twenty-one and eleven projection images were used for the 4 methods. In figures 4 and 6, the impulses 
are located in a defined reconstructed plane at a distance Z above the detector. The locations Z-1mm and Z+1mm 
are planes that are 1mm lower and 1mm higher than the Z plane. In figures 5, 7, and 8, the impulses are located 
halfway between two neighboring planes, which are represented by Z-0.5mm and Z+0.5mm. The Z-1.5mm and 
Z+1.5mm locations are planes that are 1.5mm lower and 1.5mm higher than the location of the impulse. In all 
graphs, the x axis is the pixel location in the column containing the impulse, and the y axis is the normalized 
amplitude of the response. Along the x axis, only a 40-pixel region close to the impulse was shown for clarity. For 
the impulse that is about 4cm away from the chest wall, the amplitude of any impulse projection was shared by 
neighboring 4 pixels in 2 columns. Here we only show one representative column because of the limited space in 
this paper. 
 
Figures 4,5,6,and 7 show the comparison of four algorithms with different simulated impulse locations for the case 
of 11 projection images. SAA and NIKL performed in similar ways for all cases. Compared with them, MITS and 
FBP performed better at removing the out-of-plane structures.  In general, MITS performed best at removral of out-
of-plane blur. Edge enhancement effects existed in both MITS and FBP. High frequency oscillation is noticeable in 
MITS reconstruction planes using only 11 projection images. However, when the number of projection images 
increase to be 21 and 41, the noise will be reduced greatly as shown in figure 8.   

 
In this paper, optimization of the number of projection iamges was also investigated for four algorithms: SAA, 
NIKL, MITS, and FBP. Because of the limitation of space, in this paper we only show the one case of out-of-plane 
impulse near the chest wall. There was no substantial difference for 11, 21 and 41 projection numbers with CONV 
and NIKL. MITS preformed much better when projection numbers increased. In figure 8(c), MITS with a larger 
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number of projection images clearly reduced more high frequency oscillation, and provided clearer structure. FBP 
preformed slightly better in out-of-plane structure removal at the larger number of projection images. This was due 
to better sampling in frequency space.  
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          Figure 4. In-plane impulse response near chest 
wall 
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Figure 5. Out-of-plane impulse response near chest wall 
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