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Abstract

In digital breast tomosynthesis (DBT), the high-attenuation metallic clips marking a previous 

biopsy site in the breast cause errors in the estimation of attenuation along the ray paths 

intersecting the markers during reconstruction, which result in interplane and inplane artifacts 

obscuring the visibility of subtle lesions. We proposed a new metal artifact reduction (MAR) 

method to improve image quality. Our method uses automatic detection and segmentation to 

generate a marker location map for each projection (PV). A voting technique based on the 

correlation among different PVs is designed to reduce false positives (FPs) and to label the pixels 

on the PVs and the voxels in the imaged volume that represent the location and shape of the 

markers. An iterative diffusion method replaces the labeled pixels on the PVs with estimated tissue 

intensity from the neighboring regions while preserving the original pixel values in the 

neighboring regions. The inpainted PVs are then used for DBT reconstruction. The markers are 

repainted on the reconstructed DBT slices for radiologists’ information. The MAR method is 

independent of reconstruction techniques or acquisition geometry. For the training set, the method 

achieved 100% success rate with one FP in 19 views. For the test set, the success rate by view was 

97.2% for core biopsy microclips and 66.7% for clusters of large post-lumpectomy markers with a 

total of 10 FPs in 58 views. All FPs were large dense benign calcifications that also generated 

artifacts if they were not corrected by MAR. For the views with successful detection, the metal 

artifacts were reduced to a level that was not visually apparent in the reconstructed slices. The 

visibility of breast lesions obscured by the reconstruction artifacts from the metallic markers was 

restored.
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I. INTRODUCTION

Digital breast tomosynthesis (DBT) is a new imaging modality that utilizes limited-angle 

computed tomography technology to provide quasi-three-dimensional (3D) structural 

information of the breast (Niklason et al 1997, Kopans 2001). DBT can reduce tissue 

overlap and improve the visualization of normal tissue and suspicious masses. A number of 

studies showed that DBT as an adjunct to mammography increased the sensitivity for 

detecting breast cancer and reduced recall rate in comparison to mammography alone 

(Ciatto et al 2013, Rose et al 2013, Skaane et al 2013a, Skaane et al 2013b, Friedewald et al 
2014, Durand et al 2015, Bernardi et al 2016, Conant et al 2016, Gilbert et al 2016, Sharpe 

et al 2016).

Current DBT systems utilize limited-angle cone-beam geometry. A DBT system acquires a 

small number of low-dose x-ray projections (PVs) of the breast at different projection angles 

over a limited angular range. DBT systems that have been built to-date acquire 9–25 

individual PVs with fixed or variable angular increments of 1° – 5° within an angular range 

of 16° – 60° (Sechopoulos 2013, Chan et al 2014, Goodsitt et al 2014). Because of the 

incomplete acquisition of projection data from a limited scan angular range, tomosynthesis 

reconstruction suffers from severe interplane and inplane artifacts around high-contrast 

objects such as metallic markers. Metal artifact arises from the high-attenuation metallic 

markers embedded in the breast from a previous biopsy. X-rays intersecting a metallic object 

are highly attenuated and few photons can reach the detector. During reconstruction, the 

affected pixels in the PVs cause errors in the estimation of attenuation along the ray paths 

intersecting the metallic object. Because of the severe undersampling of projections in DBT 

system, the voxel value errors in the artifact region cannot be compensated for from other 

PVs. This causes stronger metal artifacts for DBT than those for CT reconstruction. The 

metal artifacts affect the visibility and detectability of lesions in the reconstructed DBT 

images.

Metal artifact reduction (MAR) has been widely studied for general computed tomography 

(CT) applications. Abdolli et al. (Abdoli et al 2012) reviewed the MAR strategies for 

CT/PET imaging. Gjesteby et al. (Gjesteby et al 2016) more recently reviewed the current 

status of MAR in CT. The majority of these MAR algorithms were designed to correct the 

sinogram from CT imaging and were applicable to either non-iterative or iterative 

reconstruction methods. The affected region is either segmented in the sinogram domain 

(Lewitt 1979, Glover and Pelc 1981, Veldkamp et al 2010) or detected in the image domain 

and then forward projected to the sinogram domain (Kalender et al 1987, Zhao et al 2000, 

Mahnken et al 2003). For non-iterative reconstruction methods such as filtered 

backprojection (FBP), the MAR algorithms directly compensate for the reduced intensities 

at the metal-affected detector bins in the sinogram. One approach is to use interpolation 

methods such as linear interpolation (Lewitt 1979), smooth interpolation (Veldkamp et al 
2010), cubic interpolation (Bazalova et al 2007), spline interpolation (Abdoli et al 2010) and 

wavelet-based interpolation (Zhao et al 2000). Another approach is to exploit the anatomical 

information or sparsity property of the imaged data to compensate for the missed region by 

the metallic implant (Bal and Spies 2006, Mehranian et al 2011). For iterative reconstruction 

methods such as the simultaneous algebraic reconstruction technique (SART) or the 
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maximum likelihood (ML) method, the first few iterations may give a rough estimate of the 

voxel value distribution of the imaged volume. The interpolation-based method, model-

based method or sparsity-based method can be used to estimate the compensation required 

for the artifact region. The compensated volume is then forward projected to the sinogram 

region to replace the affected sinogram bins (De Man et al 2000, Nuyts and Stroobants 2005, 

Zhang et al 2011, Verburg and Seco 2012). The non-iterative reconstruction methods can 

also use a similar approach by reconstructing multiple times (Abdoli et al 2010, Boas and 

Fleischmann 2011).

DBT system has few PVs from only a small angular range, but each covers a relatively large 

field of view compared to CT. The metallic objects in a breast are mostly biopsy clips of 

various sizes and shapes. Geometric unsharpness due to x-ray focal spot and reconstruction 

may cause blurred edges around the object in the reconstructed slices, which brings 

uncertainties at the boundary of the artifact region in the reconstructed breast volume. The 

ideas of the MAR methods for general CT applications may be adapted to DBT, taking into 

consideration the characteristics of DBT imaging. Several studies have proposed methods 

for removing metal artifacts for digital tomosynthesis (Chakraborty et al 1984, Badea et al 
1998, Claus and Eberhard 2002, Wu et al 2006, Ge et al 2007a, Levakhina et al 2013). An 

interpolation method was applied along the direction of the blur or in the wavelet domain of 

the reconstructed image volume (Chakraborty et al 1984, Badea et al 1998). Ge et al. applied 

a deblurring technique to the artifact region based on 3D geometric information in the 

reconstruction space (Ge et al 2007a). However, the interpolation methods or deblurring 

technique may introduce new artifacts. Other investigators (Claus and Eberhard 2002, Wu et 
al 2006, Levakhina et al 2013) identified the PVs that contributed to the artifacts for the 

reconstructed voxels in the artifact region and assigned different weights to different PVs 

during the reconstruction, with less or zero weight to the identified affected PVs. With the 

weighting method, if the affected rays in some PVs are excluded (zero weight) from the 

reconstruction, the voxels inside the artifact region will obtain unequal number of PV 

updating compared to the voxels outside the artifact region, potentially causing 

discontinuous changes in the gray levels inside and outside the artifact region in the 

reconstructed volume. If non-zero weights are assigned to the affected PVs, residual high-

contrast artifacts may be left in the DBT images because of the high attenuation of metallic 

clips compared to that of the surrounding soft tissue.

In this study, we developed a new diffusion-based PV inpainting method for MAR in DBT 

(Lu et al 2013b). A fully automated feature-based detection and segmentation method was 

used to generate a metallic clip location map for each PV. The correlation among different 

PVs was analyzed to reduce false positive (FP) detections. An iterative diffusion method was 

designed to replace the labeled clip pixels with estimated tissue intensity from the 

neighboring regions in each PV. The inpainted PVs were then used for DBT reconstruction. 

If the metal markers are detected and inpainted correctly in all PVs, the reconstructed 

volume will be free of metal artifacts. The proposed MAR method is applicable to DBT 

acquired with any imaging system geometry (e.g., tomographic scan angle and angular 

increments) and reconstruction techniques.
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Recently, Wicklein et al. presented a MAR method for DBT (Wicklein et al 2017). The basic 

approach is similar to ours, namely, they also removed the high-contrast objects on the 

projection images before reconstruction. The specific techniques used in each step were 

different, however, based on the brief description in the conference paper. In particular, they 

did not use a diffusion-based inpainting method to refill the missing tissue intensity in the 

regions where a high-contrast object was removed, and their method was specifically 

designed for FBP reconstruction such that they had to filter the tissue-only projections and 

original projections separately to avoid undershooting artifacts at metal borders. The details 

of our methods are described below.

II. MATERIALS AND METHODS

A. Breast Tomosynthesis System

In this study, we used a GE prototype GEN2 DBT system in our research laboratory for 

image acquisition. Figure 1 shows the imaging geometry of this DBT system. The x-ray 

source rotates in a plane parallel to the chest wall and perpendicular to the detector plane. 

The distance from the x-ray focal spot to the fulcrum of rotation is 64 cm. The system has a 

flat panel detector with a CsI phosphor/a:Si active matrix of 1920 × 2304 pixels and a pixel 

pitch of 0.1 mm × 0.1 mm. The digital detector is stationary during image acquisition. The 

system uses a step-and-shoot design and can acquire DBT scan with variable combinations 

of number of projections and angular increments (Chan et al 2014, Goodsitt et al 2014). The 

DBT system uses an Rh-anode/Rh-filter x-ray source for all breasts.

We implemented SART for DBT reconstruction. The voxel dimensions of the imaged 

volume in both the X and Y directions were chosen to be 0.1 mm, the same as the pixel pitch 

of the detector. The slice spacing in the Z direction was chosen to be 1 mm. The details of 

our reconstruction method have been described elsewhere (Zhang et al 2006, Lu et al 2010, 

Lu et al 2015).

B. Data set

We have collected a data set of DBT with the prototype DBT system for development of 

image reconstruction and lesion detection techniques for DBT. The subjects were recruited 

with Institutional Review Board (IRB) approval and written informed consent. Eligible 

subjects were women who had undergone diagnostic work up for a suspicious finding by 

screening or clinical examinations. Two-view DBTs, i.e., craniocaudal (CC) and 

mediolateral oblique (MLO) views, of the breast with the lesion were acquired. For the 

majority of the DBT scans, the system was set to acquire 21 PVs in 3° increments, with a 

total tomographic angle of 60° (referred to as wide-angle scan). For a small subset of the 

subjects, the system was set to acquire 17 projections in 1° increments with a total 

tomographic angle of 16° (referred to as narrow-angle scan). For the development of the 

MAR technique, we retrospectively searched our DBT database of about 800 cases and 

found 41 breasts with biopsy clips. Ten breasts with 9 CC views and 10 MLO views were 

used for development of the MAR methods; the only selection criterion was that together 

they contained the different types of biopsy clips in our data set. The training set was 

selected before the narrow-angle subset was obtained so that all training views were wide-
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angle scans. The other 31 breasts with biopsy clips, including 28 acquired with wide angle 

and 3 acquired with narrow angle, were independent of the training cases and used for 

performance testing. Of the 31 breasts, two did not have MLO view and the clips were out of 

the field of view on one CC view and one MLO view, resulting in a total of 58 (= 31*2 − 4) 

DBT views. All 4 missing views were from the wide angle data set so that there were 52 

wide-angle views and 6 narrow-angle views. Two breasts (4 views) in the training set and 

one breast (2 )views) in the test set had both a small core biopsy clip and a cluster of large 

lumpectomy clips. Table 1 shows the number of breasts, the number of DBT views, and the 

number of DBT views containing each type of clips. Because the data set was relatively 

small and we did not observe differences in MAR for the CC and MLO views, the two views 

were treated the same in all processing steps and analyses.

C. Metal Artifacts in DBT

When a breast with a metallic clip marker undergoes x-ray imaging, the x-rays intersecting 

the metallic clip are highly attenuated so that the pixels of the projected metal clip images on 

the detector have low exposure. Fig. 2 illustrates the ray paths intersecting a metallic clip in 

the breast for three PVs. The hatched regions are the conical artifact regions in which the ray 

paths from each of the source position intersect and are attenuated by the object. During 

reconstruction, because the location of the metallic clip in the reconstruction volume is not 

known, the total attenuation (for backprojection-type reconstruction) or the total attenuation 

error between the calculated value and the detected value (for iterative reconstruction) is 

uniformly assigned to every voxel along the ray path for a given detector bin. This causes 

overestimation of the attenuation at the voxels that contained breast tissue along the ray and 

underestimation of the attenuation of the voxels containing the clip. Because a small number 

of PVs are acquired in a limited angular range for a DBT scan, the voxel value errors in the 

artifact region cannot be compensated by updating from other PVs, especially the lack of 

PVs at large angles (e.g., perpendicular) relative to the PV that causes the artifacts. The 

errors in the estimated voxel values lead to strong interplane and inplane metal artifacts in 

the reconstruction volume. As illustrated in Fig. 2, the black region below and above the 

metallic object, where the conical artifact regions subtended by the object at the x-ray source 

from all available PVs overlap, cannot be updated correctly by any ray path that does not 

intersect the metal object in a limited-angle tomography geometry. The voxels in the overlap 

regions therefore do not obtain correct tissue information for updating and maintain the 

overestimated values at the end of reconstruction. Away from this region, the voxels in the 

artifact region of some PVs may be partially compensated from the unaffected detector bins 

outside the artifact regions of the other PVs. The farther the voxels are from the overlap 

region, the more likely they will be updated with ray paths outside the artifact regions of 

some PVs and the smaller the overestimation errors are. The intensity of the metal artifacts 

therefore decreases as the distances from the focal plane of the object increases. The artifacts 

appear as repeating images of the object on reconstructed slices above and below the focal 

plane, where the slice intersects with the artifact region of each PV. The artifact images 

increasingly separate from one another along the scan direction of the x-ray source as the 

distance of the slice from the focal plane increases. An example of the interplane metal 

artifacts from three metal clips in a breast is shown in the left column of Fig. 3. The artifacts 

extend below and above the actual depth of the clips and each appeared in a typical “X”-
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shape on the Y-Z plane due to the angular sweep of x-ray source while the artifacts in the X-

Z plane are only slightly angulated due to the cone beam geometry. The metal artifacts will 

overlap with the breast tissue structures and may obscure subtle lesions such as 

microcalcifications or masses, which not only degrade the DBT image quality but also 

interfere with breast cancer detection and diagnosis.

As shown in Fig. 2 and Fig. 3, the errors in the estimation of the attenuation along the x-ray 

path through the stack of reconstruction slices spread the artifacts far beyond the voxels 

containing the marker, which makes it difficult to regularize the voxel values of the artifact 

regions in the reconstructed volume using geometric features. Our approach is to reduce the 

attenuation of the metal markers on the individual PVs by an iterative diffusion method 

before reconstruction. The locations of the markers are automatically detected and labeled 

on the PVs to provide a map for replacing the high-contrast objects with the low-frequency 

tissue background gray levels estimated by diffusion inpainting from the surrounding local 

region.

D. Automated Metallic Marker Detection in Projection Images

Our automated metallic marker detection method includes three stages: (1) preprocessing; 

(2) segmentation of metallic marker candidates; (3) FP reduction using voting technique. 

The detail of each stage will be described below.

D.1 Preprocessing—The PVs output from the DBT system are stored as raw images in 

which the pixel values are linearly proportional to x-ray intensity at the detector. The 

logarithmic transform is first applied to the raw PVs, which is the same operation as SART 

without MAR. Therefore, all subsequent image processing including DBT reconstruction 

with or without MAR is performed on the logarithmic- transformed PVs and they will 

simply be referred to as PVs in the following.

An automated breast boundary detection algorithm for mammograms developed in our 

laboratory is adapted to detect the two-dimensional (2D) breast boundary on each PV 

(Zhang et al 2007, Wu et al 2010). The values of the pixels outside the breast region are set 

as zero. Further steps are only applied to the segmented breast region to reduce computation 

time.

The difference-image technique is used to remove the structured background and facilitate 

the detection of signals (Chan et al 1987, Chan et al 1995, Ge et al 2006). The PV is 

smoothed using a low-pass filter to estimate the background gray levels. The low-pass 

filtered image is then subtracted from the unfiltered image to remove the structured 

background while maintaining the higher-frequency details. The subtracted image has 

relatively flat background gray levels and facilitates the separation of the signal and 

background pixels. We experimentally chose a 51×51 box filter to remove the breast 

background. The difference image is used for the following metallic clip marker detection.

D.2 Segmentation of Metallic Marker Candidates—The histogram of the difference 

image is analyzed. The pixels with values below the mean plus one standard deviation of the 

pixel values within the breast region are classified as the initial background pixel candidates. 
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The high pixel values in the difference image above an iteratively adjusted global threshold 

value are used as the feature to select the seed points of signal candidates. Each signal 

candidate is segmented by local signal region growing guided by the local contrast-to-noise 

ratio (CNR) around the seed point as follows. The local root-mean-square noise is estimated 

from the neighboring background pixels in a region-of-interest (ROI) centered at the seed 

point but excluding all pixels above the global threshold. The ROI size is adaptively adjusted 

to contain at least 400 background pixels, which we found to be large enough for estimating 

the background root-mean-square noise without excessive computation time. For a candidate 

pixel that is connected to the seed point based on 8-connectivity, if the calculated CNR of 

the pixel is above a pre-selected CNR threshold criterion, the pixel is considered a part of the 

signal candidate. A grown signal having an area within a predefined range is considered to 

be an effective signal candidate. From the training set of projection images containing 

metallic clip markers of various sizes and shapes and knowledge about the detection of 

microcalcifications (Chan et al 1987, Chan et al 1995, Chan et al 1998, Ge et al 2007b, 

Sahiner et al 2012, Samala et al 2015) and metallic objects (Hadjiiski et al 2015, Sengupta et 
al 2017) from our previous studies, we experimentally chose the CNR threshold to be 6.0 

and the size range to be between 30 and 2500 pixels for the signal candidates. The minimum 

object size of 30 pixels, corresponding to a circular object of about 6 pixels (0.6 mm) in 

diameter, was chosen because it is smaller than the sizes of microclips but much larger than 

microcalcifications. The maximum size of 2500 pixels, which is about 2 to 3 times the size 

of a large lumpectomy clip, was chosen to take into consideration that some clips can 

overlap in the projections and merge into a larger object. The size threshold, together with a 

CNR threshold of 6 that is greater than the CNR of most microcalcifications, will exclude 

clinically significant microcalcifications from being detected as metal objects. This signal 

extraction procedure is performed iteratively using adaptively adjusted global threshold 

value until the number of signal candidates are within a predefined range between 1 and 20. 

After the detection step of the signal candidates is terminated, the same signal region 

growing algorithm is applied to each of the detected signal candidates to refine the 

segmentation of the signal candidate.

D.3 False Positive Reduction Using Voting Technique—After the signal detection 

procedure described above has been performed in all PVs, a voting technique is applied to 

the segmentation results from the PVs at all angles to reduce the FPs. A binary image is first 

generated from the segmented signal for each PV. The signal pixels are labeled as 1 and 

other pixels are labeled as 0. The binary images are then backprojected to the reconstruction 

volume following the DBT geometry. If a ray from a nonzero pixel on the binary image at 

one projection angle passes through a voxel in the reconstruction volume, the voxel receives 

one vote from the PV at the corresponding angle. The voxels with total votes greater than a 

threshold are treated as seed points of metallic clip markers and a connection operator is 

used to label all connected voxels that satisfy the threshold criterion. The threshold is 

adaptively determined for each voxel as follows. The boundary of the field of view of each 

PV in the reconstructed volume can be calculated from the known imaging geometry and the 

depth of each slice (Lu et al 2013a). For a given voxel, the maximum number of PVs that 

can contribute a ray intersecting the voxel can therefore be determined from the location of 

the voxel in the reconstructed volume. The threshold is chosen to be this maximum number 

Lu et al. Page 7

Phys Med Biol. Author manuscript; available in PMC 2018 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of PVs minus 1 to accommodate potential numerical error of ray-tracing. The connected 

voxels are considered a volume of interest (VOI) of a metallic marker and are labeled as 1 if 

the VOI size is greater than a minimum number of voxels, which is chosen as the same as 

the minimum detected signal size (i.e., 30 pixels) on a PV. After labeling all metallic marker 

candidates, the remaining voxels are labeled as 0.

After the segmented VOIs of the metallic marker are generated, the binary reconstruction 

volume is forward-projected to the 2D binary image at each projection angle. The detected 

signal candidates in the 2D binary image that do not intersect any x-rays passing through the 

segmented VOIs are removed as FPs by labeling the corresponding pixels as 0. The binary 

image with the remaining detected signal candidates labeled as 1 is defined as the metallic 

clip marker location map for the PV at that angle.

E. Diffusion Method

We developed a diffusion-based method to estimate the missing tissue background in the 

marker regions on the PVs. The purpose is to compensate for the reduced x-ray intensity in 

the marker region using the neighboring background information before reconstruction.

Let Ω denote a binary mask region with pixels labeled as 1 in the generated metallic clip 

marker location map for a given projection image S and D the domain of S. To reduce the 

metal artifacts, we estimate the expected pixel values for tissue in the region Ω assuming that 

the metal clip displaced tissue of pixel values similar to those in the neighboring region of Ω. 

For the voxels of the artifact regions in the reconstruction volume, they may be affected by a 

few of the PVs and still have true projection information from other PVs. To preserve the 

image details that may be reconstructed from other PVs visible to the voxels in the artifact 

region, the compensation in the PVs only needs to approximate the low-frequency 

background. The following diffusion-based method is designed to estimate the low-

frequency background in Ω using the information from the neighboring region of Ω in D\Ω. 

We define the projection operator PΩ as

(2)

where k is the index of a voxel in D. The operation PΩS(k) generates a temporary image that 

takes the pixel values from an image S(k) under the binary mask region Ω while setting all 

pixels outside Ω (i.e., D\Ω) to zero.

With an iterative diffusion operation, the image Sj at the j-th iteration of diffusion is given by

(3)

where I is the identity operator, F is a 2D low-pass filter. ** denotes 2D convolution. J 
denotes the number of iterations chosen for generating the inpainted image, j=1,…,J.
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The first term in Eq. (3) takes the image from the (j−1)th iteration ISj−1 = Sj−1 (because I is 

an identity operator) and subtracts it with a temporary image PΩ(Sj−1), which results in an 

image with zeros in the mask region Ω and pixel values identical to those of Sj−1 outside the 

mask because PΩ (Sj−1) has pixel values of Sj−1 inside the mask and 0 for all pixels outside 

the mask as defined by Eq. (2). The second term PΩ(F ** Sj−1) is a temporary image that has 

pixel values from the diffused image F ** Sj−1 inside the mask region and zeros outside the 

mask. Summation of the two terms yields the image Sj, which has the mask region filled 

with the diffused pixel values while the pixel values outside the mask region remain exactly 

the same as those in Sj−1. This iterative process is initialized at j=1 by setting S0 = (I − PΩ)S, 

which is the original projection having the high contrast pixels in the mask region removed. 

It can be seen that this diffusion process preserves the original pixel values obtained from S0 

= (I − PΩ)S outside the mask region, no noise or blurring is imposed regardless of the 

number of iterations, while the pixels inside the mask region will be iteratively updated with 

the diffused pixel values from the low-pass filtered image.

We applied this iterative diffusion process to each of the PVs. For each PV, at the end of J 
iterations, we obtained a projection image SJ that has its original pixel values outside the 

mask region, D\Ω, while the pixels in Ω are inpainted with the values obtained from the 

diffused low-frequency tissue background. This set of PVs that have the metal objects 

removed and the “holes” compensated with approximate tissue values are used for DBT 

reconstruction.

To show the clip in the reconstructed DBT volume so that radiologists can identify the 

biopsy site, the voxels at the location of the metal clip as determined by the voting technique 

are re-painted with high voxel values at the end of reconstruction with MAR.

F. Study conditions

We evaluated the MAR method by reconstructing DBT images with and without MAR. The 

proposed method is independent of the reconstruction technique because it is applied to the 

PV images. We used SART (Lu et al 2010) in which the imaged volume was initialized with 

a constant of 0.5 and a relaxation parameter of 0.5 was used for the first iteration and 0.3 for 

the subsequent iterations. Based on our experiments, we observed that the choice of the 2D 

low-pass filter F and the kernel size for diffusing the image Sj−1 in Eq. (3) is not critical but 

small kernels will require more diffusion iterations. We chose the low-pass filter to be a box 

filter with a kernel size of 41X41 pixels. The diffusion process was terminated automatically 

when further iterations did not cause substantial changes in the diffused region Ω. We 

experimentally chose the stopping criterion to be a change of less than 1% in the average 

gray level in Ω.

G. Performance evaluation

The performance of the MAR was evaluated visually on the reconstructed DBT images 

because the residual artifacts can be seen easily in the breast tissue background but it is not 

easy to develop an automated system for detecting and scoring reliably residual artifacts that 

may have a variety of shapes and contrasts. The metal artifact was considered successfully 

removed from the reconstructed DBT volume (CC or MLO view) only if the metal marker 
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was detected and filled by diffusion on all PVs of that DBT view. False negative detection in 

any of the PVs would leave residual artifact in the reconstructed volume although the 

intensity of the artifact decreased as the metal marker was removed from increasing number 

of PVs.

The focus of the current study is to reduce the artifacts from metal markers in the breast. 

Similar to metal markers, large dense benign calcifications also cause interplane and inplane 

artifacts. The removal of these artifacts has the same positive effect on image quality. 

However, because our data set was not collected with the dense benign calcifications as 

objects of interest, we did not have enough samples to evaluate the performance of our MAR 

method in removing the calcification artifacts. We therefore scored the removal of 

calcification artifacts as FPs.

III. RESULTS

Table 1 summarizes the performance of our MAR method. The success rate was counted 

separately for the two types of metal markers because they had very different characteristics. 

The proposed MAR method is effective in removing the metal artifacts for the small biopsy 

microclips of any shape. Figure 4 shows examples of core biopsy clips of various shapes. 

The success rate of MAR for microclips reached 97.2% (35 of 36 views) in the test set. 

However, the success rate of MAR for the large post-lumpectomy markers was low at 66.7% 

(16 of 24 views). As shown in the examples in Fig. 3 and Fig. 5, multiple large markers are 

often placed at a lumpectomy site. The projected multiple marker images may overlap one 

another on the PVs, resulting in a wide range of sizes and shapes of the target objects to be 

detected. The large number of markers on each PV also increases the chance that some of 

the markers may be missed on some of the PVs, causing residual artifacts and failure. Each 

of the 8 DBT volumes that failed contained 7 to 19 large lumpectomy markers. The metal 

artifacts were partially removed in all 8 volumes and the majority of the remaining artifacts 

were caused by clusters of overlapping markers that the detection failed in some of the PVs. 

However, even if the MAR algorithms failed partially, the artifacts were still substantially 

reduced as shown in the example in Fig. 5. Figure 3 and Fig. 6 show two examples in which 

all the large clips were successfully removed by the MAR method and the spiculated tissue 

or microcalcifications at the biopsy site became easily visible. The 6 views of narrow-angle 

DBTs included 4 views with small core biopsy clips and 2 views with large post-

lumpectomy markers; MAR was successful in all 6 views.

The voting technique eliminated the FPs that were detected at random locations in the PVs. 

All FPs that remained in the reconstructed DBT volume were dense benign calcifications. 

The FP rate was therefore related to the number of large benign calcifications present in the 

data set. The locations of the benign calcifications were re-painted in the DBT slices after 

reconstruction for radiologists’ information. An example can be seen in Fig. 4(c).

IV. DISCUSSION

Metal artifact reduction is important to improve the image quality of DBT reconstruction 

when metallic clip exists in the breast. In particular, the biopsy sites are often the location of 
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previous cancer where the chance of recurrence is high. The metal artifacts obscure the 

neighboring tissue in follow-up examinations and may delay early diagnosis of recurring 

breast cancer. As seen in the examples in Fig. 3 and Fig. 6, the visibility and the features of 

the spiculated structures and microcalcifications in the artifact regions are obscured or 

distorted by the shadows of the metal clips. With the proposed method, the interplane and 

inplane metal artifacts are reduced to a level that is not apparent in the reconstructed slices. 

The visibility of important details along the ray paths is restored. The diffusion-based MAR 

method reduces the metal artifacts while preserving the image information in the 

surrounding regions.

The physical position of metallic clips is unknown for a given DBT. One effective way to 

estimate the clip locations is to identify low x-ray intensity pixels from highly attenuated 

objects on the PVs. The geometric correlation of an object among PVs at different projection 

angles is another important piece of information to determine the possible region of metallic 

clips. We developed an automated clip detection method that exploits the contrast feature of 

the high-attenuation metallic objects on x-ray projections. The adaptive thresholding and 

region growing techniques are found to be useful in detecting and segmenting the potential 

metallic clip marker regions. However, in some cases, the projected metallic clip regions 

may be highly distorted in size and shape, such as those with overlapping clusters of clips, 

and become false negatives while dense fibrous tissue or dense large calcifications may be 

detected as potential signals. Making use of the geometric correlation of the true objects 

projected to the PVs at different angles, we back-project the detected regions from different 

PVs to the imaged volume to estimate the convergence locations of the potential dense 

objects in 3D. A voting technique is designed to identify locations that have high likelihood 

of object convergence. We found that the convergence votes are useful for differentiating 

true and FP candidates when the FPs are caused by fibrous tissue that do not have consistent 

density, size and shape across the different projections. A voting threshold with low 

tolerance leads to high specificity of the detection algorithm.

Our results indicate that the proposed MAR method can be used to remove artifacts caused 

by large dense calcifications. The detection of large dense calcifications is similar to 

detection of metal clips. If they are large and dense enough to pass the prescreening stage in 

multiple projections, the voting technique will not exclude them because they are true 

objects with high geometric correlations. Removing artifacts caused by large dense 

calcifications is desirable because it also improves image quality of DBT. It will be of 

interest to conduct a follow-up study to evaluate the performance of the MAR method in 

removing the large calcification artifacts and preserving the shapes of the calcifications 

when a larger data set containing these calcifications is available.

The metallic clip markers obscure the tissue information along the x-rays corresponding to 

the highly attenuated region in the projections and cause undetermined voxel regions in the 

reconstructed volume. For natural scene images, inpainting technique is used to estimate the 

missing information in an image and geometric-structure-driven algorithms are developed 

previously. However, the overlapping of breast tissue may cause discontinuity of anatomical 

structures in the PVs of the breast and the hypothesis of conventional inpainting methods 

may not be satisfied. As a result, we chose to only compensate for the low-frequency 
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background using neighboring pixel information in a PV. This approach works well based on 

the imaging geometry of DBT. The voxels in the reconstructed volume that are affected by 

metallic clip markers in one or more projection angles may be unaffected at other projection 

angles (hatched regions in Fig. 2). Therefore, although only the low-frequency components 

at the angles where the projected voxel information is lost are compensated for, the high-

frequency details may be reconstructed from the projections at the angles where the voxels 

intersect with ray paths that are not obstructed by the dense object. Only the black regions 

shown in Fig. 2 just above and below the dense object are void of information from all PVs. 

Because the boundary of the object (e.g., the top and bottom surfaces of the spherical object 

in Fig. 2) cannot be determined in these regions, they are filled with high voxel values in the 

reconstructed volume, resulting in the elongated shape of the re-painted regions seen in the 

X-Z and Y-Z cross-sections of the clips in the right column of Fig. 3. The elongation of the 

black regions (or the re-painted regions) increases as the scan angle of the DBT acquisition 

decreases.

Our current MAR algorithm has limitations. Its performance in removal of large clusters of 

overlapping post-lumpectomy markers is relatively low. The major problem is the large 

variabilities in the size and shape of the target objects that lead to false negatives from pieces 

of the cluster. With the multiple PVs in the DBT scan, it becomes difficult to achieve perfect 

detection and inpainting in all PVs. One potential method to reduce the false negatives is to 

use the locations of VOIs with high convergence votes, but below the threshold, in the 

backward-projected binary volume as a guide to conduct a second-stage detection. The VOIs 

may be forward-projected to the PVs that do not contribute votes to identify regions of 

interest for a local search of possible target objects on these PVs. Furthermore, as our 

training set is small, the chosen parameters may not be robust enough for unknown cases 

such as those in the independent test set. We expect that the MAR method and parameters 

can be further improved to more accurately detect clusters of large metal markers when a 

larger training set is available. Nevertheless, even if the artifact is not completely removed, 

cleaning up a high- attenuation object in any PVs before reconstruction will still reduce the 

intensity of the artifact in the reconstructed volume to some extent.

Another limitation is the small number of breasts with metallic clips that can be collected, as 

only a small fraction of patients has undergone previous biopsy and have biopsy clips left in 

the breast, especially cases with recurring subtle cancer in the artifact regions. As a result, 

we cannot study a variety of issues associated with MAR such as the dependence of its 

performance on DBT scan geometry, whether the MAR restored image information can be 

proven to be clinically significant in cancer diagnosis, or whether repainting the removed 

dense object on the output DBT slices may distort its shape and affect diagnosis. 

Nevertheless, our approach of replacing the high-contrast object in the projections with 

diffused low-frequency background pixel values before reconstruction makes our MAR 

method less likely to be dependent on DBT scan geometry. Removing the high-contrast 

object artifacts improves the image quality and reduces radiologists’ concern that important 

information may be obscured by the artifacts, regardless of whether the improvement 

actually increases diagnostic accuracy. The examples in Fig. 4 with microclips of various 

shapes also show that our algorithm is capable of repainting object shapes with recognizable 

details. Ideally, researchers can develop computer models to generate a large set of breast 
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phantoms with realistic breast-tissue-mimicking parenchymal patterns, embedded with 

subtle microcalcifications and spiculated masses as well as biopsy clips of various shapes at 

any desired locations, and produce projections at any chosen DBT scan geometries. Such 

phantom models will facilitate all kinds of studies for development of reconstruction, image 

quality improvement and lesion detection techniques for DBT, including the issues of MAR 

mentioned above, providing perfect ground truth for quantitative assessments without the 

challenges and costs of collecting patient cases. Simulated phantom images will also be 

useful for quantitative assessment of the accuracy of the repainted object and the tissue 

background by the MAR method. However, to our knowledge, such phantom models are still 

work in progress by researchers after years of developmental effort. The above studies will 

have to be pursued by interested researchers who have access to such models in the future.

V. CONCLUSION

In this study, we proposed a metal artifact reduction method for DBT reconstruction. An 

automated algorithm was developed to detect the highly attenuated regions from metallic 

clip markers in the projection images before reconstruction. A voting technique was 

designed for FP reduction and generation of a marker location map at each projection. A 

diffusion-based in-painting method was applied to each projection to compensate for the 

low-frequency background labeled by the marker location maps while preserving the pixel 

values in the surrounding regions. The compensated projections are used for DBT 

reconstruction. The results demonstrated that the proposed diffusion-based MAR method 

can restore the visibility of tissue structures and image information obscured by the metal 

artifacts. Reducing the metal artifacts in DBT can potentially improve detection and 

assessment of subtle breast lesions, which is especially important for early detection of 

cancer recurrence near the previous biopsy site.
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Figure 1. 
Geometry of the GE prototype GEN2 digital breast tomosynthesis system used in this study.
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Figure 2. 
Projection of a high-attenuation object (white sphere) to the detector from different angles in 

DBT. Three angles representing the first, central, and the last x-ray source position in a 

limited-angle tomography geometry are shown. The hatched regions are the conical artifact 

regions in which the ray paths from each of the source position intersect and are attenuated 

by the object. The regions where the artifact regions from all angles overlap are shown in 

black. The voxels in the black regions cannot be updated during reconstruction by any ray 

that does not intersect the object and therfore the tissue information cannot be recovered. 

The drawing is not to scale and the distance between the object and the detector plane are 

exaggerated to demonstrate the effects.
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Figure 3. 
DBT reconstruction without MAR (left) and with MAR (right) for a breast with multiple 

lumpectomy metal clips. (a) X–Z plane, (b)Y–Z plane, (c) X–Y plane of the DBT volume. 

The horizontal line and the vertical line, respectively, in the left image of (c) indicate the 

location where the X–Z plane and the Y–Z plane intersect the X–Y plane. The voxels where 

the metal clips are located are refilled with high pixel values to facilitate the radiologist’s 

reading and identifying the previous biopsy site. The shapes of the clips appear irregular 

because they intersect the DBT slice at different angles. (d) the 2D mammogram of the same 

breast acquired with a different compression. The breast parenchyma appears more complex 

than the DBT slice because of the overlap structures. The calcifications in this DBT were not 

affected by the MAR algorithm; the interplane artifacts from the larger calcifications at 

different depths can be seen. The visibility of the spiculated tissue region around the metal 

clips is much better with MAR. The breast was biopsy-proven to have recurring ductal 

carcinoma in situ and lobular carcinoma in situ.
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Figure 4. 
Examples of core biopsy clips of various shapes in DBT. Each row from left to right: focal 

plane of clip, interplane artifacts on a slice 3.0 to 3.6 cm from the focal plane, focal plane of 

clip with MAR, corresponding off-focal plane with MAR. The round object in (c) is a dense 

benign calcification that also caused artifacts in the reconstructed slices. The calcification 

was detected and its artifacts were removed in the images with MAR, but it was counted as 

false positive in this study.
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Figure 5. 
A slice in a DBT volume with failed MAR, (a) without and (b) with MAR. Most of the 

metal clips that did not overlap much were detected and removed. The MAR method failed 

in some projections for two clusters of clips that were very close together. The artifacts in 

(b) were partially cleaned up. The removed clips are located at different depths so that the 

refilled clips are not seen on this slice.
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Figure 6. 
A DBT slice reconstructed (a) without and (b) with metal artifact correction. The removed 

clips are located at different depths so that the refilled clips are not seen on this slice. Note 

the improved visibility of the clustered microcalcifications that were biopsy-proven to be 

recurring ductal carcinoma in situ
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Table 1

Performance of metal artifact reduction (MAR) method. A metal marker was successfully removed in the 

reconstructed DBT view (craniocaudal or mediolateral oblique view) when the metal markers on all 

projections (PVs) of the DBT scan were detected and replaced by diffusion.

Training Set Test Set

Total number of breasts 10 31

Total number of DBT views 19 58

Wide-angle DBT scan (9 CC, 10 MLO views) (27 CC, 25 MLO views)

Narrow-angle DBT scan (3 CC, 3 MLO views)

Number of DBT views with small core biopsy metal microclips 14 36

Number of views with large post-lumpectomy metal markers 9 24

View-based success rate for removal of microclips 100% (14/14) 97.2% (35/36)

View-based success rate for removal of large post-lumpectomy metal markers 100% (9/9) 66.7% (16/24)

False Positives per DBT view 0.05 (1/19) 0.17 (10/58)

Note: A view denotes a breast compression direction in mammography; CC= craniocaudal, MLO = mediolateral oblique.

wide-angle scan: 60° tomographic angle, 21 projections, 3° increments

narrow-angle scan: 16° tomographic angle, 17 projections, 1° increments
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