
 

 

Optimizing the Acquisition Geometry for 

Digital Breast Tomosynthesis Using the Defrise Phantom 
 

Raymond J. Acciavatti, Alice Chang, Laura Woodbridge, and Andrew D. A. Maidment 

University of Pennsylvania, Department of Radiology, 3400 Spruce St., Philadelphia PA 19104 

E-mail: Raymond.Acciavatti@uphs.upenn.edu, calic@seas.upenn.edu, 

wolau@seas.upenn.edu, Andrew.Maidment@uphs.upenn.edu 
 

 

ABSTRACT 
 

In cone beam computed tomography (CT), it is common practice to use the Defrise phantom for image quality 

assessment.  The phantom consists of a stack of plastic plates with low frequency spacing.  Because the x-ray beam may 

traverse multiple plates, the spacing between plates can appear blurry in the reconstruction, and hence modulation 

provides a measure of image quality.  This study considers the potential merit of using the Defrise phantom in digital 

breast tomosynthesis (DBT), a modality with a smaller projection range than CT.  To this end, a Defrise phantom was 

constructed and subsequently imaged with a commercial DBT system.  It was demonstrated that modulation is dependent 

on position and orientation in the reconstruction.  Modulation is preserved over a broad range of positions along the chest 

wall if the input frequency is oriented in the tube travel direction.  By contrast, modulation is degraded with increasing 

distance from the chest wall if the input frequency is oriented in the posteroanterior (PA) direction.  A theoretical 

framework was then developed to model these results.  Reconstructions were calculated in an acquisition geometry 

designed to improve modulation.  Unlike current geometries in which the x-ray tube motion is restricted to the plane of 

the chest wall, we consider a geometry with an additional component of tube motion along the PA direction.  In 

simulations, it is shown that the newly proposed geometry improves modulation at positions distal to the chest wall.  In 

conclusion, this study demonstrates that the Defrise phantom is a tool for optimizing DBT systems. 

 

Keywords: Defrise phantom, image quality, modulation, digital breast tomosynthesis (DBT), reconstruction, anisotropy, 

analytical modeling, optimization. 

1. INTRODUCTION 
 

It is common practice to use the Defrise phantom for assessing image quality in cone beam computed tomography (CT).  

One application of the Defrise phantom is comparing the benefits of various reconstruction algorithms in CT.
1
  In this 

study, we consider the potential merit of using the Defrise phantom in digital breast tomosynthesis (DBT), which 

acquires projection images over a smaller angular range than CT. 

We have experimentally analyzed a Defrise phantom using a commercial DBT system (Selenia Dimensions, Hologic 

Inc., Bedford, MA).  The phantom was built using a laser cutter to create 10 plastic rectangular plates (15.0 cm × 5.0 cm 

× 0.29 cm) with a constant air gap (0.29 cm).  The phantom was placed at various positions along the chest wall side of 

the DBT system, with the plastic-air spacings oriented along the tube travel direction.  Images were acquired at 33 kVp 

and 59 mAs with a W/Al target-filter combination.  With the phantom centered at the chest wall, Figure 1(a) shows a 

slice along the mid-depth of the object using the Selenia Dimensions reconstruction algorithm.  The resultant signal 

profile [Figure 2(a)] can be used to quantify the image quality.  In particular, the peak-to-peak amplitude (Pk-Pk) 

measures the relative ability to discern the plastic-air spacings.  Figure 2(b) illustrates that image quality is preserved at 

various positions along the chest wall.  The change in Pk-Pk varies between +38.6% and –5.8% relative to the midpoint 

of the chest wall. 

To determine whether image quality is preserved in other directions, the Defrise phantom was rotated by 90°, so that the 

plastic-air spacings were oriented along the posteroanterior (PA) direction (i.e., the direction perpendicular to the plane 

of x-ray tube motion).  Because different filtering is applied in this direction in the reconstruction, Pk-Pk is plotted on a 

different scale.  Comparing Figure 1(b) with Figure 2(b) shows that Pk-Pk is degraded with increasing PA position, 

indicating poor image quality.  The edges of the phantom also show blurring artifacts along this direction [Figure 1(b)].  
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These results demonstrate that the Defrise phantom can be used to analyze the spatial anisotropy of image quality in 

DBT. 

 

         

Figure 1.  (a) A slice at the mid-depth of the reconstructed volume is shown for a Defrise phantom whose input frequency is oriented 

along the x direction (i.e., tube travel direction).  (b) By rotating the phantom by 90°, the image quality can be analyzed along the y 

direction (i.e., PA direction).  Unlike image (a), image (b) shows blurring artifacts, indicating poor image quality. 

In DBT, projections are acquired as the x-ray tube traces a circular arc within the plane of the chest wall.  The purpose of 

this study is to demonstrate that image quality can be improved by introducing an additional component of x-ray tube 

motion perpendicular to the chest wall.  Accordingly, we model multiple acquisition geometries with tube motion along 

the PA direction.  For various candidate geometries, the system design is evaluated by calculating modulation in the 

reconstruction of a thick sinusoidal test object oriented along the PA direction.  This object provides a framework for 

simulating a Defrise phantom. 

 

 

Figure 2.  (a) The signal profile is calculated to quantify the image quality along the x direction as shown in Figure 1(a).  (b) In the 

signal profile, the peak-to-peak amplitude (Pk-Pk) measures the ability to discern the plastic-air spacings in the Defrise phantom.  The 

degradation in Pk-Pk along the PA direction indicates a loss of image quality at positions distal to the chest wall. 
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2. METHODS 
 

2.1 Calculation of the Projection Images 

An analytical model of the Defrise phantom is developed by calculating the reconstruction of a sinusoidal test object.  

Although the attenuation coefficient of the experimental phantom is step-like due to the discrete spacing between the 

plastic plates, it is useful to treat the attenuation coefficient as a smooth function in developing the analytical model.  As 

such, the object is modeled as a rectangular prism whose attenuation coefficient varies sinusoidally along the y direction 

(i.e., PA direction).  Defining the xz plane as the chest wall (Figure 3), it is assumed that the object has extent along the 

source-to-support (SS) direction between the heights z = z0 ± ε/2 above the detector, where z0 is the central height of the 

input object and ε is its thickness.  The linear attenuation coefficient µ(x, y, z) of this object is thus 
 

 [ ] 0
0 0( , , ) cos 2 ( ) rect

z z
x y z C f y yµ π

ε
− = ⋅ − ⋅  

 
,                        (1) 

 

where C is the amplitude of the waveform, f0 is the frequency, and y0 is a translational shift in the position of the 

waveform.  In current DBT systems, projection images are acquired as the x-ray tube rotates in a circular arc within the 

plane of the chest wall.  A more general form of x-ray tube motion is now modeled, in which the vector from the origin 

O (i.e., the midpoint of the chest wall side of the detector) to any point A in the x-ray tube trajectory is written as 
 

 
FS FS FS

OA ( ) ( ) ( )x n y n z n= + +i j k
����

,           (2) 

 

where “FS” denotes the most general focal spot position along the x, y, and z directions for the n
th

 projection.  Assuming 

that the detector is stationary during the scan time, the vector from O to an arbitrary point on the detector (point B) can 

be defined as: 
1 2

OB u u= +i j
����

.  Combining this expression with Eq. (2) yields the vector from point B on the detector to 

the focal spot at A. 
 

 [ ] [ ]FS 1 FS 2 FS
BA OB OA ( ) ( ) ( )x n u y n u z n= − + = − + − +i j k
���� ���� ����

        (3) 

 

Using Eq. (3), the incident angle relative to the normal to the detector can be evaluated from the dot product 
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.      (4) 

 

The detector signal for each projection can now be determined by tracing the ray between points A and B.  Defining w to 

be a free parameter, the equation of the ray can be written 
 

 

1 FS FS

2 FS FS

FS FS

( ) ( )

( ) ( )

( ) ( )

x u x n x n

y w u y n y n

z z n z n

−    
     = − +    

     −     

,     [0,1]w∈ .                                   (5) 

 

The focal spot at A has been defined to correspond with w = 0, and the incident point at B has been defined to 

correspond with w = 1.  The x-ray path length Ln through the object for the n
th

 projection is determined from the 

intersection of Eq. (5) with the planes z = z0 ± ε/2.  The values of w for these two points are 
0 FS

1 ( / 2) / ( )
n

w z z nε± = − ± .  

For the n
th

 projection, total attenuation Aµ(n) is found by integrating µ(x, y, z) along Ln 

 

 ( )
n

n dsµ µ= ∫LA ,     

2 2 2

FS( ) sec( )n

dx dy dz
ds dw z n dw

dw dw dw
θ     = + + = ⋅     

     
,                                    (6) 

 

where ds denotes the differential arc length along Ln.  Combining Eqs. (1), (5), and (6) yields the total x-ray attenuation 

at the detector point (u1, u2) for the n
th

 projection 
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where 
 

 
FS

( ) sec( )
n n

C z nκ θ= ⋅ ⋅ ,     [ ]0 FS 0
2 ( )

n
f y n yλ π= − .         (9) 

 

To simplify Eq. (8), recall the identity: sin(b1) – sin(b2) = 2cos[(b1 + b2)/2]sin[(b1 – b2)/2].  Thus 
 

 [ ]( ) [ ]( )0 2 FS 0 2 FS
( ) ( ) cos ( ) sinc ( )

n n n n n n n n
n w w f u y n w w f u y n w wµ κ π λ− + + − − +   = − ⋅ − + + ⋅ − −   A                (10) 

 

 [ ] [ ]0 0
0 2 FS 2 FS

FS FS FS

           cos 2 ( ) 1 sinc ( )
( ) ( ) ( )

n
n

z f
f u y n u y n

z n z n z n

εκ ε
π λ

    
= ⋅ − − + ⋅ −         

,   (11) 

 

where sinc(u) ≡ sin(πu)/(πu).  This expression for total attenuation implicitly assumes that the x-ray converter has a 

modulation transfer function (MTF) of unity at all frequencies, and hence a point spread function (PSF) given by a delta 

function.  Lee et al. demonstrated that an amorphous selenium (a-Se) photoconductor operated in drift mode is a good 

approximation for a detector material with these properties.
2
  To take into account the presence of a thin-film transistor 

(TFT) array, the signal in the x-ray converter [Eq. (11)] must be sampled in detector elements.  Following our previous 

work, detector elements are taken to be rectangular with sides of length ax × ay, and are centered on the coordinates       

u1 = mxa and  u2 = (my + 1/2)a, where mx is an integer and my is a non-negative integer.  The logarithmically-transformed 

signal is calculated by averaging signal over the m
th

 detector element [Eq. (31) in Acciavatti and Maidment
3
]. 

 

 
Figure 3.  An acquisition geometry for DBT is modeled with the most general focal spot (FS) positions, assuming a stationary 

detector.  This geometry differs from existing DBT systems, in which the focal spot motion is restricted to the plane of the chest wall 

(i.e., the xz plane). 

 

2.2 Filtered Backprojection Reconstruction 

The attenuation coefficient is reconstructed using a filtered backprojection (FBP) formula developed in our previous 

work.
3
  Assuming that the reconstruction grid is infinitesimally fine (i.e., non-pixelated), the FBP reconstruction is 

 

 
FBP

,

( ) ( )n

n

Fµ =∑ m

m

r r ,                       (12) 
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where 
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Here, µFBP is the reconstructed attenuation coefficient, r is a point in 3
ℝ , ( , )nµ mD  is signal in the m

th
 detector element 

for the n
th

 projection, N is the total number of projections, φ  is the filter, ∗  is the convolution operator, and 
1 2

( , )t t  are 

affine parameters in the x-ray transform discussed in our previous work.  In addition, the quantity Fmn(r) represents 

signal that is backprojected from the m
th

 detector element to the point r for the n
th
 projection.  Our previous work also 

defined the concept of the azimuthal backprojection angle (Figure 2 in Acciavatti and Maidment
3
), which corresponds to 

the term Γ(r,n) in Eq. (13).  According to the definition of Γ(r,n), it follows that 
 

 [ ]
[ ] [ ]

1 FS

2 2

1 FS 2 FS

( ) ( )
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u n x n
n
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−
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 [ ]
[ ] [ ]

2 FS

2 2

1 FS 2 FS

( ) ( )
sin ( , )

( ) ( ) ( ) ( )

u n y n
n

u n x n u n y n

−
Γ =

− + −
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In order to evaluate Eqs. (14)-(15), one must solve for u1(n) and u2(n) using Eq. (5) as follows. 
 

 FS FS
1

FS

( ) ( )
( )

( )

x z n z x n
u n

z n z

⋅ − ⋅
=

−
         (16) 

 

 FS FS
2

FS

( ) ( )
( )

( )

y z n z y n
u n

z n z

⋅ − ⋅
=

−
         (17) 

 

While our previous work calculated Γ(r,n) in a DBT system with focal spot motion restricted to the plane of the chest 

wall, Eqs. (14)-(17) provide a more general formulation for all possible focal spot positions. 

3. RESULTS 
 

3.1 Conventional Focal Spot Motion 

In Figure 4, the reconstruction of a Defrise phantom is simulated for a conventional acquisition geometry, assuming that 

N = 15, ε = 50.0 mm, C = 1/ε = 0.02 mm
-1

, z0 = 50.0 mm, and y0 = 0.  The reconstruction is calculated at the mid-depth of 

the phantom (z = z0), analogous to the experimental results.  Also, the reconstruction technique is simple backprojection 

(SBP), for which there is no filtering.  The focal spot positions for this geometry are 
 

 
FS 1

( )
n

x n vβ= − ,     
FS

( ) 0y n = ,     
FS

( )z n h= ,     
2

1
n

n
v

N
=

−
,     

1 1
,

2 2

N N
n

− − ∈ −  
,   (18) 

 

where ±β1 is the projection range along the x direction, h is the source-to-image distance (SID), and vn is a parameter that 

determines the focal spot position for the n
th

 projection.  To ensure comparable tomographic properties as the DBT 

system that was used experimentally (Figures 1 and 2), the projection range along the x direction is the same as the 

Selenia Dimensions system; namely, β1 = h·sin(7.5°) = 91.4 mm.  The geometry that is simulated has only a few small 

differences relative to the Selenia Dimensions system.  In the Selenia Dimensions system, the x-ray tube traces a circular 

arc within the plane of the chest wall, and hence the SID varies with each projection.  Conversely, in the geometry that is 
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simulated, the SID is constant (h = 70.0 cm).  Also, while the Selenia Dimensions system has a rotating detector, the 

geometry that is simulated has a stationary detector. 

 

 

Figure 4.  The reconstruction of a Defrise phantom is shown in a conventional DBT system.  The amplitude of the reconstruction is 

degraded with increasing PA distance, indicating a loss of image quality. 
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Figure 4 shows that the peaks and troughs in the reconstruction decrease in amplitude with increasing PA distance.  This 

result indicates that image quality is anisotropic along the PA direction, as expected from the experimental results 

(Figures 1 and 2).  The anisotropy becomes more pronounced with increasing frequency.  To quantify the image quality, 

modulation can be determined by normalizing the amplitude of the reconstruction against the corresponding signal of a 

zero frequency object.  Figure 5 shows that, for a low frequency Defrise phantom (f0 = 0.125 mm
-1

), modulation 

decreases with PA distance but is well above zero in the range of PA positions between 0 and 80.0 mm.  By contrast, for 

intermediate and high frequency Defrise phantoms (0.25 and 0.50 mm
-1

, respectively), modulation falls to zero at 52.0 

and 26.0 mm, respectively.  Because the analytical model simulates different input frequencies than the experimental 

results, the zeros of the modulation are not necessarily expected to match exactly the ones shown in Figure 2(b). 

 

 

Figure 5.  Modulation in the reconstruction of a Defrise phantom is degraded with increasing PA distance.  This trend is more 

pronounced with increasing frequency. 

In addition, the sign of the modulation can be analyzed as a separate measure of image quality in Figure 5.  A change in 

sign indicates a 180° phase shift in the reconstructed waveform relative to the input waveform, demonstrating that the 

Defrise phantom is not properly represented in the image.  Figure 5 shows that, while the low frequency Defrise phantom 

has no phase shift, the intermediate and high frequency Defrise phantoms have phase shifts.  The phase shifts for these 

phantoms lie in the range [52.0, 104.0] mm and [26.0, 52.0] mm, respectively.  The full range of phase shifts is not 

shown in Figure 5 for the intermediate frequency phantom (dashed blue curve), since the plot is truncated at 80.0 mm.  In 

summary, the image quality along the PA direction becomes poorer with increasing frequency. 

 

 

Figure 6.  For the high frequency Defrise phantom (f0 = 0.50 mm-1), the horizontal geometry yields improvements in modulation at 

positions distal to the chest wall.  However, this geometry is ultimately rejected from consideration as a candidate, as it introduces a 

region of missed tissue coverage between 0 and 2.8 mm. 
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3.2 Constant Shift in Focal Spot Positions Along the PA Direction 

To improve image quality along the PA direction, one might initially consider an acquisition geometry in which the focal 

spot positions are all displaced by a fixed increment along the PA direction.  As such, the focal spot positions are similar 

to Eq. (18) but the y-coordinate must be modified so that yFS(n) = β2, where β2 is the constant shift in the focal spot 

positions along the PA direction.  In order to evaluate the image quality in this acquisition geometry, it is sufficient only 

to consider the high frequency Defrise phantom (f0 = 0.50 mm
-1

), as this object exhibits the poorest image quality in the 

conventional acquisition geometry.  Assuming that β2 = 40.0 mm, Figure 6(a) shows the focal spot positions in a plane 

parallel to the detector.  In the figure, this geometry is termed the “horizontal” geometry, since the focal spot positions lie 

along a horizontal line in the plane shown.  The 15 focal spot positions are denoted by points along this horizontal line.  

Figure 6(b) demonstrates that the horizontal geometry yields improvements in modulation at the positions distal to the 

chest wall.  However, this geometry is characterized by loss of tissue coverage at the chest wall.  In particular, the 

modulation is zero from 0 to 2.8 mm.  This result can be deduced geometrically as shown in Figure 7, which provides a 

diagram of the missed tissue.  Using similar triangles, one can prove that the region of missed tissue in Figure 7 perfectly 

matches the result determined in Figure 6(b); namely, yCW = β2z0/h ≈ 2.8 mm.  In summary, although the horizontal 

geometry improves modulation at positions distal to the chest wall, this geometry is ultimately rejected from 

consideration as a candidate due to the loss of tissue coverage at the chest wall. 

 

 

Figure 7.  Introducing a translational shift in the position of the focal spot along the PA direction creates a region of missed tissue, 

which can be calculated from similar triangles. 

3.3 Linear Focal Spot Motion Along the PA Direction 

To improve tissue coverage at the chest wall, an acquisition geometry with linear focal spot motion along the PA 

direction is now considered [Figure 8(a)].  The focal spot positions are similar to Eq. (18), but the y-coordinate is 

modified so that yFS(n) = β3·(1–vn)/2, where β3 is the maximum y-coordinate of the focal spot (i.e., the apex coordinate).  

Because one projection is acquired in the plane of the chest wall (namely, y = 0), there is no loss of tissue coverage in the 

reconstruction, and hence the modulation is non-zero at positions that are proximal to the chest wall [Figure 8(b)].  

Increasing the apex coordinate of the focal spot broadens the positions with positive modulation (i.e., no phase shift).  

One drawback of this geometry is the sharp drop in modulation at positions proximal to the chest wall.  For example, in 

the geometry with a 60.0 mm apex coordinate, modulation falls to 28% at 4.3 mm from the chest wall.  This result arises 

due to missed tissue between 0 and 4.3 mm in some of the individual projections for which the focal spot is distal to the 

chest wall.  In Section 3.4, a higher-order x-ray tube trajectory is modeled in order to minimize the drop in modulation at 

positions proximal to the chest wall. 
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Figure 8.  By introducing linear focal spot motion along the PA direction, the modulation of the high frequency Defrise phantom is 

improved at positions distal to the chest wall.  However, the trade-off is a sharp drop in modulation at positions proximal to the chest 

wall. 

3.4 Higher-Order Focal Spot Motion Along the PA Direction 

Figure 9 shows a higher-order x-ray tube trajectory which follows the shape of the conchoid of de Sluze
4
 in a plane 

parallel to the detector.  This trajectory has tails that are asymptotic to the chest wall, and has a loop anterior to the chest 

wall.  Based on the position of the tails, this geometry is being investigated as a technique that minimizes the loss of 

modulation at the chest wall.  The focal spot positions can be determined from the equations 
 

 ( ) ( )FS 1 3 2 3( ) cos sec sinn n nx n q p p v p p v v = − − −          (19) 

 

 ( ) ( )FS 1 3 2 3 2( ) cos sec cosn n ny n p p v p p v v p = − − − +        (20) 

 

 
FS

( )z n h= ,           (21) 

 

where [ ]/ 2,  / 2
n

v π π∈ − .  Many of the parameters in Eqs. (19)-(20) are not commonly used in the formula for a 

conchoid, and are introduced here to offer greater control over the shape of the trajectory.  More specifically, p1 is the    

y-coordinate of the point most anterior to the chest wall (i.e., apex), p2 is the y-coordinate of the double point              

(i.e., crunode), p3 is the y-coordinate of the asymptote, and q is a dimensionless parameter controlling the area of the 

loop.  Assuming that the first and last focal spot positions in the scan occur in the plane of the chest wall (i.e., the plane 

for which y = 0), it can be shown that 
 

 
2 2

1 2
3 2

1

p p q
p

β
−

= ,                        (22) 

 

where ±β1 is the projection range along the x direction similar to all other geometries considered in this work. 

Figure 9 shows the 15 focal spot positions along this trajectory.  The 15 points are chosen so that eight focal spot 

positions lie along the tails, and seven focal spot positions lie along the loop.  In each of the two tails, the four focal spot 

positions are equally spaced along the x direction.  Similarly, the focal spot positions in the loop are equally spaced along 

the y direction.  To determine the values of the parameter vn corresponding to each of the 15 focal spot positions, 

MATLAB (Version R2012b, Natick, MA) was used to calculate the values numerically.  Optimizing the choice of focal 

spot positions along the conchoid remains the subject of future work. 
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Figure 9.  A diagram of the conchoid geometry is shown.  Modulation at positions distal to the chest wall can be controlled by the 

apex coordinate (p1).  By contrast, modulation at positions proximal to the chest wall can be controlled by the crunode coordinate (p2). 

To study the effect of various parameters of the conchoid, a plot of modulation versus position is shown in Figure 10 for 

the high frequency Defrise phantom.  The plot illustrates the effect of p1 on modulation, assuming p2 = 5.0 mm, q = 2.0, 

and β1 = 91.4 mm.  Three values of p1 are considered (20.0, 40.0, and 60.0 mm).  Recall that p1 is the apex coordinate of 

the conchoid.  Figure 10 shows that increasing the value of p1 broadens the positions with positive modulation (i.e., no 

phase shift), giving rise to an improvement in image quality.  The loss of modulation at the chest wall is much less 

pronounced than the linear geometry (Section 3.3). 

 

 

Figure 10.  Increasing the value of p1 gives rise to improvements in modulation at positions distal to the chest wall.  However, the 

trade-off is reducing modulation at positions proximal to the chest wall. 

It is also useful to consider the effect of increasing p2 with constant p1 (60.0 mm), as shown in Figure 11.  Three values 

of p2 are considered (5.0, 15.0, and 25.0 mm).  Recall that p2 is the y-coordinate of the crunode.  Figure 11 indicates that 

increasing the value of p2 yields increased modulation at positions distal to the chest wall, but presents the trade-off of 

reduced modulation at positions proximal to the chest wall.  Thus, modulation can be optimized by varying the 

parameters of the x-ray tube trajectory. 

To demonstrate one benefit of the conchoid geometry over the linear geometry, the loss of modulation at 4.3 mm from 

the chest wall can be calculated.  While the modulation falls to 28% in the linear geometry with a 60.0 mm apex 

coordinate [Figure 8(b)], the modulation falls to 55%, 50%, and 43% in the conchoid geometries with the same apex 

coordinate (p2 = 5.0, 15.0, and 25.0 mm, respectively).  In short, the loss of modulation at the chest wall is minimized by 

all three conchoid trajectories shown in Figure 11. 
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Figure 11.  Similar to p1, increasing the value of p2 yields an increase in modulation at positions distal to the chest wall, but a decrease 

in modulation at positions proximal to the chest wall. 

4. DISCUSSION AND CONCLUSION 
 

This work demonstrates that the Defrise phantom can be used to analyze the spatial anisotropy of image quality in DBT 

reconstructions.  A physical phantom was constructed to demonstrate this property experimentally using the Selenia 

Dimensions system.  It was shown that, while image quality is preserved at various positions along the tube travel 

direction (x), image quality is poorer with increasing position along the PA direction (y).  In simulations, we demonstrate 

that image quality can be improved by introducing focal spot motion along the PA direction.  Existing systems lack this 

component of motion.  While multiple geometries were considered in the simulations, many of the candidate geometries 

were ultimately rejected from consideration as they have prohibitively low modulation at positions proximal to the chest 

wall.  In particular, the horizontal geometry yields a region of missed tissue [Figures 6(b) and 7], and the linear geometry 

yields an abrupt drop in modulation at positions proximal to the chest wall [Figure 8(b)].  A conchoid geometry was 

investigated as an alternative technique that minimizes the loss of modulation at the chest wall based on the positioning 

of the tails of the x-ray tube trajectory (Figure 9).  The conchoid geometry offers improvements in modulation at the 

distal PA positions, and minimizes the loss of modulation at the proximal PA positions. 

Although a general reconstruction filter is included in the analytical model (Section 2.2), the simulations in Section 3 are 

performed with SBP reconstruction for which there is no filtering.  In the linear systems (LS) model for DBT, Zhao 

showed that the zeros of the modulation are unaffected by the choice of filter; the filter only controls the relative 

modulation at each frequency.
5
  For this reason, in modeling a fixed input frequency (f0 = 0.50 mm

-1
), as is the case in 

Sections 3.2-3.4, we would not expect the filter to improve the zeros of the modulation and hence to improve the 

anisotropies.  Thus, it is acceptable to compare the benefits of the candidate geometries using SBP. 

One limitation of the LS model is that it does not consider the effect of object thickness at each input frequency.  In order 

to support the claim that the zero of the modulation is unaffected by the choice of filter, future work should calculate the 

modulation as a function of object thickness.  In addition, future work should also study how the reconstruction filter 

should be optimized for the newly proposed geometries.  In existing DBT systems with tube motion restricted to the 

plane of the chest wall, filtering is typically applied in only one direction (x).  In a system with tube motion along the PA 

direction, future work should consider the potential merit of additional filtering along the PA direction (y). 

In Sections 2 and 3, a DBT system with step-and-shoot motion is simulated.  Future work should model continuous 

motion of the x-ray tube during the scan time.  Because the conchoid geometry requires a greater total path length for the 

tube motion than the conventional geometry, an important trade-off is expected in a system with continuous tube motion.  

If the tube speed is maintained, the scan time must increase, yielding increased potential for patient motion.  Conversely, 

if scan time is maintained, the x-ray tube must move more quickly, yielding increased focal spot blurring.  Future work 

should calculate the loss of modulation due to tube motion in a conchoid geometry.  In the event that this problem 

becomes significant, our previous work demonstrated that the velocity profile of the x-ray tube can be optimized.
6
  

Unlike existing systems with a constant tube speed during the scan time, our previous work considered an oscillatory 
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tube speed that is large between projections and smoothly approaches zero during each projection.  In simulations, our 

previous work has shown that the oscillatory source speed can be used to minimize focal spot blurring. 

An analogy can be drawn between the Defrise phantom and dense fibroglandular tissue, since the extent of the phantom 

along the z direction is comparable to the breast thickness and the frequency is comparable to the spacing between dense 

tissue.  Using computer breast phantoms with ground truth,
7
 future work should determine whether dense tissue is better 

quantified with a conchoid geometry.  The computer phantoms should also be used to optimize the choice of focal spot 

positions.  While this paper is limited to x-ray tube trajectories that are planar due to the constant SID, the computer 

breast phantom should be used to determine whether image quality is optimized by non-planar trajectories. 

Additional directions for future modeling are now noted.  Although the focal spot is treated as point-like in this paper, 

future work should model the loss of modulation with increasing focal spot size.
8
  Future work should also model 

oblique x-ray incidence.
9-12

  At the distal PA positions on the detector, one would expect increasing deviation in the 

angle of x-ray incidence relative to the normal, and hence poorer modulation.  Finally, while collimation is not simulated 

in Sections 2 and 3 of this paper, future work should determine how collimation can be optimized in new geometries. 
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