
Dual-Energy Contrast-Enhanced Breast Tomosynthesis:
Optimization of Beam Quality for Dose and Image Quality

Ehsan Samei and
Carl E. Ravin Advanced Imaging Laboratories Departments of Radiology, Biomedical
Engineering, Physics, and Medical Physics Duke University Durham, NC 27705

Robert S. Saunders Jr.
Carl E. Ravin Advanced Imaging Laboratories Department of Radiology Duke University Medical
Center Durham, NC 27705

Abstract

Dual-energy contrast-enhanced breast tomosynthesis is a promising technique to obtain three-

dimensional functional information from the breast with high resolution and speed. To optimize

this new method, this study searched for the beam quality that maximized image quality in terms

of mass detection performance. A digital tomosynthesis system was modeled using a fast ray-

tracing algorithm, which created simulated projection images by tracking photons through a

voxelized anatomical breast phantom containing iodinated lesions. The single-energy images were

combined into dual-energy images through a weighted log subtraction process. The weighting

factor was optimized to minimize anatomical noise, while the dose distribution was chosen to

minimize quantum noise. The dual-energy images were analyzed for the signal difference to noise

ratio (SdNR) of iodinated masses. The fast ray-tracing explored 523,776 dual-energy

combinations to identify which yields optimum mass SdNR. The ray-tracing results were verified

using a Monte Carlo model for a breast tomosynthesis system with a selenium-based flat-panel

detector. The projection images from our voxelized breast phantom were obtained at a constant

total glandular dose. The projections were combined using weighted log subtraction and

reconstructed using commercial reconstruction software. The lesion SdNR was measured in the

central reconstructed slice. The SdNR performance varied markedly across the kVp and filtration

space. Ray-tracing results indicated that the mass SdNR was maximized with a high-energy

tungsten beam at 49 kVp with 92.5 μm of copper filtration and a low-energy tungsten beam at 49

kVp with 95 μm of tin filtration. This result was consistent with Monte Carlo findings. This

mammographic technique led to a mass SdNR of 0.92 ± 0.03 in the projections and 3.68 ± 0.19 in

the reconstructed slices. These values were markedly higher than those for non-optimized

techniques. Our findings indicate that dual-energy breast tomosynthesis can be performed

optimally at 49 kVp with alternative copper and tin filters, with reconstruction following weighted

subtraction. The optimum technique provides best visibility of iodine against structured breast

background in dual-energy contrast-enhanced breast tomosynthesis.

Keywords

Monte Carlo; Dual-energy; Contrast Imaging; Breast Tomosynthesis; Molecular Imaging

NIH Public Access
Author Manuscript
Phys Med Biol. Author manuscript; available in PMC 2014 August 28.

Published in final edited form as:
Phys Med Biol. 2011 October 7; 56(19): 6359–6378. doi:10.1088/0031-9155/56/19/013.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



I. INTRODUCTION

Women at high risk of breast cancer have been advised to begin mammographic screening

early and to supplement mammography with breast MRI.1-4 However, neither standard

mammography nor breast MRI are ideal screening tools. In mammography, cancers may be

missed in women with dense breasts,5 while specificity and cost remain concerns with

MRI.6 What is needed is a technology that combines functional three-dimensional data

similar to MRI but with the low cost, high speed, and high resolution characteristics of

mammography. One promising technology that may be of potential merit in that regard is

dual-energy contrast-enhanced breast tomosynthesis.7-10

The breast tomosynthesis technology provides the ability for three-dimensional localization.

Within the context of three-dimensional data provided by tomosynthesis, the contrast-

enhanced technology provides functional data, the value of which has been demonstrated

with contrast-enhanced mammography.11-14 Finally, the dual-energy technology allows for

the ability to gather the functional data in two sequential scans as opposed to a pre-contrast

and post-contrast imaging set, minimizing motion blur artifacts and contrast penetration

problems associated with temporal subtraction contrast imaging techniques. However, while

this three-way combined imaging method appears promising, there is no consensus on the

optimal radiographic technique for this new imaging method.

The purpose of this study was to optimize the radiographic technique for dual-energy

contrast-enhanced tomosynthesis. The optimization was based on mass conspicuity for

iodinated lesions. A ray-tracing algorithm was used to examine the signal difference to noise

ratio (SdNR) of iodinated masses imaged with a wide variety of beam energies, filter

materials, and filter thicknesses. The results of the ray-tracing model were verified by a

Monte Carlo model that simulated photon transport through a voxelized breast phantom. The

mass SdNR was examined as a basis to optimize dual-energy contrast-enhanced

tomosynthesis in both the tomosynthesis projections and reconstructed slices.

II. MATERIALS AND METHODS

Traditionally, dual-energy imaging has been used to decompose a radiographic image into

two materials, such as bone and soft tissue. In this study, a different approach was used

where the dual-energy technique was optimized to remove the contrast between adipose and

glandular tissue and thereby minimize anatomical noise. Our optimization of dual-energy

contrast-enhanced tomosynthesis proceeded in a three-stage process. First, the weighting

factor for the weighted log subtraction was chosen to remove the contrast between adipose

and glandular materials. Second, the distribution of dose between the two single-energy

images were optimized to minimize quantum noise. Finally, the optimal beam quality was

chosen to maximize the SdNR of the iodinated masses in the dual-energy images. The

following describes the theoretical basis for these optimization stages followed by

description of each of the components o the study.
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A. Methodological Framework

1. Weighted Log Subtraction Optimization—As noted above, the first objective of

our optimization was to minimize the contrast between adipose and glandular tissue and

thereby minimize anatomical noise. For that objective, if a monoenergetic beam traveling

through a two component breast containing only adipose and glandular tissue, Beer's law

predicts the attenuated beam I to take the form

(1)

where I0 is the beam incident on the breast, μg and μa correspond to the attenuation

coefficient of glandular and adipose tissue, respectively, gf is the glandular fraction, and tb is

the breast thickness. The log of this signal is

(2)

where α is defined as the coefficient of gf, and β is a constant independent of glandular

fraction. As this equation implies, the log-signal is linearly related to the glandular fraction.

Weighted log subtraction creates a dual-energy image as

(3)

where w corresponds to the weighting factor, and IH and IL represent the high and low

energy images, respectively. IDE depends on glandular fraction as

(4)

As seen above, the dual-energy signal is also linearly related to the glandular fraction. To

eliminate the dual-energy image's dependence on glandular fraction, and thereby minimizing

the contrast between adipose and glandular tissues, the weighting factor w must equal

(5)

While these equations hold for a monoenergetic beam, where α's can be solved exactly,

clinical beams are polyenergetic. For the polyenergetic case, the log of the single-energy

signal is only approximately linear with respect to glandular fraction, gf. For a line as ln(I) =

α gf + β, we will then have n sets of data points. To minimize the glandular-adipose contrast

for polyenergetic beams, the image signal may be computed for various glandular fractions

for both the low and high energy conditions. The optimal weighting parameter can then be

found with a linear regression with an algebraic simplification as

Samei and Saunders Page 3

Phys Med Biol. Author manuscript; available in PMC 2014 August 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(6)

where the I[gf] represents the signal value at a given glandular fraction and n is the number

of glandular fractions at which the signal value was simulated (see Appendix). Please note

that for an actual breast examination, given a particular breast thickness and granular

fraction, an adaptable weighting parameter might be manually or semi-automatically

adjusted by the radiologist for optimal reduction of glandular-adipose contrast.

2. Dose Distribution Optimization—The magnitude of glandular dose was estimated

for the high and low energy beams using methods noted below based on prior simulations24

or Monte Carlo methods. The total exam dose to the breast was then computed as the

summation of the dose from the low- and high-energy images. The dual-energy image being

formed from the two image sets, one can rewrite Equation 3 as

(7)

where δ represents the total exam dose and ε, varying between 0 and 1, is the fractional

contribution of the high-energy image to the total exam dose. The dose distribution factor ε

may be selected to minimize the quantum noise in the dual-energy image. This was done by

generating a dual-energy image of a homogeneous phantom (in this study, a 50%

adipose/50% glandular slab), and finding the ε value that minimizes quantum noise. This

minimization was performed using a golden section search and parabolic interpolation,

which adjusted ε until it found the minimum standard deviation of the image.15, 16

3. Iodine SdNR Optimization—For the monoenergetic case, the ideal beams would

bracket the k-edge of iodine (33.169 keV). At these beam energies, the dual-energy image

would show strong signal values in iodine areas while minimal signal would occur in areas

with other materials. However, clinical beams are polyenergetic. With polyenergetic beams,

three factors must be considered: the magnitude of the beams on either side of the iodine k-

edge, their spectral overlap, and the magnitude of glandular dose the beams impart to the

breast. Due to the difficulty of balancing these three factors, optimization is performed

empirically by measuring the iodinated mass SdNR in dual-energy subtracted images at a

variety of different beam shapes. The optimal beam combination is chosen that maximizes

the mass SdNR.

B. Breast Phantom

A new implementation of a previously developed breast simulation program was used in this

study to create realistic breast phantoms in a voxelized format (see Figure 1).17 Each

realization of the phantom differed in terms of the arrangement of adipose and glandular

tissue and the layout of the ductal network. The phantom included six 5 mm breast masses

created using a stochastic growth algorithm to mimic infiltration, and ability to have various

compression realizations. The lesions were placed at the center plane of the phantom in a
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symmetrical pattern illustrated in Figure 1. Phantoms were produced with an 8 cm cross-

sectional radius and compressed breast thickness of 4 cm, reflective of a typical breast size

in the US population. Prior publications provided the elemental compositions of the

phantom and system materials in the simulation model including the adipose tissue, ductal

tissue, skin, pyrex, selenium,18 glandular tissue, and malignant masses infused with 1%

iodine (Table I).19 The full phantom was used for the Monte Carlo simulations, while a

reduced version that only incorporated the glandular tissue, adipose tissue, and iodinated

mass was used for the ray-tracing algorithm. Based on previous research on the relationship

between glandular fraction and compressed breast thickness for a 4 cm breast,20-22 an

average glandular fraction of 60% was chosen.

C. Ray Tracing Model

A ray-tracing model was used to analyze the mass SdNR in projection images. While not

modeling scattered radiation and detector noise, the ray tracing method was used prior to

Monte Carlo simulation as its simplicity enabled examination of a wide variety of

parameters with manageable computational burden. The model began by creating xray

photons according to a given radiographic beam profile. The x-ray photons were then

tracked through a 4 cm voxelized breast phantom with a subtle iodinated mass. The x-ray

attenuation coefficients of the phantom were based on previous measurements,23 while the

absorbed glandular dose was based on simulation results.24 After traveling through the

phantom, the photons were assumed to be absorbed by a perfect energy-integrating detector,

forming a final two-dimensional projection image of the breast. Dual-energy projection

images were formed from the single-energy image pairs using a weighted log subtraction.

The optimal weighting factor was computed using equation (6) by measuring the log-signal

at eleven glandular fractions equally spaced from zero to one, while the optimal dose

distribution was optimized by the method of section II.A.2.

The ray tracing model examined 1024 clinical mammographic beams (32 kVp settings x 8

filter materials x 4 filter thicknesses. Each poly-energetic beam was from a tungsten tube

operated at different kVp with different filter materials and filter thickness (see Table II).

The tungsten spectra for 18-42 kVp were generated from published simulations,25 the higher

energy spectra (43-49 kVp) were extrapolated from those published results using the same

interpolation principles as that of the reference. 25 The attenuation characteristics for the

added filtration were drawn from existing databases.23 The choice of the kVp range for the

study was to reflect the range of the kVps currently applicable for mammographic imaging

systems in the United States. Only filters with thicknesses less than the fiftieth-value layer

were investigated to maintain attenuation levels consistent with those of standard added

filtration in current mammography systems; thicker filters would lead to increased tube-

loading and potential motion artifacts. The total dual-energy projection dose (the sum of the

dose delivered by the high and low energy beams) was equivalent to that of one typical

tomosynthesis projection at our institution (0.17 mGy). This dose was chosen such that the

total exam dose would be less than a two-view mammogram.33-35 For dual-energy

optimization, all possible combinations of low and high energy beams were investigated,

leading to a search through 523,776 beam combinations.
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D. Monte Carlo Model

To verify that the ray-tracing results hold in the presence of scatter, detector noise, and

tomosynthesis reconstruction, a tomosynthesis system was modeled using the Monte Carlo

code Penelope.26 The Penelope package has been used to successfully simulated medical

imaging systems in a number of previous studies.27-30 The Monte Carlo modeled a

prototype flat-panel breast tomosynthesis system,31, 32 as shown in Figure 2 and

summarized in Table III, using a custom tracking code for voxelized phantoms. The model

consisted of an anode, our full voxelized breast phantom, and a selenium detector. To model

a tomosynthesis system, the x-ray anode was rotated to generate 25 projection images over a

45° angular arc. Attenuation properties for all materials were supplied by the Penelope's

databases.

The Monte Carlo model generated projection images for four different beam combinations,

as listed in Table IV, including the incidence angle of the x-rays for different projections.

These four combinations were chosen to bracket the range of the optimization space

indicated by the earlier ray-tracing method (see Figure 5). The single-energy images were

combined using weighted log subtraction to form dual-energy projections using the optimal

weighting factor for removing the adipose-glandular contrast. For each beam combination,

the distribution of dose between the two single-energy images was optimized to minimize

quantum noise.

Using the Monte Carlo program, 200 projection images were produced (4 beam

combinations x 2 single-energy beams per combination x 25 projections) using the same

total dose for each dual-energy exam (4.3 mGy). This dose was similar to that for a two-

view mammogram.33-35 Using the Duke Shared Cluster Resource, a grid computing cluster

of 1300 Linux nodes with Intel processors, the Monte Carlo program required approximately

1000 processor days.

The single-energy projection images were combined using the same dual-energy subtraction

as was employed by the ray-tracing algorithm. The resulting dual-energy projections were

then reconstructed using a previously developed filtered back-projection reconstruction

method.36 The reconstructed volume had a voxel size of 85 μm × 85 μm × 1 mm. Using a

commercial PC, the reconstruction took approximately 10 minutes per case. The order of

these operations (dual-energy subtraction then reconstruction) was chosen because pilot

experiments showed this order minimizes artifacts in the reconstructed slices (see

Discussion).

E. Mass Conspicuity Analysis

The mass conspicuity in the central reconstructed slice of the lesion was assessed based on

the mass signal-difference-to-noise ratio (SdNR). An analysis algorithm measured the signal

levels in the center of the masses (within a circle with a diameter of 3.4 mm), as the mass

locations were known exactly in all projection images and reconstructed slices. The

background signal and noise were measured within a ring of width 2.55 mm surrounding the

mass. The SdNR was then calculated as the difference between the mass signal and

background signal divided by the standard deviation of the background values. Importantly,
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in this assessment, the noise included both anatomical and quantum noise sources, as both

limit mass conspicuity in clinical images. The standard error of the mass SdNR was found

by bootstrapping over masses.

III. RESULTS

The ray-tracing algorithm tested 523,776 beam combinations allocated over six dimensions

(beam energy, filter material, filter thickness for each low and high-energy beam). To

visualize this data, the mass SdNR were viewed along maximum-intensity-projections in

this parameter space. Figure 3 shows the mass SdNR as a function of beam energy by

projecting through the filter material and filter thickness dimensions.

The results show monotonic and smooth trends indicating that an optimum solution is

possible. This figure indicates that the optimal technique occurred when the low- and high-

energy images were both acquired at 49 kVp. Fixing the beam energy dimensions to 49 kVp,

Figure 4 shows the maximum SdNR as a function of filter material by projecting through the

filter thickness dimension. The combinations of tin with platinum, iridium, and copper

produced the best results, with the copper-tin pair giving the maximum SdNR.

Fixing the beam energy dimension to 49 kVp and the filter material dimensions to copper

and tin filtration, Figure 5 shows the effect of filter thickness. The optimal technique

occurred with a high-energy tungsten beam at 49 kVp with a fiftieth-value layer of copper

(92.5 μm) and a low-energy tungsten beam at 49 kVp with a fiftieth-value layer of tin (95

μm). Figures 5b shows the spectra corresponding to this optimum point indicating a good

separation of the spectra bracketing the K-edge of iodine. For comparison, Figure 5c shows

spectra corresponding a sub-optimal filtration condition where the spectra are not as distinct

resulting in lower iodine contrast. Figure 6 plots the SdNR values for the thickest and

thinnest filter layers of copper and tin calculated using the ray-tracing method, reflecting the

four corners of Figure 5.

As noted, the performance of the system at the four technique corresponding to the four

extreme corners of Figure 5 were verified by Monte Carlo modeling. Table V shows the

weighting factorss and dose distribution parameters used in this portion of the simulation.

Figure 7 shows the SdNR calculated from Monte Carlo projection images for the four beam

qualities. The magnitude of the SdNRs were slightly lower than those from the ray-tracing

method as expected due to the inclusion of scatter and detector noise in the Monte Carlo

simulation. Nonetheless, the trends remaain identical between the two plots. Figure 8 shows

the SdNR calculated from the central reconstructed slice generated from the Monte Carlo

data. The absolute SdNR values are higher because the reconstruction is generated from 25

projection images, implying a higher overall dose in the formation of the image and less

anatomical noise. Nevertheless, the trends remain identical to the Monte Carlo projection

results and the ray-tracing results.

Figure 9 shows dual-energy subtracted tomosynthesis projections at each of the four

techniques described above. For all four techniques, the dual-energy subtraction removed

most of the anatomical noise with quantum noise remaining. The optimal technique shows
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the iodinated lesions much more clearly than the suboptimal techniques. Figure 10 illustrates

the central reconstructed slice for the same four techniques. Again, the optimal technique

provides the best conspicuity for the iodinated lesions, while the masses were more difficult

to detect with the less optimal dual-energy techniques.

In order to visually demonstrate the impact of the dual-energy imaging, Figure 11 shows

tomosynthesis projections and a reconstructed slice for the optimal beam quality identified

above. The iodinated lesions are slightly obscured by anatomical noise in the single-energy

images, but are more visible in the dual-energy projection as the obscuring anatomy is

removed. The lesions are even more conspicuous in the dual-energy reconstructed slice.

During the research, it was noted that different results were obtained depending on the order

in which the dual-energy subtraction and reconstruction were performed. If the

reconstruction was done first, substantial artifacts would be present after the dual-energy

subtraction (see Figure 12). This likely occurred because of out-of-plane blur from the

filtered back-projection reconstruction algorithm. However, if the dual-energy subtraction

was performed before the reconstruction, the images were largely free of those artifacts.

This finding suggested that in three-dimensional dual-energy imaging techniques, it is

important to first apply the dual-energy subtraction and then reconstruct the volume to better

minimize anatomical noise.

IV. DISCUSSION

Dual-energy contrast-enhanced breast tomosynthesis holds promise to provide new and

supplemental diagnostic information for improved cancer diagnosis. However, as a new

imaging method, its implementation requires careful attention to the acquisition and

processing techniques to provide best image quality at lowest radiation dose. In that regard,

optimization of beam quality is of paramount importance. This study searched for an

optimal beam quality using a ray-tracing method followed by a full Monte Carlo simulation

with anthropomorphic breast phantoms and reconstruction. The results indicated optimal

SdNR for a high-energy tungsten beam at 49 kVp with a 92.5-μm-thick copper filtration and

a low-energy tungsten beam at 49 kVp with 95-μm-thick tin filtration. The fact the optimal

performance can be achieved at the same kVp provides a significant technical advantage as

sequential images do not require kVp switching and the associated complexities.

There has been limited previous work examining the effect of beam quality on dual-energy

contrast-enhanced breast tomosynthesis. Two studies considered the optimal spectra for a

cesium-iodide based detector. One used a ray-tracing method and found the optimal high-

energy spectra of 60 kVp tungsten filtered by 0.4 mm Ce and the low-energy of 60 kVp

tungsten filtered by 0.6 mm Sn.7 Although the current study did not examine 60 kVp beams,

this result is similar to the current study in highlighting the importance of using higher kVp

beams. As the dual-energy subtraction removes the majority of the anatomical noise, the

optimal technique needs to minimize the quantum noise per dose, which would encourage

the use of higher energy beams. A second prior study used phantoms and only examined

Mo/Mo, Mo/Rh, Rh/Rh, and Mo/Cu beams. It found the optimal beam pair consisted of a 27

kVp Rh/Rh beam and a 49 kVp Mo/Cu beam.9, 10 However, it is unclear which kVps were
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studied in the optimization parameter space and the theoretical optimization did not include

anatomical noise.

Another prior study used ray-tracing and phantoms and examined the optimal beam spectra

for a photon-counting detector system.8 That study considered tungsten beams at 45 and 49

kVp filtered with various thicknesses of copper, tin, and iodine. It found similar results

between 45 and 49 kVp, but the optimal filter thicknesses depended on whether the

background was a flat-field or structured background; acceptable results were obtained with

0.212 mm Cu filtration and 0.356 mm Sn filtration. That study agrees with this work in the

choice of beam energy and filter material, but is slightly different in terms of filter

thicknesses. This work considered filter thicknesses of only up to a fiftieth-value-layer due

to tube loading concerns. In summary, the current study differed from previous work in that

it searched a larger parameter space of beam energies, filter materials, and filter thicknesses.

It also differed from other studies in that it included anatomical noise in its computational

simulation, which increased the realism of the model. Nonetheless, the results largely agreed

with the preliminary conclusions of Carton, et al,8 the one study which considered similar

tungsten beam qualities, although the current study searched a larger parameter space to

reach its conclusions.

This optimization study included both anatomical and quantum noise sources. This was

critical as a dual-energy subtracted image will always have higher quantum noise than a

single energy image, even though dual-energy imaging offers a reduction in the overall

noise in the image because of the reduction in anatomical noise. Both noise sources impede

mass detection, but several prior studies have indicated that anatomical noise can have a

greater impact on lesion detection than quantum noise.37 This suggests that the figures of

merits for future breast dual-energy optimizations must account for anatomical noise in

order to provide more generalizable results.

Both dual-energy and tomosynthesis techniques offer advantages in terms of reduction in

anatomical noise. As such it may be argued that their combination might not be necessary.

Indeed if dual-energy can sufficiently remove anatomical clutter, the reason for

tomosynthesis can be questioned. In fact, as seen in the optimized techniques shown in

Figures 7 and 8, adjusting for dose differences, dual energy mammography provides an

SDNR of 4.5 compared to 3.7 for tomosynthesis. However, the primary reason

tomosynthesis was envisioned in this study was to provide a three dimensional framework

within which a suspicious lesion may be located. As such, an optimized combination of the

two techniques in the context of a dynamic contrast-enhanced examination protocol may

provide the best advantages of the two methods in offering the desired temporal, spatial, and

dose performance.

Notwithstanding the findings, this work has several limitations. This work relied on

simulations assuming certain tissue composition, glandular density, and breast thickness.

Further studies are needed to expand the scope of the simulation to different breast

conditions and to further verify that these simulation results extend to clinical situations.

Second, this work only examined one reconstruction algorithm. Different reconstruction

algorithms may produce slightly different results even though there was concordance
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between projection and reconstruction findings. Third, this study used mass SdNR to

estimate conspicuity. Future studies should investigate perceptually-based methods as

different noise textures have different impact on the human visual system. Fourth, this study

investigated one breast thickness. Thicker breasts would lead to greater levels of beam

hardening. Even so, as this effect should be muted by the use of a higher energy beam, it is

unlikely the results will change for thicker breasts. Fifth, the optimal results occurred for the

maximum energies and thicknesses investigated. However, given the fact that

mammography machines currently do not operate beyond 49 kVp, we limited our study to

that kVp range. Furthermore, thicker filters will indeed harden the beam further and thus

separate the mean energies of the two techniques further away from one another. That would

lead to higher performance of the dual energy technique. However, thicknesses beyond what

we examined in the study would render the imaging technique impractical, due to needed

increased mAs and tube loading to achieve the desired detector signal. Notwithstanding

these limitations, this work provides a framework for assessing the impact of beam quality

on mass conspicuity in dual-energy contrast-enhanced breast tomosynthesis and offers an

optimized acquisition technique.

V. CONCLUSIONS

Dual-energy contrast-enhanced tomosynthesis shows promise in enhancing subtle masses

and revealing functional information about suspicious regions for high-risk women. This

study simulated a breast tomosynthesis system using ray-tracing and Monte Carlo

techniques with anthropomorphic phantoms to find the radiographic beam quality that

optimizes mass SdNR. The results indicated optimal tungsten beam qualities at 49 kVp, with

the high-energy beam filtered by 92.5 μm of copper and the low-energy tungsten beam

filtered by 95 μm of tin.
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APPENDIX

For a given line y = α χ + β, the linear regression for the parameters a and b is (Wolfram

Mathworld)

(8)

Solving for the parameter in the line

(9)

leads to

Samei and Saunders Page 10

Phys Med Biol. Author manuscript; available in PMC 2014 August 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(10)

Plugging the fitted into Equation 5 leads to

(11)

which is simplified to Equation 6:

(12)
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Figure 1.
Major components of the three dimensional breast phantom model used in the study (a). A

single cross sectional depiction of the phantom at the plane of the breast lesions (b).
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Figure 2.
Schematic of simulated imaging system.
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Figure 3.
The image is the maximum intensity projection display of SdNR over all filter materials and

filter thicknesses as a function of beam energy at tomosynthesis projection dose.
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Figure 4.
The image is the maximum intensity projection display of SdNR over all filter thicknesses

for different filter materials at 49 kVp and tomosynthesis projection dose. The diagonal is

not zero because each cell reflects the maximum intensity projection through the filter space

such that two different thicknesses of a filter material might have been used.
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Figure 5.
SdNR as a function of filter thickness at 49 kVp with two different filter materials. The filter

thicknesses are indicated in value layers with half-value layer (hvl), quarter-value layer

(qvl), twentieth-value layer (tvl), and fiftieth-value (fvl) at tomosynthesis projection dose

(a). The spectra corresponding to the optimal (fvl) thicknesses of Sn and Cu filtration, the

lower-right corner of (a) diagram (b), and those corresponding to the sub-optimal (fvl)

thicknesses of Sn and Cu filtration, the upper-left corner of (a) diagram (c).
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Figure 6.
Projection SdNR calculated with ray-tracing technique for four conditions corresponding to

corners of Figure 5. The filter thicknesses are indicated in value layers with half-value layer

(hvl) and fiftieth-value layer (fvl). The total glandular dose for each dual-energy projection

pair was equal to one tomosynthesis projection.
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Figure 7.
Projection SdNR calculated with Monte Carlo for the four conditions of Figure 5. The filter

thicknesses are indicated in value layers with half-value layer (hvl) and fiftieth-value layer

(fvl). The total glandular dose for each dual-energy projection pair was equal to one

tomosynthesis projection.
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Figure 8.
Reconstruction SdNR calculated with Monte Carlo for the four conditions of Figure 5. The

filter thicknesses are indicated in value layers with half-value layer (hvl) and fiftieth-value

layer (fvl). The total glandular dose for each dual-energy acquisition was equal to one

tomosynthesis scan (25 projections).
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Figure 9.
Tomosynthesis projections obtained from Monte Carlo model for the four conditions of

Figure 5. The filter thicknesses are indicated in value layers with half-value layer (hvl) and

fiftieth-value layer (fvl). The breast compressed thickness was 4 cm and the lesions iodine

density 1%.
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Figure 10.
Tomosynthesis reconstructions obtained from Monte Carlo model for the four conditions of

Figure 5. The filter thicknesses are indicated in value layers with half-value layer (hvl) and

fiftieth-value layer (fvl). The breast compressed thickness was 4 cm and the lesions iodine

density 1%.
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Figure 11.
Projection and reconstructed slices for the optimal beam (high-energy tungsten beam at 49

kVp with 92.5 μm of copper filtration and low-energy tungsten beam at 49 kVp with 95 μm

of tin filtration). The breast compressed thickness was 4 cm and the lesions iodine density

1%.
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Figure 12.
Effect of the order in which reconstruction and dual-energy subtraction were performed.

Either the image could be first subtracted and then reconstructed (left) or first reconstructed

and then subtracted (right). The breast compressed thickness was 4 cm and the lesions iodine

density 1%.

Samei and Saunders Page 26

Phys Med Biol. Author manuscript; available in PMC 2014 August 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Samei and Saunders Page 27

Table I

Elemental composition of phantom materials and other materials in the simulation model.

No. Material Density (g/cm3) Elements (atoms/molecule)

1 Adipose (ICRU-44) 0.95 H: 1.0
C: 0.44
N: 0.0044
O: 0.15
Na: 3.8E-4
S: 2.8E-4
Cl: 2.5E-4

2 Glandular (ICRU-44) 1.02 H: 0.62
C: 0.12
N: 0. 021
O: 0.24
Na: 1.9E-5
Mg: 1.5E-5
P: 6.6E-5
S: 3.1E-4
Cl: 4.7E-4
K: 1.4E-4
Ca: 2.3E-5
Fe: 1.1E-6
Zn: 9.5E-7

3 Skin (ICRP) 1.1 H: 0.62
C: 0.12
N: 0. 021
O: 0.24
Na: 1.9E-5
Mg: 1.5E-5
P: 6.6E-5
S: 3.1E-4
Cl: 4.7E-4
K: 1.4E-4
Ca: 2.3E-5
Fe: 1.1E-6
Zn: 9.5E-7

4 Ductal Tissue (Soft Tissue ICRP) 1.0 H: 0.63
C: 0.12
N: 0. 011
O: 0.24
Na: 3.0E-4
Mg: 3.3E-5
P: 2.6E-4
S: 3.8E-4

Cl: 2.3E-4
K: 3.1E-4
Ca: 3.5E-5
Fe: 5.4E-6
Zn: 2.8E-6

5 Striated Muscle (ICRP) 1.04 H: 0.63
C: 0.064
N: 0. 016
O: 0.29
Na: 2.2E-4
Mg: 5.1E-5
P: 4.0E-4
S: 9.8E-4
K: 4.8E-4

6 Calcification 3.3 H: 2.0
O: 0.26
P: 6.0
Ca: 10

7 Selenium 4.5 Se: 1.0

8 Pyrex 2.23 B: 0.070
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No. Material Density (g/cm3) Elements (atoms/molecule)

O: 0.64
Na: 0.023
Al: 0.0082
Si: 0.26
K: 0.0016
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Table II

Beams investigated by the ray-tracing model.

Parameter Number of Values Values

Beam Energy 32 18-49 kVp

Filter Material 8 aluminum
platinum
silver
tin
copper
iridium
rhodium
cerium

Filter Thickness 4 half-value-layer
quarter-value-layer
twentieth-value-layer
fiftieth-value-layer
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Table III

Parameter values for simulation elements.

Simulation Element Parameter Value

Detector Pixel Size 85 μm

Detector Material Selenium (250 μm)

Cross-Sectional Area 10.6 cm × 23.8 cm

Backing Material Pyrex glass (3 mm)

X-Ray Tube Anode Tungsten

Focal Spot Size 0.3 mm

Tomosynthesis Parameters Angular Range 45°

Number of Projections 25
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Table IV

Summary of beam characteristics investigated with the Monte Carlo model. All beams modeled a tungsten

anode operated at 49 kVp.

High Energy Beam Low Energy Beam

Filter Material Thickness (mm) Filter Material Thickness (mm)

Copper 0.0925 Tin 0.0950

Copper 0.0925 Tin 0.0055

Tin 0.0950 Copper 0.0080

Copper 0.0080 Tin 0.0055
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Table V

Summary of dual energy subtraction parameters for beams investigated with the Monte Carlo model. All

beams modeled a tungsten anode operated at 49 kVp.

High Energy Beam Low Energy Beam Combination Parameters

Filter Material Thickness (mm) Filter Material Thickness (mm) Weighting factor w Dose Distribution ε

Copper 0.0925 Tin 0.0950 0.61 0.54

Copper 0.0925 Tin 0.0055 0.64 0.50

Tin 0.0950 Copper 0.0080 1.12 0.46

Copper 0.0080 Tin 0.0055 0.94 0.50
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