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Purpose: To improve image quality and accuracy in dedicated breast computed tomography (BCT)

by removing the x-ray scatter signal included in the BCT projections.

Methods: The previously characterized magnitude and distribution of x-ray scatter in BCT results

in both cupping artifacts and reduction of contrast and accuracy in the reconstructions. In this study,

an image processing method is proposed that estimates and subtracts the low-frequency x-ray scat-

ter signal included in each BCT projection postacquisition and prereconstruction. The estimation of

this signal is performed using simple additional hardware, one additional BCT projection acquisi-

tion with negligible radiation dose, and simple image processing software algorithms. The high fre-

quency quantum noise due to the scatter signal is reduced using a noise filter postreconstruction.

The dosimetric consequences and validity of the assumptions of this algorithm were determined

using Monte Carlo simulations. The feasibility of this method was determined by imaging a breast

phantom on a BCT clinical prototype and comparing the corrected reconstructions to the unpro-

cessed reconstructions and to reconstructions obtained from fan-beam acquisitions as a reference

standard. One-dimensional profiles of the reconstructions and objective image quality metrics were

used to determine the impact of the algorithm.

Results: The proposed additional acquisition results in negligible additional radiation dose to the

imaged breast (�0.4% of the standard BCT acquisition). The processed phantom reconstruction

showed substantially reduced cupping artifacts, increased contrast between adipose and glandular

tissue equivalents, higher voxel value accuracy, and no discernible blurring of high frequency

features.

Conclusions: The proposed scatter correction method for dedicated breast CT is feasible and can

result in highly improved image quality. Further optimization and testing, especially with patient

images, is necessary to characterize its impact on clinical performance. VC 2012 American Association
of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4711749]
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I. INTRODUCTION

Although mammography is currently the most common

breast imaging technique currently in use, it is not without

limitations. Chief among them is its two-dimensional nature,

which results in tissue superposition, causing both the possi-

bility for normal tissue to obscure a lesion and for normal

tissue overlap to mimic a suspicious lesion. These two

effects result in a decrease of sensitivity and specificity for

detection and diagnosis of breast cancer, especially in dense

breasts.1,2 To improve on the clinical performance of breast

cancer imaging, one of the new technologies being devel-

oped is dedicated breast computed tomography (BCT),3–15

which has the potential to increase both sensitivity and speci-

ficity for detection and diagnosis of breast cancer due to its

elimination of the tissue superposition phenomenon.

Although promising, the clinical performance advantage of

BCT is still being investigated.

BCT is a cone beam CT technique that has been opti-

mized for breast cancer imaging. This involves a geometric

setup that results in only the imaged breast being directly

irradiated by the x-ray beam, a decrease in the x-ray energy

used to acquire the images so as to increase the soft-tissue

contrast, and the use of flat panel imagers with small pixel

sizes to increase the spatial resolution of the reconstructed

images, among other modifications.

However, as is the case with other cone beam CT imaging

techniques, BCT suffers from the inclusion of a substantial

x-ray scatter signal in the BCT projections. Due to the mag-

nitude and distribution of the scatter signal, which has been

previously characterized,16,17 the BCT reconstructions

include cupping artifacts (a reduction in the voxel values to-

ward the center of the breasts) and a reduction in voxel value

accuracy and contrast.18

Many scatter reduction methods have been suggested,

both specifically for BCT and for other cone beam CT appli-

cations. These include the use of an antiscatter grid,19–21 the

use of bow-tie filters,19 extrapolation of the signal under the

projections of the collimator leaves,22 assuming either a con-

stant SPR (Ref. 23) or shift-invariant scatter point spread

functions,24,25 performing Monte Carlo (MC) simulations of

each acquisition,26 using primary signal modulation27,28 or

using a beam stop array or strip.29–34 For the beam stop array
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or strip methods, several acquisition protocols and array geo-

metries have been proposed in an effort to minimize or com-

pletely eliminate the need to acquire additional projections,

which involve both additional scan time and radiation dose.

These methods include interprojection interpolation of the

scatter estimate,29,30 movement of the beam stop array dur-

ing the scan,31–33 and positioning of the array so as to take

advantage of data redundancies.34 Finally, some analytical

model-based algorithms have been proposed showing prom-

ising results.35,36

Here, a novel method for x-ray scatter reduction for BCT

imaging is proposed that is inspired by the beam stop array

method, but it is fundamentally distinct, involving negligible

additional dose and having the potential to be more accurate.

Due to its lack of assumptions related to BCT imaging, the

proposed method has the potential to be applicable for other

cone beam CT and radiographic applications, although this

possibility would need to be further investigated. To deter-

mine the feasibility and the potential for image quality and

accuracy improvement in BCT, both Monte Carlo simula-

tions and phantom testing were performed.

II. METHODS AND MATERIALS

II.A. Scatter reduction method

The fraction of the total x-ray signal that is due to scat-

tered x-rays at any location in a BCT projection, denoted

scatter fraction (SF), can be of the order of 50%.16 However,

the scatter contribution from a single pencil beam illuminat-

ing the breast is very low. It is the combination through con-

volution of scatter point spread functions with the whole

primary x-ray field that results in a substantial scatter signal.

Therefore, sampling of the breast attenuation via a limited

number of pencil beams throughout the field of view should

result in a minimal x-ray scatter signal, yielding information,

at discrete image locations, of the primary-only signal. The

difference between the primary-only signals at these

sampled locations and the total image signals at the same

locations from a full field acquisition is therefore an estimate

of the scatter signal present in the full field projections. Since

it is known that the scatter signal in a BCT projection

includes only low spatial frequencies, interpolation or

approximation of the scatter signal throughout the whole

projection from the estimated discretely sampled points is

possible and should yield an adequate estimate of the true x-

ray scatter signal. Once this scatter estimate is obtained, it

can be subtracted from the acquired BCT projections to

obtain an estimate of the primary-only signal in the BCT

projections. These projections can now be used to recon-

struct the corrected, scatter-free, BCT image.

To implement this method, it is necessary to acquire an

additional set of BCT projections of the imaged breast imme-

diately after acquiring the set of standard BCT projections.

For this additional set, however, the x-ray beam needs to be

limited to a discrete number of pencil beams. For this, a thin

perforated tungsten plate, thick enough to attenuate all x-rays

except for those that travel through the perforations, is placed

between the x-ray source and the imaged breast (Fig. 1). The

x-ray spectrum used by the BCT clinical prototype (Koning

Corp., West Henrietta, NY) installed at our institution37 uses a

single x-ray spectrum for all acquisitions, with a fixed tube

voltage of 49 kVp and a tungsten target and aluminum filter

resulting in a first half value layer of 1.39 mm Al.37 For this

spectrum, it was determined that the thinnest commercially

available tungsten sheet (0.254 mm) was thick enough to

attenuate >99% of the x-ray beam. A plate of this thickness,

big enough for its projection to cover the entire detector when

placed 20 cm from the x-ray source, was perforated with an

array of holes of 0.3556 mm diameter, each separated, center-

to-center, by 6.67 mm in both directions. The hole diameter

chosen was the smallest sized hole that could be machined in

a tungsten plate. The hole separation, considering the magnifi-

cation factor due to the system setup (source to imager

distance¼ 92.3 cm, source to plate distance¼ 20 cm,

magnification¼ 92.3/20¼ 4.62x) resulted in a sampling dis-

tance at the detector of approximately 3 cm. These parameter

selections were deemed suitable for this initial study, consid-

ering the competing requirements of maximizing sampling

rate while minimizing total x-ray field size to minimize scatter

at the detector and dose to the imaged breast. This setup

resulted in an array of approximately 100 pencil beams illumi-

nating the imaged breast and detector. Therefore, the primary-

only signal would be sampled at 100 different points through-

out the image. The implementation of the entire algorithm is

detailed in Fig. 2.

Due to the finite focal spot size (nominal size of 0.3 mm)38

and the unfocused nature of the perforations on the tungsten

plate, the placement of the tungsten plate results in a reduction

of the intensity of the incident x-ray pencil beams compared

FIG. 1. (Top) Schematic of the setup for the acquisition of the additional

BCT projections with the perforated tungsten plate in place. (Bottom) Pho-

tograph of the perforated tungsten plate placed in the BCT system between

the x-ray tube and the position of the breast being imaged. A portion of the

plate holder, currently a static holder that is manually inserted and extracted

from the field of view, can also be seen.
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to the intensity of the beam at the corresponding locations

with the plate absent. Although the thinness of the tungsten

plate was aimed to minimize this, acquisition of a BCT

projection with no object in place with and without the plate

in place resulted in a reduction in signal at the pencil beam

locations of a factor of approximately 1.72. Therefore, in step

4 of the algorithm (Fig. 2), the pencil beam signal is first mul-

tiplied by this correction factor. The implementation of this

proposed method in different BCT systems that may use a

different spectrum from that used in this study’s BCT system

may result in the need for the use of a tungsten plate of a dif-

ferent thickness to ensure the appropriate attenuation of the

x-ray field. This variation in plate thickness may also result in

a variation in this correction factor.

It should be noted that since the pencil beam locations are

found automatically and independently in each projection

(step 3 in Fig. 2) (“Find Maxima” function, IMAGEJ, National

Institutes of Health, Bethesda, MD), repeatability in the

positioning of the tungsten plate between acquisitions is not

required.

The interpolation of the scatter-only signal estimate is

performed using an inverse distance weighting interpolation

algorithm,39 followed by Gaussian smoothing to reduce the

impact of noise on the interpolation.

II.B. X-ray scatter quantum noise reduction

As has been previously discussed,40 any algorithm that

involves the subtraction of the low-frequency scatter signal

postacquisition results in an increase in the relative image

noise due to the remaining quantum noise from the x-ray

scatter signal that is not subtracted out. Therefore, to amelio-

rate this effect, the use of a noise reduction filter postrecon-

struction, the adaptive mean filter,41 is included in the

proposed algorithm. Although many edge-preserving noise

filters have been proposed in the past,40–43 an exhaustive

comparison of each is beyond the scope of the present study.

II.C. Monte Carlo simulations

Using a previously developed and validated Monte Carlo

simulation37,44 based on the GEANT4 toolkit,45,46 the acquisi-

tion of a BCT projection of a semi-ellipsoidal breast using the

available clinical prototype with and without the tungsten

plate in place was simulated. To simulate a high scatter condi-

tion, the breast was simulated as a homogeneous breast of

average composition (20% glandular density47) having a di-

ameter at the chest wall of 18 cm and a chest wall to nipple

distance of 18 cm. The x-ray source was simulated as a

0.3 mm square source that emits x-rays isotropically toward

the detector with a previously estimated energy distribution

resulting from an aluminum-filtered x-ray tube set at a tube

voltage of 49 kVp.37 The average glandular dose from the

standard acquisition and the acquisition with the tungsten

plate in place was obtained and compared. In addition, to ver-

ify the validity of the primary-only estimate at the pencil

beam locations, the resulting scatter fractions at these loca-

tions were obtained.

II.D. Phantom testing

To test the proposed algorithm, a breast phantom consist-

ing of a latex glove full of water (representative of breast

glandular tissue37,48,49) was inserted in a cylinder of olive oil

(representative of breast adipose tissue37,48,49) and placed on

the BCT system. Various small solid cylindrical targets

(CIRS, Inc., Norfolk, VA) were inserted inside each of the

glove fingers. These targets included one representative of a

homogeneous mixture of 40% glandular/60% adipose tissue,

one representative of adipose tissue with a set of six microcal-

cifications each 400 lm in diameter, and one representative of

100% adipose tissue. To again simulate a high scatter condi-

tion, the breast phantom was approximately 16 cm in diameter

FIG. 2. Flow chart of the proposed scatter correction method.
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and 16 cm in height. The BCT system used for the acquisi-

tions uses a fixed exposure time per projection of 8 ms, while

the tube current used for each acquisition is user-selectable,

however, and for this study was set to 200 mA, which was the

value recommended by the system’s automatic exposure con-

trol. With the breast phantom in place, both the standard BCT

projections and the special BCT projections with the tungsten

plate in place were acquired. The acquired standard BCT pro-

jections were processed using the proposed method and recon-

structed using the BCT system’s native FDK reconstruction.50

To obtain a best-case scenario and independent almost-

scatter-free acquisition of the breast phantom, a third acqui-

sition was performed after placing a lead sheet on the x-ray

tube as close as possible to the output window so that only a

fan-beam is emitted. The resulting slit, approximately 1 mm

thick, resulted in a fan beam that was estimated at 12 mm

thick at the isocenter. The resulting reconstruction from this

fan beam acquisition was used as a reference standard for

evaluation of the capabilities of the proposed method.

To determine the effectiveness of the proposed method,

one-dimensional profiles through homogeneous areas of the

phantom, as well as areas including some of the included

signals were obtained. In addition, the signal difference of

the means and the contrast-to-noise ratio (CNR) between

regions of interest (ROI) of 100% adipose and 100% glandu-

lar were calculated. Histograms of the reconstructions with

and without the proposed method and of the fan beam image

were also obtained and compared. Finally, the representation

of a microcalcification was analyzed to determine if the

noise reduction filter results in any unacceptable blurring of

the reconstructed image.

III. RESULTS

III.A. Monte Carlo simulations

As expected, due to the severely limited x-ray field used

by the BCT projections with the tungsten plate in place, the

glandular dose to the simulated breast during acquisition of

the pencil beam projections was 0.44% of the glandular dose

during acquisition of the standard BCT projections. This

confirms that the additional acquisitions necessary for the

proposed method result in negligible additional radiation

dose.

The mean scatter fraction at the pencil beam locations in

the BCT projection with the tungsten plate within the area

occupied by the projection of the breast was 0.68% (range:

0.44%–2.15%). This confirms that the assumption that the

pencil beam signal consists entirely of primary signal is

valid. As mentioned previously, the simulation was per-

formed for a high scatter condition; therefore, these scatter

fraction estimates can be taken as an upper limit on the error

introduced by this assumption.

III.B. Phantom testing

Under the assumption that the difference between the fan

beam projections and the unprocessed standard projections

are due to scatter only, then Fig. 3 shows horizontal profiles

of the measured scatter in one of the BCT projections and

the corresponding scatter estimate resulting from the pro-

posed method. It is apparent that the method estimates the

scatter signal adequately, with some divergence at the edges

of the phantom, where the signal in the projections varies

rapidly. Some mismatch between the fan beam projection

and the unprocessed standard projection can also be seen

(large variations in measured scatter about 2–3 pixels wide

at each side of the phantom), possibly due to some motion of

the phantom while the lead blocker was being placed for the

acquisition of the fan beam image.

Figure 4 shows a slice of the phantom reconstructions of

the BCT fan beam, unprocessed standard and processed

acquisitions at approximately the same vertical location

FIG. 3. Horizontal profiles of the measured scatter (subtraction of fan beam

projection image from the unprocessed standard projection image) and of

the scatter estimated by the proposed method at the corresponding location.

The profiles correspond approximately to the vertical location shown in the

reconstructions in Fig. 4. A good estimate of the scatter signal can be seen,

with some divergence close to the edges of the phantom.

FIG. 4. Reconstructed slices of the breast phantom: (i)

fan-beam acquisition; (ii) unprocessed standard acqui-

sition; (iii) processed acquisition. The streak artifacts

seen in the images (diagonally from bottom left to top

right of the phantom) are due to the handle of the cylin-

drical phantom, which is not visible due to the window/

level settings used. The window width and level (W/L)

for these images are: (i) 330/-145, (ii) 270/-275, and

(iii) 330/-135.
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shown in the horizontal profiles in Fig. 3. As can be seen, the

fan beam slice exhibits a very homogeneous signal for both

the adipose tissue equivalent background and the glandular

equivalent signals. The reconstruction of the processed pro-

jections shows substantial reduction in the cupping artifact

seen in the standard BCT projection and improvement in the

contrast between the signals and the background.

Profiles through homogeneous areas and areas with sig-

nals in the reconstructions are shown in Figs. 5 and 6,

respectively. As can be seen in Fig. 5, the cupping present in

the original BCT reconstruction is substantial, and it is

greatly reduced by the proposed method. In addition, the val-

ues of the voxels (Hounsfield units) in the processed recon-

struction are very similar to those in the fan beam

reconstruction. From the profile that includes the 100% and

40% glandular targets in an adipose background (Fig. 6), it

can be clearly seen that the loss of signal difference in the

standard reconstruction is greatly recovered in the processed

reconstruction. From this profile, it can be seen that the pro-

posed method results in a higher voxel value for the 100%

glandular inserts than that in the fan beam reconstruction.

The probability density functions of the fan beam and orig-

inal and processed BCT reconstructions can be seen in Fig. 7.

The clear separation of the adipose tissue equivalent back-

ground and the glandular tissue equivalent voxels is apparent

in the fan beam and processed reconstructions, while this sep-

aration is lost in the original BCT reconstructions.

The ROI that includes a microcalcification, and the corre-

sponding profile, shown in Figs. 8 and 9, respectively, show

that the adaptive mean noise filter has very little impact on

the small detailed features in the image while improving the

image quality metrics listed in Table I.

IV. DISCUSSION

As seen from the results, the proposed method has

resulted in images that substantially reduce the cupping arti-

fact present in the original BCT acquisition and have similar

characteristics to the fan beam images. In the profile that

includes the water (glandular-equivalent) signals in Fig. 6

and from the ROI metrics in Table I, it can be seen that the

FIG. 5. Profile through a homogeneous (adipose-equivalent) area of the

reconstructions of the fan beam, unprocessed standard, and processed

acquisitions. The considerable cupping artifact present in the standard

image, and its substantial correction in the processed reconstruction can be

clearly seen.

FIG. 6. Profile through an area in the reconstructions containing an adipose-

equivalent background (lowest voxel value), 100% glandular-equivalent sig-

nals (highest voxel values), and a 40% glandular/60% adipose-equivalent

signal (arrow). The improved contrast and accuracy of the processed recon-

struction compared to the standard one is apparent.

FIG. 7. Probability density functions of the fan beam, unprocessed standard,

and processed reconstructions. The improved separation of the adipose and

glandular signals in the processed reconstruction is clear.
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corrected reconstruction results in a somewhat higher voxel

value for water than the fan beam image. Although this may

be due to over-correction of the scatter signal, it is also note-

worthy that the voxel values for water in the corrected recon-

structions are closer to 0 HU (the known true voxel value for

water) than the fan beam. Therefore, it is possible that the

difference in the value of water is due to the fan beam acqui-

sition including some residual scatter signal, rather than an

over-correction by the proposed method. A more detailed

investigation involving thinner fan beams and their impact

on the reconstructed water voxel value would be necessary

to better determine the accuracy of the used reference

standard.

Based on the Monte Carlo simulation results and the

phantom testing, the proposed method appears to be able to

substantially reduce the impact of the inclusion of the x-ray

scatter signal in BCT imaging while resulting in negligible

additional radiation dose to the imaged breast. Although the

feasibility of the method has been shown, its reliability and

flexibility when applied to real patients’ breasts of different

sizes and shapes need to be studied. It is entirely possible

that although for the current testing no assumptions were

made on the shape or composition of the imaged object (one

of the inherent strengths of this method), once more irregular

shapes, such as the pendant human breast, are imaged a

more robust interpolation algorithm may be required. This

may be especially true given the divergence found between

the estimated and measured scatter signal close to the edges

of the phantom in the horizontal profiles in Fig. 3. In addi-

tion, although the limited testing performed has shown feasi-

bility of the proposed method, its true diagnostic impact

would have to be evaluated on a large patient case set with

outcomes related to clinical performance as the appropriate

metric.

As mentioned in Sec. II, further investigation of the var-

ied edge-preserving noise filters previously proposed needs

to be performed to determine the one that results in the best

image quality for this application. It is important to note that

the aim of the filter in this method is not to reduce the impact

of all quantum noise but that that is contributed by the scatter

signal.

Although the proposed method has been shown to result

in negligible additional radiation dose to the imaged breast,

it does result in an increase in the acquisition time. Since an

entire additional set of BCT projections needs to be

acquired, the total scan time is at least doubled. However,

since the tungsten plate has to be positioned in between

scans, the minimum total scan time increase, even with an

automated and fast positioner, is somewhat larger. In the

BCT system used for this study, acquisition of a BCT projec-

tion set can only start with the x-ray tube-detector gantry

located at the same “home” position, so currently an entire

10 s revolution needs to be performed while the tungsten

plate is positioned before the next projection set is acquired.

This results in a total scan time of 30 s, which includes a 10

s gap in the middle when the plate is being positioned and no

acquisition is taking place. The system could be modified to

start acquiring the second projection set at any gantry angle

once the tungsten plate is in place, so this total scan time

FIG. 8. Portion of reconstruction that includes a 400

lm diameter microcalcification in the unprocessed

standard reconstruction and the scatter processed

reconstruction with and without the final step in the

proposed method, the noise filtering. It can be seen that

there is no distinguishable loss in detail of the micro-

calcification, while the image noise is reduced.

FIG. 9. Profile through the microcalcification shown in Fig. 8, showing the

increase in signal due to the proposed process and the negligible loss of re-

solution due to the application of the noise filter.

TABLE I. Image quality metrics.

Mean of signal (HU)

Signal

difference (HU) CNR

100%

adipose

100%

glandular

Fan beam �254 �39 215 13.7

Standard BCT �359 �243 117 10.2

Processed before

noise filter

�236 8 244 11.8

Processed after

noise filter

�237 6 243 23.8
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could be reduced. However, the impact that any motion of

the breast between the standard and additional acquisition

may have on the correction remains to be investigated. As

mentioned in the Introduction, some beam stop array meth-

ods have been proposed for general CBCT involving interpo-

lation or leveraging data redundancy resulting in negligible

or no additional scanning time and dose.29–34 The efficacy of

some of these algorithms, especially those involving interpo-

lation or estimation of the primary signal, in a high spatial

resolution modality such as breast CT would need to be

evaluated.

In addition, the optimal size and separation of the perfora-

tions on the tungsten plate, as well as the optimal distance

between the plate and the x-ray source remains to be investi-

gated. For this, a balance needs to be achieved between max-

imizing sampling rate for an adequate interpolation for the

scatter estimation while minimizing the total x-ray field size

to minimize both the dose to the breast and the inclusion of

scatter in the pencil beam signals.

Finally, due to the relatively low energy x-ray spectrum

used in BCT compared to whole body CT, a substantial

amount of beam hardening occurs as the x-ray beam travels

through the breast. This beam hardening can introduce loss

of contrast and additional cupping51 that would not be cor-

rected by the proposed method. To avoid this issue, a recon-

struction algorithm that incorporates the polychromatic

nature of the x-ray beam and therefore takes beam hardening

into account needs to be used. Development of such a recon-

struction algorithm for BCT, based on work performed for

breast tomosynthesis reconstruction, is being pursued.52

V. CONCLUSIONS

An x-ray scatter correction method involving both addi-

tional hardware and software processing postacquisition has

been proposed for dedicated breast CT imaging. Its potential

for improving image quality and accuracy has been shown,

while additional optimization and more extensive testing,

especially on patients, need to be performed. Since the only

assumption that is necessary for the correct behavior of this

algorithm is the low-frequency characteristic of the x-ray

scatter signal, a phenomenon that is true for most, if not all,

x-ray based imaging, it is feasible that the proposed algo-

rithm may have the potential to be applicable in other imag-

ing modalities, most notably other cone beam CT

applications.
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