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Abstract

Digital tomosynthesis of the breast is being investigated as one possible solution to the problem of
tissue superposition present in planar mammography. This imaging technique presents various
advantages that would make it a feasible replacement for planar mammography, among them
similar, if not lower, radiation glandular dose to the breast; implementation on conventional digital
mammography technology via relatively simple modifications; and fast acquisition time. One
significant problem that tomosynthesis of the breast must overcome, however, is the reduction of
x-ray scatter inclusion in the projection images. In tomosynthesis, due to the projection geometry
and radiation dose considerations, the use of an antiscatter grid presents several challenges.
Therefore, the use of postacquisition software-based scatter reduction algorithms seems well
justified, requiring a comprehensive evaluation of x-ray scatter content in the tomosynthesis
projections. This study aims to gain insight into the behavior of x-ray scatter in tomosynthesis by
characterizing the scatter point spread functions (PSFs) and the scatter to primary ratio (SPR)
maps found in tomosynthesis of the breast. This characterization was performed using Monte
Carlo simulations, based on the Geant4 toolkit, that simulate the conditions present in a digital
tomosynthesis system, including the simulation of the compressed breast in both the cranio-caudal
(CC) and the medio-lateral oblique (MLO) views. The variation of the scatter PSF with varying
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tomosynthesis projection angle, as well as the effects of varying breast glandular fraction and x-

ray spectrum, was analyzed. The behavior of the SPR for different projection angle, breast size,

thickness, glandular fraction, and x-ray spectrum was also analyzed, and computer fit equations
for the magnitude of the SPR at the center of mass for both the CC and the MLO views were
found. Within mammographic energies, the x-ray spectrum was found to have no appreciable

effect on the scatter PSF and on the SPR. Glandular fraction and compressed breast size were

found to have a small effect, while compressed breast thickness and projection angle, as expected,

introduced large variations in both the scatter PSF and SPR. The presence of the breast support

plate and the detector cover plate in the simulations introduced important effects on the SPR,

which are also relevant to the scatter content in planar mammography.
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I. INTRODUCTION

While the introduction of screening mammography has been responsible for an important
reduction in breast cancer mortality, 1 conventional (planar) mammography has certain
limitations. One of the major limitations inherent to planar mammography is the
representation of three-dimensional information in a two-dimensional image, which
inevitably introduces tissue superposition. This effect is one of the major factors for false
positives2,3 and may alone be responsible for about 25% of all mammography recalls.4 To
overcome this limitation, extensive research is in progress to introduce new imaging
techniques that present at least some depth information to the radiologist. One of these new
imaging techniques is digital tomosynthesis of the breast, which involves acquiring a set of
radiographic projections over a limited angular range and combining these projections to
reconstruct a quasi-three-dimensional image.5-9 A different approach, dedicated breast
computed tomography, aims at acquiring cone beam projections of the breast that result in a
3D reconstruction of the breast volume.10-13

In one of the variations of digital tomosynthesis imaging of the breast, the x-ray tube rotates
through a limited angular range around the compressed breast, while the breast and the
digital imager remain stationary (Fig. 1).14,15 The movement of the x-ray tube with respect
to the digital imager during acquisition of the tomosynthesis projections makes the use of an
antiscatter grid challenging. With the use of a traditional linear or cellular antiscatter grid,
the primary (nonscattered) x rays incident on the imager for the oblique views would be cut
off. At a tomosynthesis projection angle of 10°, approximately 65% and 88% of the primary
x rays would be cut off at the center of the detector by antiscatter grids with grid ratios of
4:1 and 5:1,16 while at 15° and 11°, respectively, all primary x rays would be cut off. A
focused linear antiscatter grid with the septa oriented parallel to the chest wall could be used
if the motion mechanism of the grid is also reoriented. Other options to make antiscatter
grids suitable in tomosynthesis imaging are to have a low grid ratio with inefficient scatter
rejection or to rotate the septa of the grid with the x-ray tube to maintain their parallelism
with the incident x rays for all projections. All these variations would still suffer from the
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limitation that antiscatter grids do not absorb all incident scattered x rays and do not transmit
all incident primary x rays, 17 and therefore other methods for scatter rejection are being
sought. A different approach that is being investigated for the reduction of x-ray scatter
content in the projections is to introduce postacquisition, software-based scatter reduction.
18-22 Several scatter reduction algorithms have been proposed for planar mammography
and could be potentially adapted for digital tomosynthesis. However, all scatter reduction
algorithms require some form of prior knowledge of the scatter content in the images to be
processed. This prior knowledge includes the scatter point spread function (PSF) or the
scatter to primary ratio (SPR).

The purpose of this study is to characterize x-ray scatter in digital tomosynthesis of the
breast to facilitate the further development and application of software-based scatter
reduction techniques to tomosynthesis projection images. Extensive studies based on
experimental and simulation methods have been published on x-ray scatter in planar
mammography20,23-29 and some work has been done on characterizing x-ray scatter in
breast CT.30 Although limited studies of x-ray scatter in breast tomosynthesis have been
presented, 21,31-33 no comprehensive characterization of the x-ray scatter in tomosynthesis
projections of clinically realistic mammographic shapes has been reported. In this work, the
variation of x-ray scatter content in the tomosynthesis projections under different conditions
such as varying breast size, compressed thickness, composition, x-ray spectrum, and
tomosynthesis projection angle is studied. Computer fit equations for the SPR at the center
of mass, as well as insights into the variations in scatter PSF with varying projection angle,
are reported.

Il. METHODS AND MATERIALS

A. Monte Carlo simulation software

A previously developed Monte Carlo based simulation program that models image
acquisition during a tomosynthesis of the breast examination was used for this study.34 This
C++ based program, based on the Geant4 toolkit, 35,36 models the compressed breast in
both the craniocaudal (CC) and the medio-lateral oblique (MLO) views (Fig. 2) and includes
the imaging system’s compression plate, support plate, detector cover plate, an ideal energy
integrating detector, and the patient’s body. The compression plate was modeled as
polycarbonate with a thickness of 2 mm, while the combination of the breast support plate
and cover plate was equivalent to 3.3 mm of carbon fiber. The patient’s body was included
to take backscatter into account and was modeled as a very large volume of water. The x-ray
tube is simulated as a point source, 66 cm above the detector at the 0° projection angle,
which rotates around the compressed breast according to the tomosynthesis projection angle
and the location of the rotation center (4 cm above the detector) of the x-ray tube. It was
assumed that the collimation varied with projection angle so that the x-ray field is restricted
to illuminate the detector area completely from any position. The x-ray field simulation also
includes the heel effect and the inverse square distance relationship, introducing a falloff in
intensity away from the central ray. The detector was modified so that it can discriminate
between primary (X rays that did not undergo any scatter event) and scatter (x rays that
underwent at least one scatter event) photons. This results in two separate images being
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recorded per acquisition, one primary and one scatter image. The simulated detector was
programmed to have a 1 mm resolution, which was deemed small enough for appropriate
characterization of x-ray scatter variation with position, but still large enough to obtain
reasonable statistics. This resulted in SPR maps of size 240x307.

B. Characterization of scatter to primary ratio

To analyze how the SPR varies under different conditions, the Monte Carlo simulation was
performed repeatedly while varying breast size, specified as the chest wall to nipple distance
(CND) and compressed breast thickness (7)), for both CC and MLO views. Simulations were
performed for the compressed breast using a 50% glandular fraction, as described by
Hammerstein et al.37 with the CND and T set to the values specified in Table I. For the
compressed breast in CC view, the CND was chosen so that the breast tissue mass would be
equal to that of the MLO simulations, not including the pectoralis muscle. To study the
behavior of SPR with glandular fraction, additional simulations were performed by setting
the glandular fraction to 0%, 25%, 50%, 75%, and 100% for the more limited set of
parameter values shown in the second part of Table I.

For each breast setup, projections were acquired at +30° in 6° steps (due to symmetry, only
the positive angles were used for the CC view studies). For each of these 518 geometry and
composition combinations, 50 million monochromatic x rays at each energy between 9.5
and 31.5 keV in steps of 1 keV were tracked. This resulted in a total of 11 914 sets of
primary and scatter images. To perform these simulations, a 64 node computer cluster, each
node containing two AMD Opteron 2.2 GHz processors (Advanced Micro Devices, Inc.,
Sunnyvale, CA), was used. To obtain SPR maps for a specified x-ray spectrum, the
monochromatic primary and scatter images were median filtered (11x11 kernel size) to
reduce noise, weighted by the relative number of photons at each energy bin of the
spectrum, and then totaled to obtain spectrum-weighted primary and scatter images. A
median filter, rather than a mean filter, was used because it was found by analyzing pre- and
post-filter profiles of the data that, although the noise reduction was similar, the median
filter preserved the sharp features present in the primary images better than the mean filter.
The spectrum-weighted spatially variant SPR maps were obtained by pixel-by-pixel division
of the spectrum-weighted scatter image by the spectrum-weighted primary image. To study
how the x-ray spectrum affects the SPR, the monochromatic data were combined using the
relative number of photons for seven different spectra, 38 specified in Table II. From these
simulations, the SPR at the projection of the center of mass (COM) of the breast was found
and its variation under the different imaging conditions characterized. The SPR at the center
of mass reported is the mean from a 1x1 cm region surrounding the COM. In addition, SPR
maps and profiles are presented for qualitative analysis.

C. Study of scatter point spread functions

Scatter reduction algorithms typically require an estimate of the scatter PSF as prior
knowledge. To gain insight into how the scatter PSF behaves in tomosynthesis conditions,
the Monte Carlo simulation was modified so that the x-ray field was reduced to a pencil
beam directed at the center of mass. The variation in shape of the scatter PSF for different
projection angles is presented. This analysis was performed only for a breast in the CC view
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with CND=10 cm, 7=2, 5, and 8 cm, G=0%, 50%, and 100%, and projection angles from 0°
to 30° in 6° steps.

To reduce computation time, a variance reduction scheme, based on the concept of
importance sampling, 39 was introduced in the Geant4 simulation. This scheme consisted of
modifying the Rayleigh and Compton scatter physics models so that at each scatter event,
more than one photon would be output, each one sampled independently from the
appropriate energy and angular distribution functions for the incident photon. To
compensate for this multiplication of photons, a relative weight was assigned to each
photon, so that each original photon emitted from the x-ray source had a weight value of 1,
and this value was reduced according to the number of photons that were produced for each
scatter event. For example, if, at each scatter event, the incident photon were split into five
photons, these output photons would each have a relative weight of 0.2. If any of these
photons scattered again, another five photons would be produced, each one with a relative
weight of 0.04. When a photon arrived at the imager, the number recorded at that position
would be the photon energy times its relative weight. To verify that this variance reduction
scheme yielded the correct results, the same simulation was repeated with and without the
variance reduction. The resulting PSFs for both cases were virtually identical and are shown
in Fig. 3. This variance reduction scheme succeeded in reducing the number of emitted x
rays needed to be simulated, since the computer program spends more processing time
following the x rays that have scattered and less time following the primary x rays that do
not provide scatter information.

D. Validation

Although the Geant4 Monte Carlo toolkit has been already validated for x-ray scatter studies
at mammographic energies, 40 and our Geant4 tomosynthesis simulator was validated for
glandular radiation dose predictions, 34 our program was modified to match the geometry
described by Boone and Cooper, 24 to compare Geant4’s predictions on scatter PSF for the
0° projection angle with the scatter PSF reported for planar mammography.

lll. RESULTS

To verify the statistical precision obtained by performing monochromatic runs of 50 million
photons, two simulations were repeated five times to compute the coefficient of variation
(defined as the percentage ratio of standard deviation to the mean, COV=1000/u) of the SPR
at the COM. For an average breast, 5 cm thick, CND=11.6 cm, G=50%, projection
angle=0°, the COV for the spectra below 27 kVp was lower than 1.25%, while for the rest
the COV was 0.5% or lower. For a similar breast but with the maximum thickness, 8 cm, the
COV for the Mo/Mo 25 kVp spectrum was 8.6%, while for the 27 kVp spectra the COV was
lower than 5.0%, and for the 29 kVp spectra and above the COV fell to below 1.8%.
Considering that in a clinical environment an 8 cm thick compressed breast is rarely imaged
with a spectrum below 27 kVp, this precision was deemed sufficient.
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A. Validation

Figure 4 shows the scatter PSFs computed by the Geant4 simulation compared to those
reported by Boone and Cooper.24 The scatter PSFs presented are radially averaged and
normalized to the number of primary photons detected. The results show agreement for all
the variations reported by Boone and Cooper, which included varying breast tissue
composition, x-ray spectrum, breast-to-imager air gap, and compressed breast thickness.

B. Qualitative analysis of the scatter point spread function

Figure 5 shows images of the computed scatter PSF for a 5 cm thick compressed breast,
50% glandular fraction and tomosynthesis projection angles ranging from 0° to 30° in 6°
steps. The radial symmetry of the 0° scatter PSF is clear. Some progressive loss of
symmetry can be observed with increased angle, with the last two projection angles (24° and
30°) presenting an obvious asymmetry. In these images, the x-ray tube moves toward the top
of the page with increasing projection angle. This shows that as the x-ray tube moves in one
direction, the “tail” of the scatter PSF is extended towards the opposite direction.

Vertical profiles through the center of the scatter PSF for the three different compressed
breast thicknesses simulated are shown in Fig. 6. The x-ray tube moves towards the negative
side of the x axis with increasing projection angle. The increase in scatter in the direction
opposite to tube movement, resulting in an asymmetric PSF, can be seen. This effect
becomes more pronounced with increasing compressed breast thickness. It is important to
note that asymmetry can be already seen at the 6° projection angle, which was not apparent
in the two-dimensional images.

The effect of glandular fraction and x-ray spectra on the behavior of the scatter PSF with
angle is depicted in Fig. 7. In both cases, as expected, a very small deviation was found.

C. Effect of the breast support plate and detector cover plate on the scatter to primary

ratio

Figure 8 shows the computed SPR maps for compressed breasts of varying thickness in the
CC view for the 0° and 30° tomosynthesis projection angles. The simulated breasts have a
CND=11.6 cm, 7=2, 5, and 8 cm, and G=50%, and the x-ray spectrum is Rh/Rh 31 kVp.
Figure 9 shows the same cases in the MLO view, but with a CND=13 cm. The images for
the 5 and 8 cm thick breasts present a sharp increase in the SPR close to the outer edges of
the compressed breast. This increase in SPR, although to a lesser degree, was previously
reported by Lam and Chan.41 To isolate the cause of these spikes in the SPR maps, three
different modifications to the CC view simulations were attempted. In the first case, the
possibility that this effect is due to the drop-off in tissue thickness at the curved edge of the
compressed breast was studied by modifying the breast to be a perfect cylinder with semi-
circular cross section. To study the possibility that the inclusion of a 4 mm skin layer around
the breast introduced unexpected differences in scattering cross sections, the skin layer was
eliminated in a second simulation. With these two variations, the spike in the SPR profile

was still present.
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The third modification of the simulation eliminated the breast compression plate, breast
support plate, and detector cover plate. The results of this simulation are shown in Figs. 10
and 11, where it is clear that this effect did not occur. Figures 12 and 13 show horizontal
(perpendicular to the x-ray tube’s motion) profiles through the projection of the center of
mass of the compressed breast showing clearly the effect that the presence of these plates
has on the SPR. The spike and overall increase in SPR is due to the scattering contribution
of the open field area of the plates. Although the plates are very thin compared to the
compressed breast, the sections of these plates outside the area of the compressed breast are
exposed to the full fluence of the x-ray field, causing the absolute number of x rays detected
that underwent a scattering event in the open area of the plates to be high. Some portion of
the x rays that scattered in the plates is detected under the shadow of the breast, where the
number of primary x rays detected is reduced substantially due to the attenuation of the
breast. This phenomenon is depicted graphically in Fig. 14. The reduced attenuation of the
primary x rays in the thin breasts explains why this effect is not seen as prominently in the
SPR maps for breast of 7=2 cm.

The rest of the SPR results reported in this paper are from simulations that include the breast
compression plate, breast support plate, and detector cover plate, since these are always
necessarily present during a clinical tomosynthesis acquisition.

D. Scatter to primary ratio maps

Figure 15 shows the 3D plot of the SPR maps of a compressed breast in the CC view
(CND=11.6 cm, T=5 cm, G =50%, Rh/Rh 31kVp) for projection angles 0° to 30° in 6° steps.
As in the scatter PSF section, the x-ray tube’s movement with increasing projection angle is
towards the negative side of the x axis. The increase in SPR throughout the breast with
increasing projection angle can be clearly seen. In addition, the symmetry of the SPR about
the centerline of the imager is lost, with the tail of the SPR on the side opposite the x-ray
tube becoming wider. This effect is expected, if one considers the shape of the scatter PSF
described in the previous section. The increased SPR around the edge of the breast because
of the presence of the compression plate, support plate, and cover plate can also be seen,
especially in the wider angle projection images. For improved visibility, profiles parallel to
the chest wall (also parallel to the x-ray tube’s motion), through the center of mass, are
depicted in Fig. 16. Profiles for compressed breasts of thickness 2 and 5 cm are also shown.
The overall increase in SPR, loss of asymmetry, and the higher SPR at the borders can all be
also seen in the profiles. In addition, the increase in SPR close to the borders of the breast
can be seen more prominently for the 7=8 cm breast.

E. Scatter to primary ratio at the center of mass

Figures 17 and 18 show the variation of the SPR at the center of mass with varying breast
size, thickness composition, and x-ray spectrum for the CC and MLO views, respectively.
Unless specified otherwise, the data shown are for a breast with CND=13 cm (11.6 cm for
the CC view), T'=5 cm, G=50%, and Rh/Rh 31 kVp x-ray spectrum. As expected, SPR is
most of all a function of compressed breast thickness, with a smaller dependence on
glandularity and breast size. Specifically, chest wall to nipple distance appears to only have
an influence on SPR when it is below a certain value. These results are consistent with those
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reported by Boone et al.,25 in which the SPR curve approaches a horizontal line with
increasing breast size and can be explained by the falloff in intensity of the scatter PSF with
radial distance. The x-ray spectrum does not appear to influence the SPR; the few data
points that show some deviation can probably be attributed to higher statistical noise due to
the fact that those points are the ones that include the fewest total x-ray histories.

Given these results, the computed data were used to fit an equation for SPR as a function of
tomosynthesis projection angle, compressed breast thickness, and breast glandularity for
each view. This was accomplished using commercially available software (TableCurve 3D
and TableCurve 2D, Systat Software Inc., Richmond, CA). Since TableCurve 3D can only
fit functions with two independent variables, the glandularity dependence was introduced as
a linear coefficient to the surface equation found by TableCurve 3D for SPR(7, a). The
resulting equations for scatter to primary ratio at the center of mass for a tomosynthesis
projection were as follows:

For MLO view,

c+dT+ea+ [T +ga?+hTo
J g

SPR =(aG+b '
o —(aG+ }(1Jr-_:jTJrjaJrkTQJrlﬂ'ZJr'm-TQ') @
For CC view,
_ (c+dT+eT?+fT%+ga)
SPR_.=(aG+b)- 3y
co (aGH- J(1+h.T—|—iQ+jO:2+kTad} @

where a is the tomosynthesis angle (measured from the detector surface),34 in degrees; 7 is
the compressed breast thickness, in cm; and a through m are the fit coefficients, given in
Table III. Both fits resulted in a R2>0.976 and are applicable for any chest wall to nipple
distance above 10 cm in MLO view, and for any CND for CC view.

IV. DISCUSSION

The variation found in the scatter point spread functions with varying tomosynthesis
projection angle suggests the need of using different scatter PSFs when attempting to
perform scatter reduction image processing on tomosynthesis projections. Assuming the
same scatter PSF for all projections would clearly result in suboptimal corrections. To obtain
estimations of the scatter PSF of a real breast, a Monte Carlo program like the one described
in this study, which assumes a homogeneous breast, is appropriate given the small variation
in PSF for breasts with different glandular fractions. In addition, the same simulated scatter
PSF can be used for a breast imaged with different x-ray spectra, given the very small
variation found within mammographic energies. To compute the scatter PSF using Monte
Carlo simulations, a variance reduction scheme like the one included in this work may be
used, allowing for an important reduction in computation time.

If the scatter reduction technique being used involves an estimation of the SPR map as prior
knowledge, it is important to compute the map with the presence of the breast support plate
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and detector cover plate included in the Monte Carlo simulation. As seen in the results, these
contribute a very important amount of scatter close to the breast edge portion of the image,
and in general increase the SPR throughout the whole breast. Using Boone et al.’s equation
for SPR at the center of mass for a semi-circular breast in planar mammography, 25 the
SPRs for the CND=11.6 cm, 7=2, 5, and 8 cm breast should be 0.24, 0.55, and 1.03,
respectively. In our simulations, the values found when no plates are present were 0.26,
0.57, and 0.91 for the same three conditions. With the plates present, these values increase to
0.34, 0.67, and 1.03. This comparison not only serves as validation for our simulations, but
shows that if the plates are not taken into account, the SPR estimation in an image may be
underestimated by as much as 31%.

By performing the same simulation for varying values of the four parameters relevant to the
simulation, compressed breast thickness, breast size, glandular fraction, and x-ray spectrum,
it was found that the SPR is, as expected, largely a function of thickness and, to a small
extent, glandular fraction. The x-ray spectrum used, within mammographic energies, did not
show any real variation in SPR. The breast size seems to affect SPR in very small breasts;
when CND is past a certain threshold the SPR increase becomes very slow. This is expected
due to the scatter PSF’s limited range. Given these variations, equations were fit to be able
to compute the SPR at the center of mass for a breast of any thickness between 2 and 8 cm,
glandular fraction between 0% and 100%, and for any tomosynthesis projection angle
between +30°.

Although in a clinical image an imaged breast will present anatomical structure, and is
therefore not homogeneous, the small variations found in the scatter PSF and in the SPR
maps for homogeneous breasts of varying glandular fraction seem to suggest that Monte
Carlo simulations are still useful for the development of scatter reduction algorithms for
application in clinical images.

Two other sources of resolution and contrast loss that are present in a clinical system but
were ignored in this study are off-focus radiation and detector response. By excluding off-
focus radiation from the simulation, the results presented are applicable independent of the
x-ray tube used, and this effect can be added to the x-ray scatter effect described here. In
addition, it has been shown that for the spectral energies analyzed in this study, the off-focus
radiation-to-primary ratio varies approximately from 0.035 to 0.045,42 which is
approximately 3% to 10% of the scatter to primary ratio found in this study, depending on
the breast thickness.

The nonideal detector response was excluded due to the vast variety of parameters (x-ray,
optical, or electron spatial spread, conversion media thickness, packing fraction, columnar
structure, etc.) that would have to be encompassed to make a comprehensive analysis. These
effects have been studied for various imager technologies and incidence angles43—45 and
can be combined with the effects described in this study for any specific system.

In this study we assumed that the heel effect causes the same drop-off in intensity for x rays
of all energies. The validity of this assumption was checked by computing the first half
value layer (HVL) of the spectrum reaching the detector along the central ray (therefore
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exiting the anode straight down and entering the added filtration orthogonally) and of the
spectrum reaching the detector at the farthest corner (therefore traveling through a longer
path in the anode and the added filtration). The increase in HVL for the lowest energy
spectrum used in this study (Mo/Mo 25 kVp) was found to be approximately 16%, while for
the highest energy spectrum (Rh/Rh 31 kVp) was computed to be approximately 11%.
Given the SPR’s very weak dependence on x-ray spectrum, it is estimated that this
difference is negligible.

Similar simulations for the study of scatter PSF and SPR, even with the presence of an
antiscatter grid, in the emerging field of dedicated cone beam breast computed tomography
might prove useful, given the potential for introduction of artifacts in the reconstructed
volume due to the inclusion of scatter in the projection images.

V. CONCLUSION

X-ray scatter inclusion in the image is an important concern in all radiographic applications.
In digital tomosynthesis of the breast, x-ray scatter is an especially important consideration
due to the difficulty of the use of an antiscatter grid. To reduce the deleterious effect of x-ray
scatter in the tomosynthesis projections, the use of postacquisition software-based x-ray
scatter reduction techniques is being investigated.21,31 This necessitates a comprehensive
understanding of the x-ray scatter content in the tomosynthesis projections. In this study,
insight has been obtained as to the behavior of x-ray scatter in a tomosynthesis projection
with varying projection angle. By analyzing the scatter point spread function and the scatter
to primary ratio map for different conditions, the importance of considering the projection
angle when attempting to reduce the scatter content of an image was identified.

The magnitude of the effect on the SPR due to the presence of the breast support plate and
the detector cover plate was found to be higher than expected. This effect impacts not only
tomosynthesis imaging, but planar mammography as well.
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Fig. 1.
Diagram of a tomosynthesis acquisition depicting the moving x-ray source and the

stationary detector.
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side view (in the CC view breast, the pectoralis muscle is not present). The pectoralis

muscle’s thickness decreases towards the caudal side.
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Comparison of a scatter PSF computed with and without the variance reduction scheme. The

validity of the results computed with the variance reduction scheme is apparent.
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previously reported by Boone and Cooper (symbols) (Ref. 24). Excellent agreement can be

seen for all cases.
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Fig. 5.
Images of the scatter PSF for a 5 cm compressed breast in the CC view for projection angles

from 0° to 30°, in 6° steps. The loss of circular symmetry with increasing projection angle is
apparent. The x-ray tube moves towards the top of the page with increasing projection angle.
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Vertical profile through the center of the scatter PSF of breasts of thickness 2, 5, and 8 cm.

The loss of symmetry with increasing projection angle is apparent.
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Fig. 7.
Sample graphs showing the variation of the 0° and 30° scatter PSF with varying (a) breast

glandular fraction and (b) x-ray spectrum. Both graphs are for a breast with CND =11.6 cm,
T=5 cm, G=50%, and Rh/Rh 31 kVp x-ray spectrum, unless specified otherwise.
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2cm; 30° dcm, 30° 8 cm, 30°

Fig. 8.

Irr?ages of the SPR for a CC view breast showing the effect of the breast support plate and
the detector cover plate. The increases in SPR near the edges of the breast for the 5 and 8 cm
thick breast are apparent for both the 0° and the 30° projections. The breast has a CND=11.6
cm, G=50%, and the x-ray spectrum is Rh/Rh 31 kVp.
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Fig. 9.

Irr?ages of the SPR for a MLO view breast showing the effect of the breast support plate and
the detector cover plate. The increases in SPR near the edges of the breast for the 5 and 8 cm
thick breast are apparent for both the 0° and the 30° projections. The breast has a CND=11.6
cm, G=50%, and the x-ray spectrum is Rh/Rh 31 kVp.
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Fig. 10.
Images of the SPR for a CC view breast showing the absence of the increase in SPR when

the breast support plate and the detector cover plate are not present. The simulation
parameters are the same as those depicted in Fig. 8.
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Fig. 11.
Images of the SPR for a MLO view breast showing the absence of the increase in SPR when

the breast support plate and the detector cover plate are not present. The simulation
parameters are the same as those depicted in Fig. 9.
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Horizontal profiles through the center of mass of the breast of the SPR maps depicted in

Figs. 8 and 10.
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Fig. 14.
Diagram showing the cause of the SPR increase due to the presence of the breast support

plate and the detector cover plate. The straight downward arrows depict the primary x rays.
The diagonal arrows depict the scattered x rays. Although the plates are very thin, the much
higher x ray fluence entering the breast support plate results in a considerable amount of
scattered x rays. The portion of these x rays that is detected under the shadow of the breast is
divided by the much lower number of primary x rays that travel through the breast, resulting
in a high scatter to primary ratio.
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Fig. 15.
Surface and contour plots of the SPR for a CC view breast with CND=11.6 cm, 7=5 cm,

G=50%, and projection angles 0° to 30° in 6° steps. The spectrum is Rh/Rh 31 kVp. The
increase in SPR, widening tail, and loss of symmetry with increasing projection angle is
apparent. The x-ray tube’s motion is towards the negative side with increasing projection
angle.
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Fig. 16.
Profiles parallel to the chest-wall, through the center of mass, of the CC view breast with a

thickness of 2, 5, and 8 cm.
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(b) X-Ray Spectrum
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Sample graphs of SPR variation with varying (a) breast glandular fraction, (b) x-ray

spectrum, (c) chest wall to nipple distance, and (d) compressed breast thickness. All four
graphs are for CC view, CND =11.6 cm, 7=5 cm, G=50%, and Rh/Rh 31 kVp x-ray
spectrum, unless specified otherwise.
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Fig. 18.
Sample graphs of SPR variation with varying (a) breast glandular fraction, (b) x-ray

spectrum, (c) chest wall to nipple distance, and (d) compressed breast thickness. All four
graphs are for MLO view, CND =13 cm, 7=5 cm, G=50%, and Rh/Rh 31 kVp x-ray
spectrum, unless specified otherwise. Positive angle projections are defined as when the x-
ray tube swings towards the cranial side of the patient.
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Table |
Values of the geometric parameters used in the Monte Carlo simulations for the scatter to primary ratio
studies.
Parameter CC View MLO View

Breast size studies
Chest-wall to nipple distance (CND)  6.2,9.0, 11.6, 14.4,and 17.0cm 7, 10, 13, 16, and 19 cm
Thickness (T) 2,4,5,6,and 8 cm
Glandularity (G) 50%

Breast Composition Studies

Chest-wall to nipple distance (CND) 11.6 cm 13 cm
Thickness (T) 2,5,and 8 cm
Glandularity (G) 0%, 25%, 50%, 75%, and 100%

Med Phys. Author manuscript; available in PMC 2014 December 30.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

Sechopoulos et al. Page 32

Table Il

First half-value layer values of the x-ray spectra used to combine the mono-energetic Monte Carlo results. The
mono-energetic results were combined using the computed HVL above the breast compression plate due to the
inclusion of the breast compression plate in the simulation.

Target Filter Tubepotential (kVp) Computed HVL above compression plate Computed HVL under compression plate
(mm Al) (mm Al)
Mo Mo 25 0.284 0.322
Mo Mo 26 0.297 0.335
Mo Mo 27 0.309 0.347
Mo Rh 27 0.364 0.400
Mo Rh 29 0.387 0.422
Rh Rh 29 0.380 0.426
Rh Rh 31 0.408 0.457
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Table llI

Page 33

Coefficients for the fit equations (1) and (2) to compute scatter to primary ratios at the center of mass, for both
the MLO and CC views.

Coefficients

MLO view

CC view

a

1.324 300 OE-03

9.337 850 OE-01

1.169 212 7E-01

9.455 517 TE-02
—3.004 900 OE-04
—-7.611 100 OE-03
3.920 070 OE-05
—1.561 400 OE-04
-9.134 761 OE-02
—6.803 400 OE-04
1.499 353 OE-03
—1.033 000 OE-04
—7.712 700 OE-06

2.088 620 OE-03

8.955 690 0E-01

9.800 114 OE-02

1.116 426 5E-01
—8.647 030 OE-03
1.836 750 OE-04

6.499 170 OE-05
—6.258 962 O0E-02
—-8.497 300 OE-04
—1.188 400 OE-04
-1.570 300 OE-06
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