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ABSTRACT

In digital breast tomosynthesis (DBT), a reconstruction of the breast is generated from projections acquired over a
limited range of x-ray tube angles. There are two principal schemes for acquiring projections, continuous tube motion
and step-and-shoot motion. Although continuous tube motion has the benefit of reducing patient motion by lowering
scan time, it has the drawback of introducing blurring artifacts due to focal spot motion. The purpose of this work is to
determine the optimal scan time which minimizes this trade-off. To this end, the filtered backprojection reconstruction
of a sinusoidal input is calculated. At various frequencies, the optimal scan time is determined by the value which
maximizes the modulation of the reconstruction. Although prior authors have studied the dependency of the modulation
on focal spot motion, this work is unique in also modeling patient motion. It is shown that because continuous tube
motion and patient motion have competing influences on whether scan time should be long or short, the modulation is
maximized by an intermediate scan time. This optimal scan time decreases with object velocity and increases with
exposure time. To optimize step-and-shoot motion, we calculate the scan time for which the modulation attains the
maximum value achievable in a comparable system with continuous tube motion. This scan time provides a threshold
below which the benefits of step-and-shoot motion are justified. In conclusion, this work optimizes scan time in DBT
systems with patient motion and either continuous tube motion or step-and-shoot motion by maximizing the modulation
of the reconstruction.

Keywords: Digital breast tomosynthesis (DBT), continuous tube motion, step-and-shoot motion, patient motion, image
reconstruction, filtered backprojection, modulation, optimization.

1. INTRODUCTION

Digital breast tomosynthesis (DBT) is a 3D imaging modality in which tomographic sections of the breast are generated
from a limited range of x-ray projections. Preliminary studies indicate that DBT has increased sensitivity and specificity
for early cancer detection relative to conventional 2D digital mammography.' There are two main schemes for acquiring
projection images in DBT, step-and-shoot motion and continuous tube motion. Systems with continuous tube motion
have the benefit of shorter scan time and thus less patient motion; the trade-off is increased blurring due to focal spot
motion. Using a prototype DBT system (Hologic Inc., Bedford, MA), Ren et al. showed that blurring due to focal spot
motion increases with height above the breast support. At a 4.0 cm height, the projected distance traveled by the focal
spot during a single exposure is approximately half the detector element length.”

According to Zhao, focal spot motion degrades the modulation transfer function (MTF) of each projection by sinc(af,),
where a; is the projected distance traveled by the focal spot and f, is radial frequency perpendicular to the ray of
incidence. Because focal spot motion has no effect on noise power spectra (NPS), the degradation in detective quantum
efficiency (DQE) is more pronounced than the degradation in MTF due to the dependency of DQE on the square of the
MTF. At the alias frequency of 5.9 line pairs per millimeter (Ip/mm) in a prototype system, Zhao found that focal spot
motion degrades MTF and DQE by 30% and 50%, respectively.”

In order to minimize the blurring due to focal spot motion in a system with continuous tube motion, Bissonnette et al.
proposed lengthening the scan time. They demonstrated that a 39 s scan time effectively eliminated image quality
degradation due to focal spot motion in a prototype Siemens Novation™ system.* Unfortunately, it is not practical to
employ a long scan time as it permits greater patient motion.
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Figure 1 illustrates the blurring due to patient motion in clinical images acquired with the Selenia Dimensions system
(Hologic Inc., Bedford, MA) and reconstructed with a commercial prototype backprojection filtering algorithm
(Briona™, Real Time Tomography, Villanova, PA). A small region of interest (ROI) with two microcalcifications at the
height 22.0 mm above the breast support is shown. This depth was found to minimize the motion of the
microcalcifications in the 15 individual backprojections, and thus is the height above the breast support at which the
microcalcifications are in focus. By comparing the positions of the microcalcifications relative to a fixed marker (x)
among all backprojections at the 22.0 mm depth, the net displacements of the microcalcifications in the mediolateral
direction (top-to-bottom in the figure) and the chest wall-to-nipple direction (left-to-right in the figure) are approximately
140 pm and 280 pm, respectively, corresponding to one- and two-times the length of a detector element. With a 3.7 s
scan time, the microcalcification velocities are thus 38 um/s and 76 pm/s in these two respective directions. The
microcalcifications appear blurry and artificially enlarged in the reconstruction as a result of patient motion.

Although image quality degradation due to continuous tube motion has been modeled by many authors, no one has
incorporated patient motion into the analysis. Because these two types of motion have competing influences on whether
scan time should be very long or very short, one would expect image quality to be optimized by an intermediate scan
time. For this reason, the purpose of this work is to determine the optimal scan time by maximizing the modulation of
the reconstruction at various frequencies. To optimize step-and-shoot motion in a similar fashion, we calculate the scan
time for which the modulation matches the maximum value achievable in a comparable system with continuous tube
motion. This scan time provides a threshold below which the benefits of step-and-shoot motion are justified.
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Figure 1. Backprojections of identical ROIs of clinical tomosynthesis images at a 22.0 mm height above the breast support are
shown. This height was found to minimize the motion of the microcalcifications, ensuring that the microcalcifications are in focus in
the corresponding reconstructed slice. The microcalcifications shift position relative to a fixed marker (x) in the 15 individual
backprojections. Such patient motion causes blurring and artificial enlargement of the microcalcifications in the reconstruction.

2. METHODS

2.1 Acquisition Geometry for Continuous Tube Motion (CTM)

In order to calculate the scan time which optimizes the modulation of a DBT reconstruction at various frequencies, it is
first necessary to model the acquisition geometry. We simulate a DBT system in which the detector rotates in synchrony
with the x-ray tube during the acquisition of the projections. As diagrammed schematically in Figure 2, the x-ray tube
rotates within the plane of the chest wall (i.e., the xz plane) about the origin O, corresponding to the midpoint of the chest
wall side of the detector. In addition, the detector rotates about the y axis, with O acting as the pivot point. At the x-ray
tube angle y relative to the z axis, the detector rotation angle (y) is found from the ratio y/g, where g is the gear ratio of
the detector. Positive directionalities of y and y are defined as those presented in Figure 2, and in the limit g — oo, a
stationary detector can be recovered (y — 0).

In a system with continuous tube motion at a constant angular velocity w, each projection is acquired over the exposure
time 7 as the tube is swept over the angular extent ¥ = wz. For the n™ projection, the x-ray tube arc is centered about the
angle v, = nAy, so that the x-ray tube angle varies between y = v, + ¥/2 and w = y,, — ¥/2 during the exposure time .
In the literature, y, is often termed the nominal projection angle and Ay the angular spacing between projections.” With
an odd number of N total projections, the index n varies between —(N — 1)/2 and (N — 1)/2, and the special case n = 0
defines the central projection. Denoting the total scan time as 7}, the total angular range of the x-ray tube motion can be
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Figure 2. A diagram of the acquisition geometry is shown (not to scale). The attenuation coefficient of the input object varies
sinusoidally along the x direction. To model patient motion, the input object has velocity v at the angle {'relative to the x direction.

written as w7, or equivalently, as the difference between the initial x-ray tube angle (;) and the final x-ray tube angle
-

o, =y, -y, =[N7_1jAw+§—[—[N7‘1]Aw—ﬂ=<N—1>A:/f+? 1)

Substituting w = ¥/7 in the left-hand side of Eq. (1), the angular sweep of the x-ray tube over the exposure time 7 can be
expressed in terms of the total scan time 7; instead of the tube’s angular velocity w.

T:(N_lJrAyf )

I -7

This formula for ¥ is useful as the total scan time is more directly measurable than the tube’s angular velocity.

2.2 Detector Signal for Sinusoidal Input to CTM System

A framework for investigating tube motion and patient motion in DBT is now developed by calculating the modulation
of the reconstruction of a sinusoidal input. Accordingly, suppose that a thin rectangular plate with its long axis parallel
to the breast support possesses a linear attenuation coefficient u(x, z) which varies sinusoidally with position x. Although
an actual input to a clinical breast imaging system would be 3D, a 2D construct is a useful tool for simulating
measurements in the plane of the chest wall. The extension of this framework to measurements made perpendicular to
the chest wall is reserved for future work.

As shown in Figure 2, the rectangular plate is positioned between z=z(y)—¢&/2 and z=z(y)+¢£/2, where zZ(y) is
the central height of the plate above the detector at the x-ray tube angle w and ¢ is the plate’s thickness. The height z(y)

is taken to be dependent upon the x-ray tube angle y in order to model the presence of patient motion. For an input
frequency fo, the attenuation coefficient may be written

Jul<1/2

(x,z)=C-cos(27 f, [x—i(l//)])-rec{#} , rect(u)= {:) Jup1/2’ 3)
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where C is the amplitude of the sinusoidal waveform and Xx(w) is its translational shift along the x direction. Provided
that |z — zg| < ¢, the Fourier transform of Eq. (3) along the x direction is a linear sum of delta functions’ which peak at the
frequencies /= £f;. Typically, only the positive frequency f'= +f; is of interest in an experimental measurement. Hence,
although it is non-physical for a linear attenuation coefficient to vary between negative and positive values, formulating
u(x, z) by Eq. (3) is helpful for a thought experiment in the reconstruction of a single input frequency.

In Figure 2, the displacements x;() and x,() determine the entrance and exit points of the x-ray beam through the sine
plate for the incident point on the detector at a distance » from O. Following our previous work,” x,(1) and x,(y) can be

written as xi(y) = p(y)r — 2'(y) and xx(w) = p(y)r — 4 (y), where p(y) = cos[y(w)] + sin[y(w)]tan[6(y) + y(y)] and
A (w)=[2(y)+e/2] tan [H(l//) + 7(l//)] . The expression for the incident angle relative to the normal to the detector also

follows from our previous work

hsiny + rCOS[7(V/)]J 4)

O(y) = —y()+arctan [ hcosy —rsin[y(w)]

where / is the source-to-origin distance (Figure 2). Total attenuation Au(y) recorded by the x-ray converter at the tube

angle  may now be calculated by integrating the attenuation coefficient of the sine plate over the path length L(y).
x (¥) ~
Au)=[, pds=|" "C-cos(27f, [x~FW)])- cse[0w) + yw)]dx (5)

In order to calculate the total attenuation Au(n) recorded by the x-ray converter for the n™ projection, one must integrate

Au(y) over the angular arc swept by the x-ray tube during the exposure time 7.

Au(n) = L”:/’; j;i;i)C'cos(2ﬁ 1, [x =) csc[0(p) + 7(1//)]dx%// 6)
v sin (272 PW) 1= A" () = X(¥)
=2L Wﬂ_wz csc[t?(l//)+y(1//)]. . ( [ ) ]) %// 7)
o —sin (272, [ pw) = 2" @) - 3) )

Eq. (7) provides an expression for signal intensity versus position r along the detector, assuming that the detector is non-
pixilated and possesses a modulation transfer function (MTF) of unity at all frequencies. An amorphous selenium (a-Se)
photoconductor operated in drift mode is a good approximation for a detector with these properties.

Total attenuation for the n™ projection can now be simplified using a sum-to-product trigonometric identity for real
numbers o and f; namely, sina — sinf = 2cos[(a + £)/2]sin[(a — )/2]

Au(n)=Ce J'Z:'://jsec [6)+y(y)]sinc[ &£, tan[6w) +y(y)] ] sin(r)

®)

, sinc(u)=
U

cos[ 221, [ py)- 72 tanlow)+ )] - 50 ||

Because it is difficult to perform the integration in Eq. (8) in closed form, it is necessary to use approximation
techniques. One such method is the midpoint formula. For the n™ projection, the angular sweep of the x-ray tube can be
divided into K intervals between y =y, + ¥/2 and y = y, — P/2. The tube angle at the midpoint of the A" interval is

¥ 2k -1 7 N-1 2k -1
_y X2k ) T NZLNG 2k ke, 9
v, =V, 2( : j { 2{@_7]( > H v, ke ©)

Eq. (8) can now be evaluated by averaging the integrand over each of the K intervals in the limit of infinite K
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. Ce& . - -
Au(n) = 11(1210?2560(9“ +7%,,)s1nc [€f0 tan(6,, +7,, )] cos [27[]"0 [pk"r -z, tan(6,, +7,,)—X,, ]] , (10)
k=1

where 0y, yi, and py, are calculated by evaluating 6(y), y(y), and p(y) at y = y,. In Eq. (10), the displacements X,, and
z,, determine the position of the sine plate at the time point 7},. The special case T}, = 0 is defined to occur at the x-ray
tube angle y = 0, so that the scan time occurs between the time points —7/2 and 7,/2.

A LN (an
1 b d N-1)Ay 2 2

To model the presence of patient motion, the sine plate is taken to have constant velocity v at the angle { relative to the x
direction (Figure 2). The displacements X,, and Z,, can be written in terms of the velocity components v, and v, as

) (12)

kn " x kn”z

- T, —7\vy,, cos -
X, =x,+T,v =x0+(—’ Wi COSG

T_ .
5 an=ZO+TV=ZO+ r_TM
N-1 Al//

N-1 Ay
where x, and z, are positions which determine the location of the sine plate at the x-ray tube angle y = 0.

In a digital detector, the a-Se x-ray converter is placed in electrical contact with a large area plate of amorphous silicon
(a-Si) in which a thin-film transistor (TFT) array samples the total attenuation in pixels (i.e., detector elements). Using
Eq. (10), the logarithmically-transformed signal in the m™ detector element for the n™ projection is

a(m+1/2)

Du(m.n) = |

a(m—-1/2)

Aﬂ(n)%. (13)

Detector elements are taken to be centered on » = ma, and the detector element containing O is the one corresponding to
m = 0. Because the incident angle varies minimally within each detector element, the integration in Eq. (13) can be
evaluated by approximating the incident angle 6;, with its value at the centroid of the detector element. Thus

D/u( ) 1 i Cg Sec(ekmn + ykn) ' SinC [ng tan(ekmn + ykn )] Sin |:2ﬂ-f;) (apkm" (m * 1 / 2) - 2/‘" tan(ekmn + yk") - 52/‘" ):I
m,n)= lim

= 2rap,,, fiK —sin[ 27£, (ap,,,,(m=1/2)-Z,, tan(6,,, +7%,)— %, )]
(14)

where 6y, and p,,., are calculated by evaluating 6, and p,, at r = ma. Eq. (14) can be simplified further by using the
sum-to-product trigonometric identity described previously.

K
D/'l(m’ n) = é{{{%zsec(ekmn + }/kn ) : Sinc [£~f0 tan(ekmn + }/kn )] : SinC [apkmn«f;)] (15)
k=1

- Cos |:2ﬂ-f;) [mapkmn - an tan(akmn + }//m ) - )’E/m ]:I

2.3 Detector Signal for Step-and-Shoot Motion (SSM)
In a similar fashion, detector signal for a system with step-and-shoot motion can be calculated. All expressions between
Egs. (4) and (8) continue to hold, so that the total attenuation recorded by the x-ray converter for the n" projection is

Au(n) = Cesec(6, +7, )sinc[e f, tan(8, +7,)| [ cos[ 22, [ p,~ Z(T)-tan(6, +7,) - )?(T)HdTT . (6

Because the x-ray tube angle y remains constant during a single projection in a system with step-and-shoot motion, it is
acceptable to simplify Eq. (8) by evaluating 8(y), y(y), and p(y) at the nominal projection angle y = y, as denoted by the
parameters 6,, y,, and p,, respectively. Although the object coordinates x(y) and z(y) are dependent upon the x-ray

tube angle y in a system with continuous tube motion, the same coordinates are now dependent upon time 7.
Consequently, the integral over w in Eq. (8) can be replaced by an integral over T to take into account the presence of
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patient motion. The integration limits in Eq. (16) are thus the initial and final time points at which the tube emits x rays
during a single projection, where 7, is the central time point of the projection of duration 7 and AT is the time difference
between consecutive projections. It can be shown that 7, = n(r + AT) and AT = (T, — Nt)/(N — 1). Substituting the object
coordinates X(7)=x,+vT cos¢ and Z(T)=z,+vTsin¢ into Eq. (16) yields

Au(n) = Cesec(8, +7,)sinc| £, tan(6, +,)]sinc| f,zv[cos { +sin({) tan(6, +7,)]]

17
-005[2754]‘0 [p,r—(x,+VT,cos{)—(z, +vT,sin{) tan(6, + j/n)]:l (1

By integrating Au(n) over the detector element length a [Eq. (13)], the logarithmically-transformed signal in the m™
detector element for the n™ projection can be determined

Du(m,n) = Cesec(d,, +7,)sinc|e £, tan(8,, +7,)]sinc| f,rv[cos ¢ +sin(¢) tan(8),, +7,)]|sinc[ frap,, ]
-cos [Zﬂ'fo [map,, —(x,+vT, cos{)—(z, +vT,sin{) tan(6,, + 7, )H

mn

, (18)

where 0,,, and p,,, are calculated by evaluating 8, and p,, at » = ma.

2.4 Filtered Backprojection (FBP) Reconstruction
The attenuation coefficient can now be reconstructed using filtered backprojection (FBP). From our previous work,” the
FBP reconstruction for an infinitesimally fine (i.e., non-pixilated) reconstruction grid is given by the expression

; (19)

m n

Hrpp(X,2) = %ZZDﬂ(m,n)-[mo +rect [Mﬂ

t=xcos(y, +6,, )+zsin(y,+6,,)

where uppp is the reconstructed attenuation coefficient and * is the convolution operator. The reconstruction filter ¢(¢)
follows from linear systems theory for DBT. A ramp (RA) filter, given by |f] in the Fourier domain, is first applied to
reduce the low frequency detector response. Since noise tends to occur at high frequencies, a spectrum apodization (SA)
filter is also used; following Zhao’s approach,’ we apply a Hanning window function as the SA filter. In the Fourier
domain, the filters are truncated at the frequencies f'= £¢, and the net filter is the product of the RA and SA filters. As
shown in our previous work,’ the net filter can be calculated in closed form using the inverse Fourier transform.

3. RESULTS

Reconstructions are now simulated for a Selenia Dimensions system with 15 projections acquired at an angular spacing
(Ay) of 1.07°, assuming C = 1.0 mm™, 4 =70.0 cm, ¢ = 0.50 mm, and ¢ = 140 pm. At the x-ray tube angle y = 0, the
centroid of the sine plate is taken to coincide with the midpoint of the chest wall side of a 50.0 mm thick breast. With
the breast support positioned 25.0 mm above the origin of the detector, the x, and z, coordinates of the input object are
therefore 0 and 50.0 mm, respectively.

3.1 Effect of Continuous Tube Motion on Modulation

The effect of continuous tube motion on modulation is analyzed in Figure 3(a) by first simulating a system with no
patient motion. For a 30.0 ms exposure time, corresponding to the mean value of 7 for the Selenia Dimensions system,
reconstructions of the frequency 2.0 Ip/mm are calculated. As expected, the modulation increases with scan time. For
example, with scan times of 2.0, 3.0, and 4.0 s, the modulation attains the values 0.59, 0.70, and 0.74, respectively. This
trend arises because the tube’s angular sweep ¥ during a single projection decreases with scan time [Eq. (2)].

For the same DBT system, the modulation in the reconstruction is also studied as a function of the input frequency f,
[Figure 3(c)]. At low frequencies, the modulation increases linearly from zero, following the ramp filter. At higher
frequencies, the spectrum apodization filter and the MTF of the detector sampling process reduce the modulation,
countering the ramp filter; hence, there is an intermediate frequency at which the modulation is maximized. This
frequency dependence of the modulation matches Zhao’s formulation of in-plane MTF in DBT reconstructions,’
providing a built-in check on the validity of Figure 3(c). Like Zhao, we plot the modulation over a frequency range
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Figure 3. Although modulation increases with scan time in a system with continuous tube motion and no patient motion, the opposite
trend holds in a system with step-and-shoot motion and patient motion.

spanning at least one zero of the MTF of the sampling process in the detector.” The filter truncation frequency (&) of 2a’
(14.3 1p/mm) is simulated, corresponding to the second zero of the detector sampling MTF [sinc(af)]. Figure 3(c) shows
that increasing the scan time increases the modulation of the reconstruction, and thus generalizes the trend presented in
Figure 3(a) to all frequencies. By contrast, increasing the exposure time decreases the modulation.

In addition, Figure 3(c) demonstrates that the modulation of the reconstruction may possess zeros at frequencies different
from those of the detector sampling MTF, whose first and second zero are ¢ (7.1 Ip/mm) and 2a™ (14.3 Ip/mm).
Increasing the exposure time decreases these additional zeros, while increasing the scan time increases the zeros. For a
50.0 ms exposure time, the first zero not equivalent to @ or 2a™ is 3.0, 4.5, and 6.0 Ip/mm for 2.0, 3.0, and 4.0 s scan
times (5.0, 7.6, and 10.1 lp/mm for a 30.0 ms exposure time). The appendix shows that the formula for these zeros
follows from the calculation of the MTF of focal spot motion. These zeros place an important limit on the resolution of
the system.

3.2 Effect of Patient Motion on Modulation

In Figure 3(b), the effect of patient motion on modulation is investigated by considering a system with step-and-shoot
motion. With an exposure time of 30.0 ms and an object velocity of 60.0 um/s oriented along the x direction, Figure 3(b)
demonstrates that modulation decreases with scan time. The object velocity considered in Figure 3(b) is comparable to
the value observed in Figure 1 showing clinical images of microcalcifications. The modulation attains the values 0.66,

Proc. of SPIE Vol. 8313 831306-7

Downloaded From: http://spiedigitallibrary.org/ on 07/15/2016 Ter ms of Use: http://spiedigitallibrary.or g/ss/Ter msOfUse.aspx



Effect of Angle { on Modulation

Effect of Scan Time on Modulation ({'= 0°)

(a) 0.8 (b) 0.8 L L 1 L L 1 L L 1 1
0.7 0.7+, +
'~
0.64 0.6 *.’———\‘::\\ T
S Ty
~
£ 054 £ 05 - Sa t
5 £ : e =
= 044 = 044 SN, T
3 K N
S 03 S 034 A +
X,
0.2- 024 \, i
- ~
0.1+ + 0.1+ ~, T
\.Q
0 t } t t t t } t 0 ——t—t—
0° 10° 20° 30° 40° 50° 60° 70° 80° 90° 15 25 35 45 55 65 15

Angle { Relative to x Direction
—/f=2.01p/mm, 7,=2.0s f,=3.0lp/mm, 7,=2.0's
——=/,=2.0Ip/mm, 7 =3.0s === =3.0Ilp/mm, 7 =3.0s
== £,=201Ip/mm, 7 =4.0s ====f =3.0lp/mm,7,=4.0s

Effect of Object Velocity on Optimal Scan Time

Scan Time (s)

—— CTM, v=0 pm/s — SSM, v=0 pm/s
——=CTM, v=30.0 pm/s =====SSM, v=30.0 pm/s
—-=-CTM, v=60.0 um/s ====SSM, v=60.0 um/s

Effect of Scan Time on Modulation (= 45°)

(c) 4.75 ———————————+—+ (d) 0.8 e
d
o 0.7
(o]
E 0.6
= - /
g s 059
Q R
W <
= 0.4
= :
& = 031
=
£ 02+ +
2
o 0.1+ +
+—t 1t 0 ——t—t—
30 35 40 45 50 55 60 1.5 25 35 45 55 65 75
Object Velocity v (um/s) Scan Time (s)
— /,=2.0 Ip/mm, 7= 50.0 ms J, = 3.0 Ip/mm, 7= 50.0 ms —— CTM, v=0 pm/s SSM, v=0 pm/s
——=/,=2.0Ip/mm, t=40.0 ms ===j =3.0 I]p/mm, 7= 40.0 ms ——=CTM, v=30.0 um/s =====SSM, v=30.0 um/s
—-=-/,=2.0lp/mm, 7=30.0ms ====7 =3.0Ip/mm, z=30.0 ms —-=-CTM, v=60.0 pm/s ====SSM, v=60.0 pm/s

Figure 4. (a) By increasing the angle { of patient motion relative to the x direction, the modulation of the reconstruction increases.
(b) With continuous tube motion (CTM) and patient motion occurring simultaneously, modulation is optimized by an intermediate
scan time. By contrast, modulation is maximized by a short scan time with step-and-shoot motion (SSM). (c) The dependency of the
optimal CTM scan time on object velocity (v), exposure time (7), and frequency (fy) is investigated. (d) The optimal CTM scan time is
larger with patient motion oriented at a 45° angle relative to the x direction than a 0° angle [Figure 4(b)].

0.55, and 0.43 for 2.0, 3.0, and 4.0 s scan times, respectively. This dependency of modulation on scan time is expected
since the net displacement of the object in the x direction, given by vT,cos(, increases with scan time.

In Figure 3(d), modulation is plotted versus f; for a 30.0 ms exposure time. Figure 3(d) shows that the modulation
decreases with scan time over all frequencies, thus generalizing the trend shown in Figure 3(c). Unlike a system with
continuous tube motion and no patient motion, modulation varies minimally with exposure time in a system with step-
and-shoot motion and patient motion. This finding arises because the object displacement between projections is
significantly greater than the corresponding motion during the exposure time of an individual projection.

It is also demonstrated in Figure 3(d) that the frequency corresponding to the first zero of the modulation may be less

than that of the detector sampling MTF. This zero follows from the point spread function (PSF) of patient motion, which
is a rectangle function whose width is the object displacement during the scan time. Accordingly, the MTF of patient
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motion is sinc(vT,fcos(), and the first zero is (vT,)'lsecC. With scan times of 2.0, 3.0, and 4.0 s, the zeros of the MTF of
patient motion are 8.3, 5.6, and 4.2 lp/mm, respectively, effectively matching the values in Figure 3(d).

In the same system, Figure 4(a) studies the dependence of modulation on the directionality of patient motion. At any
fixed frequency, the modulation increases with the angle { relative to the x direction. In addition, the difference in
modulation comparing any two scan times is minimized as { increases. Modulation is virtually independent of scan time
if the patient motion is oriented along the z direction (= 90°).

3.3 Optimization of Scan Time

With both continuous tube motion and patient motion occurring simultaneously, there is a trade-off in the benefits of
long and short scan time, and hence modulation is maximized by an intermediate scan time [Figure 4(b)]. For example,
with object velocities (v) of 30.0 and 60.0 pm/s oriented along the x direction, the optimal scan times for continuous tube
motion are 3.3 and 2.4 s, respectively, assuming an input frequency of 2.0 Ip/mm and an exposure time of 30.0 ms.
Figure 4(c) demonstrates that this optimal scan time decreases with object velocity (v) and increases with exposure time
(r). Exposure times between 30.0 ms (the mean value of the Selenia Dimensions system) and 50.0 ms (the maximum
value of the system) are considered. Figure 4(c) also shows that the optimal scan time is frequency dependent.

For any fixed scan time, step-and-shoot motion (SSM) yields greater modulation than continuous tube motion (CTM).
To optimize a step-and-shoot system, one may calculate the scan time giving the same modulation as the highest
achievable with continuous tube motion [Figure 4(b)]. This scan time provides a threshold below which the use of step-
and-shoot motion is justified. For example, with 30.0 um/s patient motion, an SSM scan time of 4.7 s yields the same
modulation as the optimal CTM scan time of 3.3 s. With 60.0 pm/s patient motion, the analogous SSM and CTM scan
times are 3.3 and 2.4 s.

The dependence of the optimal CTM scan time on the directionality of patient motion is investigated in Figure 4(d) by
considering patient motion along a 45° angle relative to the x direction. The optimal scan time for continuous tube
motion is larger in Figure 4(d) than in Figure 4(b) with = 0°. For example, with an object velocity (v) of 30.0 pm/s, the
optimal CTM scan times for = 0° and 45° are 3.3 and 3.8 s, respectively (2.4 and 2.8 s for v =60.0 um/s). In addition,
with (= 45°, there is a broader range of scan times for which the modulation is within the limit of resolution of the
system, which is often taken to be 0.05. For example, with an object velocity of 60.0 um/s and a scan time of 7.5 s, the
modulation with {=45° is 0.26 (resolvable), yet the modulation with {= 0° is 0.03 (not resolvable).

4. DISCUSSION AND CONCLUSION

To our knowledge, this work is the first to model both continuous tube motion and patient motion in DBT, and as a
result, to develop a technique which optimizes scan time. Continuous tube motion and patient motion have competing
influences on scan time; we show that the modulation of the reconstruction is optimized by an intermediate scan time.

In Figure 4, it is demonstrated that continuous tube motion and step-and-shoot motion have nearly identical modulation
in systems with very long scan time. For example, with a 2.0 lp/mm input and a 30.0 ms exposure time, one can show
that the relative difference in modulation between the two systems does not exceed 1.0% for scan times of 10 s or more.
This result holds regardless of the object velocity studied in Figure 4. For this reason, there is effectively no difference
in image quality between the two systems if both operate at the same, very long scan time; patient motion is a much
more significant cause of image quality degradation than continuous tube motion at these scan times.

To minimize patient motion in DBT, the system should have a short scan time comparable to 2D digital mammography.
In systems with continuous tube motion, the drawback of lowering the scan time is substantial reduction of the
modulation relative to an analogous step-and-shoot system (Figure 4). Since systems with step-and-shoot motion tend to
have longer scan times than those with continuous tube motion due to mechanical considerations, Figure 4 demonstrates
that it is still possible to operate a system with continuous tube motion at a scan time yielding superior image quality
relative to a step-and-shoot system. An additional benefit of continuous tube motion might include eliminating
microphonic vibrations during the exposure time of each projection.
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In conventional 2D digital mammography, it has been demonstrated that the scan time should be less than 2.0 s to
minimize patient motion. Currently, no such guideline for DBT has been developed. In order to optimize scan time in
systems with continuous tube motion, our simulations considered object velocities between 30.0 and 60.0 um/s. These
velocities were chosen to be comparable to values seen in clinical images of microcalcifications presented in Figure 1.
Although Figure 1 illustrates motion of microcalcifications in one clinical data set, the case is not necessarily
representative of the most significant extent of patient motion, and thus additional cases should be considered in
developing guidelines for scan time in DBT.

In systems with continuous tube motion, this paper demonstrates that the modulation of the reconstruction may be zero at
frequencies smaller than the zeros of the MTF of detector sampling. This finding has important implications on the
visibility of high frequencies in DBT, which was the subject of our prior work.” In performing reconstructions on a grid
whose pixel size is much smaller than the detector elements, we have previously demonstrated that DBT is capable of
super-resolution. Although the alias frequency of the Selenia Dimensions detector is 3.6 lp/mm, reconstructions of bar
patterns have clearly shown higher frequencies due to super-resolution. In this paper, Figure 3(c) demonstrates that the
ability to achieve super-resolution is influenced by focal spot motion, as the zeros of the modulation in a system with
continuous tube motion vary with exposure time. A formula for these zeros is derived in the Appendix. Using high
contrast bar patterns,” Figure 1 in our previous work demonstrated visibility of 6.0 Ip/mm in the Selenia Dimensions
system with a 3.7 s scan time and a 30.2 ms exposure time. For these settings, it follows from the Appendix that the
modulation possesses a zero at 9.4 Ip/mm. It is worth noting that if the same measurements were taken with the system’s
maximum exposure time of 50.0 ms, the limiting resolution of focal spot motion would be 5.6 Ip/mm, and one would not
expect the same 6.0 Ip/mm bar patterns to be successfully resolved.

There has been recent interest in acquiring DBT images with less compression than conventional 2D mammography.8
The purpose of the reduced compression is to spread out tissues and thus improve resolution in the z direction
perpendicular to the breast support. This work argues against reduced compression, since it inherently leads to greater
patient motion and would be expected to degrade the modulation of the reconstruction. In systems with long scan times,
the need for full compression is particularly evident because the net object displacement should increase with scan time.

Some of the limitations of this study and directions for future modeling are now noted. Future work should more
carefully model the MTF degradation due to non-normal x-ray incidence’ as well as the finite size of the focal spot. In
addition, the presence of noise at various radiation dose levels could be simulated. Although this work implicitly
assumes a high contrast input frequency whose visibility is independent of dose, future studies should demonstrate how
the optimization of scan time is influenced by noise at various dose levels for low contrast input frequencies. Because
the attenuation coefficient of the input object is energy dependent, polyenergetic x-ray spectra should also be simulated.
Furthermore, motion in the chest wall-to-nipple direction (y) should be simulated in addition to the x and z directions
(Figure 2). Finally, while this work considers a constant object velocity, there are instances in which the velocity is
expected to be time-dependent. For example, the velocity may be sinusoidal with time in order to simulate the pulsatile
motion of structures lying along blood vessels.
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6. APPENDIX

The MTF of the focal spot in a system with continuous x-ray tube motion is now calculated by analyzing rays emanating
from different focal spot positions during a single projection. For the n™ projection, rays are first drawn between the
point (0, zo) and the two endpoints of the tube arc. Subsequently, following Eq. (19), rays are backprojected toward the
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Figure 5. The point spread function (PSF) of focal spot motion is found by ray tracing.

nominal projection angle v = w,. The length b, between backprojected rays at the height z = z; yields a rectangle
function corresponding to the PSF of tube motion. The MTF of focal spot motion is then calculated from the Fourier

transform of the PSF. To implement this approach, it is first necessary to derive equations for the lines £,(y, + ¥/2) and

Li(w, — P/2) between the point (0, zy) and the endpoints of the x-ray tube arc at y =y, + ¥/2 and w = w, — P/2. Since

the focal spot coordinates are given by x = —hAsin(y, £ ¥/2) and z = hcos(y,, + ¥/2), the rays through the point (0, z,) lie
along the lines

Ly, +¥/2)={(x,2): z=~[cot(y, £ ¥ /2)—(z,/ h)csc(y, £ ¥ /2)|x+2z,}. (A1)
The lines £(w, + ¥/2) and L,(y, — ¥/2) strike the detector at the points P;(y, + ¥/2) and P;(w, — P/2), respectively
By, 2¥/2)=L,(y, ¥ /)N LW, +¥/2), Ly, +¥/2)={(x,2):z=xtan[(y, +¥/2)/g]} (A2)

where Lp(y, +¥/2) and L,(y, — P/2) are lines along the length of the detector at the x-ray tube angles y = y,, + ¥/2 and
v =y, —¥/2. Combining Eq. (A1) and (A2) gives

By, tV¥/2)=(x,z):x =z, tan(y, +¥/2), z=zy; tan[(y, ¥ /2)/ g|tan(y, £ ¥ /2), (A3)

where

-1

2y =[1+tan[(y, £¥/2)/ g]tan(y, +¥/2)~(z,/ h)sec(y, £¥/2) ] (A4)

Signal at the detector positions P,(w, + ¥/2) and P,(w, — P/2) is in turn backprojected to the focal spot at the x-ray tube
angle w = y,, forming the lines L,(y, + ¥/2) and L,(y, — P/2).

—[hoosy, —z,7, tan[(y, +W/2)/ gtan(y, ¥ /2) |[x+hsiny, |
hsiny, +z,x, tan(y, +¥/2)

L;(W,liT/Z):{(x,z):z: +hcost//ﬂ}

(AS5)
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At the reconstruction depth z = z, the lines L,(y, + ¥/2) and L,(y, — ¥/2) intercept the two points P(w, + ¥/2) and
Pay, —P/2).

Py, ¥ /2)=L(y, ¥ /2)n{(x,2): z=2z,} (A6)

[hsinl//n +z,¥, tan(y, i‘P/2)][hcosl//n —z,]
heosy, —z,x; tan[(y, +¥/2)/ g|tan(y, ¥ /2)

=(x,z):x=

—hsiny,, z=1z, (A7)

A rectangle function of length b, is created between P,(y, + ¥/2) and Py(w, — ¥/2), thereby forming the effective PSF of

the focal spot at the reconstruction depth z = z, (Figure 5). Using MATLAB, one can show that b, does not vary
significantly with projection number # for the Selenia Dimensions system. Consequently, the special case n = 0 is a
useful approximation for the effective width of the PSF of focal spot motion in all projections.

z v z ¥ 2 N-1|Ay
2z, (l—;jtan(zj ) 2z, (l—};’jtan(zj 2z, (l_hjtan{[l’r —z’jz

0 - z, g _
1+tan i tan(‘P]—Zo sec(‘{’jnLtan ¥ tan(‘{’j 1—°sec(j l—isec N-l TA—W
2g 2) h 2 2g 2 h 2 h T-7) 2

(A8)

Since W/2 is well under 1° for typical acquisition geometries, one can use the approximation tan[¥ /(2g)]tan(¥/2) « 1

to derive this result. With the PSF of focal spot motion given by rect(x/by), the MTF of focal spot motion is thus
sinc(byf). The zeros of this MTF are integer multiples of 1/b,. This formula perfectly calculates the zeros of the
modulation of the reconstruction in Figure 3(c) for a system with continuous tube motion and no patient motion.
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