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Purpose: Nonlinear pre-reconstruction processing of the projection data in computed tomography
(CT) where accurate recovery of the CT numbers is important for diagnosis is usually discour-
aged, for such a processing would violate the physics of image formation in CT. However, one
can devise a pre-processing step to enhance detectability of lesions in digital breast tomosynthesis
(DBT) where accurate recovery of the CT numbers is fundamentally impossible due to the incom-
pleteness of the scanned data. Since the detection of lesions such as micro-calcifications and mass
in breasts is the purpose of using DBT, it is justified that a technique producing higher detectabil-
ity of lesions is a virtue.
Methods: A histogram modification technique was developed in the projection data domain. His-
togram of raw projection data was first divided into two parts: One for the breast projection data and
the other for background. Background pixel values were set to a single value that represents the
boundary between breast and background. After that, both histogram parts were shifted by an appro-
priate amount of offset and the histogram-modified projection data were log-transformed. Filtered-
backprojection (FBP) algorithm was used for image reconstruction of DBT. To evaluate performance
of the proposed method, we computed the detectability index for the reconstructed images from clini-
cally acquired data.
Results: Typical breast border enhancement artifacts were greatly suppressed and the detectability of
calcifications and masses was increased by use of the proposed method. Compared to a global thresh-
old-based post-reconstruction processing technique, the proposed method produced images of higher
contrast without invoking additional image artifacts.
Conclusions: In this work, we report a novel pre-processing technique that improves detectability of
lesions in DBT and has potential advantages over the global threshold-based post-reconstruction pro-
cessing technique. The proposed method not only increased the lesion detectability but also reduced
typical image artifacts pronounced in conventional FBP-based DBT. © 2016 American Association
of Physicists in Medicine [https://doi.org/10.1002/mp.12078]
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1. INTRODUCTION

Breast cancer constitutes one of the most common causes
of the mortality of women, and early detection of breast
cancer is critically important for recovery.1,2 Nowadays,
digital breast tomosynthesis (DBT) plays a crucial role for
breast cancer screening and diagnosis for its rich image
information compared to mammography.3–8 Mass and

calcifications in the breast are major diagnostic targets in
breast imaging. Particularly, a deposition of micro-calcifi-
cation cluster (MCC) has a 70 to 85 percent chance to
lead to cancer in the case of ductal carcinoma in situ.9 In
some cases, the calcifications are formed at the skin of
breast and they are referred to dermal calcifications.10,11

Typical artifacts of breast border enhancement in DBT
images reconstructed by filtered-backprojection (FBP)
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algorithm can cause missing or misclassifying such dermal
calcifications.

DBT is a kind of computed tomography (CT) where a
much less number of projections acquired from a limited
scanning angle are used for image reconstruction. Because of
this incompleteness of the scanned data, the DBT does not
yield a quantitatively accurate 3D image information of the
breast.12–14 To enhance the image quality, various post-recon-
struction processing techniques have been developed and
widely used. It was reported that general image processing
techniques which transform image globally often do not func-
tion properly because of various shapes and sizes of lesions
in breast images. Therefore, regional or adaptive neighbor-
hood methods have also been investigated with their suc-
cesses to varying degrees upon situations.15–19 CT is not in
favor of a nonlinear pre-reconstruction processing such as
histogram modification, because the projection data after
such processing would violate the physics of image formation
in CT thereby yielding inaccurate CT numbers. However,
since the DBT fundamentally lacks the accuracy of the CT
numbers and the detection of lesions is of highest concern in
DBT, use of such a pre-processing can be justified as long as
it improves DBT image quality more efficiently than those
post-reconstruction processing techniques. In this work, we
developed a novel pre-processing technique for DBT that
results in a higher detectability and less image artifacts than a
conventional image reconstruction.

2. METHODS

2.A. Histogram modification step

A pre-processing of histogram modification in this work
was motivated to suppress the breast border artifacts in con-
ventional DBT and to enhance the image contrast in the FBP
algorithm framework. We developed our method in raw data
domain to use the nonlinear property of a logarithmic func-
tion in our methodology. The reconstruction algorithm starts
from converting the raw intensity data to the log-transformed
data. Suppose I0 and I represent the raw intensity of the back-
ground and the object, respectively. I0 is typically acquired by

taking projection without the object in the same scanning
condition, and it has a spatial variation in the detector area in
general. In this work, however, we use a fixed value of I0 by
taking the maximum value of the raw intensity of the back-
ground without loss of generality for the simplicity of the
mathematical derivation of the proposed method. Then, g=ln
(I0/I) forms the log-transformed data that will be fed into the
FBP engine. A ramp-type filtering in the FBP algorithm
emphasizes high-frequency components of the data, and it
leads to image artifacts such as brightened breast border
when insufficient data from a limited-angle scan are used for
image reconstruction as is the case for the DBT. Note that a
relatively sharp breast boundary in the projection image con-
stitutes a high-frequency component. Therefore, to mitigate
the sharp transition of the breast border in the log-trans-
formed data, we modified the histogram such that the back-
ground intensity gets closer to the object intensity. At the
same time, the object histogram was also modified such that
the intensity of the object shifts toward the lower values as an
attempt to increase the contrast of the object’s anatomical
components in the log-transformed data. Figure 1(a) shows
the histograms of the raw intensity data and Fig. 1(b) shows
the line profile of g before and after histogram modification.
Figure 1(c) is local line profile of g near boundary. As ana-
lyzed in the following, contrast in g0can be enhanced com-
pared to g because of the property of logarithmic function.

The detailed procedures of the proposed method are now
explained. First, we need to select the boundary value
between background and breast bearing in mind that the
breast border shall have a smooth transition to the back-
ground. As one can see in Fig. 1(a), there is a boundary
region between breast and background. We selected a single
value Ib, which will be representing the background, from the
boundary region which has the lowest derivative of cumula-
tive histogram as shown in Fig. 2.

After making the background to have the selected value
Ib, we applied a uniform shift to the entire histogram by an
amount of D. Let I 00 and I 0 represent the background and
breast intensities after histogram modification. The log-trans-
formed data before and after the histogram, g and g0, would
have the following relationship shown in Eq. (1) within the

FIG. 1. (a) Histograms of the intensities in the first raw projection data, (b) example line profiles through the middle of the breast in the log-transformed projec-
tion data, and (c) the same line profiles in an enlarged scale near the breast border are shown in solid line (before the processing) and in dotted line (after the pro-
cessing by the proposed method), respectively. [Color figure can be viewed at wileyonlinelibrary.com]
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breast region. The second term in Eq. (1) has a constant neg-
ative value. The last term has a positive value depending on
the value of I and the shift D. Since the denominator in the
argument of the third term can be close to zero particularly
when the attenuation of x-ray is relatively large, overall mag-
nitude of the third term will be much larger than the second
term. In addition, the second term will be constant throughout
the image and will be effectively eliminated when one con-
siders contrast as is shown in Eq. (2). This is how the contrast
enhancement mechanism works in the proposed method. In
addition, due to the histogram modification, the background
projection value would be shifted near to the value of breast
border projection. Without such a histogram modification,
the log-transformed data would have a substantially large
jump from the background to the breast border as summa-
rized in Eq. (3) where e represents an arbitrarily small value.
Figure 1(c) visually demonstrates that the proposed method
would produce a smoother transition near the breast bound-
ary in the log-transformed data. This would help reduce the
border enhancement related to the ramp filtering and the lim-
ited scan angle. We have selected D in this work such that the
minimum intensity value becomes 1 after shifting the his-
togram. In other words, D was selected to be Imin � 1.

g0ðIÞ ¼ ln
I 00
I 0

� �
¼ ln

Ib � D
I � D

� �
¼ ln

I0
I
� Ib � D

I0
� I
I � D

� �

¼ ln
I0
I

� �
þ ln

Ib � D
I0

� �
þ ln

I
I � D

� �

¼ g Ið Þ þ ln
Ib � D
I0

� �
þ ln

I
I � D

� �

(1)

g0 I1ð Þ � g0 I2ð Þ ¼ g I1ð Þ � g I2ð Þ þ ðln I1
I1 � D

� �

� ln
I2

I2 � D

� �
Þðwhere I1\I2Þ

� gðI1Þ � gðI2Þ

* I1
I1 � D

[
I2

I2 � D
for any I1; I2

� �

(2)
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Ib � e� D

� �
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g Ib � eð Þ ¼ ln
I0

Ib � e

� �
[ g0 Ib � eð Þ (3)

2.B. Data acquisition

To demonstrate the performance of the proposed method,
we have recruited clinical DBT projection data. A physical
phantom (CIRS Model 010 & 011A) was also scanned by
the DBT scanner following the same scanning condition as
is used in clinical setting. The scanning parameters are sum-
marized in Table I. Micro-calcifications and masses of the
phantom and the patient’s breasts have been used to evalu-
ate the image quality. In addition, we synthetically inserted
a calcification in the breast border region to see the effects
of suppression of border enhancement in the proposed
method.

2.C. Reconstruction algorithm

For image reconstruction, we used the conventional Feld-
kamp-Davis-Kress (FDK) that is tailored to the tomosynthetic
image reconstruction. FDK algorithm is a cone-beam FBP
algorithm expanded from a fan-beam algorithm. We have first
converted our log-transformed data according to the virtual
cone-beam geometry. Then, we performed data filtering in
the Fourier domain by use of the modified ramp filter as will
be detailed below, and back projection after filtering. Since
the acquired data in a prototype DBT system occupy a double
wedge-shaped space in the Fourier domain, we applied an
asymmetric filter following the approach by Mertelmeier20

for the ramp filter. The Fourier transform of the filter function
Hfilter can be written as

Hfilterðxy;xzÞ ¼ HsprectrumðxyÞ � HprofileðxzÞ
� Hinverseðxy;xzÞ; (4)

where Hinverse is the inversion of modulation transfer function
and is proportional to a ramp-like filter. The spectral filter
Hspectrum and the profile filter Hprofile can be written as

FIG. 2. (a) Cumulative histogram, (b) Derivative of cumulative histogram.
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HspectrumðxyÞ ¼ 0:5 � ð1þ cos
pxy

A
Þ for jxyj\A

¼ 0 elsewhere
(5)

HprofileðxzÞ ¼ 0:5 � 1þ cos
pxz

B

� �
for jxzj\B and jxzj

\tan a jxyj
¼ 0 elsewhere;

(6)

where A and B regulate the cutoff frequencies in xy and xz.

TABLE I. Scanning parameters.

Parameter Value

kV 30

Current(mA) 45

Exposure Time 2500

mAs 112.5

Number of views 15

Pixel size 0.075 9 0.075 mm

Detector size 291 9 230 mm

Number of pixels 3888 9 3072

(a) (b)

FIG. 3. (a) DBT system used in this work, (b) scanning geometry. [Color figure can be viewed at wileyonlinelibrary.com]

(a) (b)

FIG. 4. Reconstructed image of quantitative phantom: (a) no processing, (b) proposed method. [Color figure can be viewed at wileyonlinelibrary.com]
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2.D. Image quality assessment

For an image quality assessment, we computed the
detectability index assuming an ideal model observer in the
detection task.21 The detectability d0 is defined as

d02 ¼
X
k

jS kð Þj2
Pc kð Þ ; (7)

where S kð Þ represents the discrete Fourier transform of the
signal, and Pc kð Þ represents the noise-power-spectrum (NPS)
of the background. k denotes a discrete frequency vector in
two-dimension. We calculated the NPS in the square-shaped
ROIs at various positions on the image with their total num-
ber of L. Then Pc kð Þ was calculated by

PcðkÞ ¼ 1
L

XL
l¼1

DFTfWðgl � gaveÞgj j2; (8)

where DFT means the discrete fourier transform, W is a dis-
crete window function to avoid over estimation of power at
the edges of ROI,22 and we used the Hanning window in this
work. gl and gave denote the image and the surface-fitted
mean image within the lth ROI, respectively. The right-hand
side of Eq. (8) would be a function of spatial frequency k. In
the CIRS phantom image, circular structures were directly
calculated to yield its fourier spectral response. The relatively
irregular structures in clinical images were rebinned by stack-
ing normal line segments to the edges of the signal object. In
other words, we collected several edge spread functions
(ESFs) from the signal object boundaries, and aligned and
averaged them to acquire a representative ESF. Using the
averaged ESF, we have made a circularly symmetric blob to
calculate the fourier spectral response of the signal. To calcu-
late noise-power-spectrum, we used five background ROIs
for each case. These ROIs were selected near the signals, and

FIG. 5. Line profile of contrast bar in quantitative phantom. [Color figure
can be viewed at wileyonlinelibrary.com]

(a)
(b)

FIG. 6. Selected lesions in quantitative phantom: (a) micro-calcifications, (b) masses. [Color figure can be viewed at wileyonlinelibrary.com]
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applied a surface-fit subtraction. Especially for clinical
images, we selected the background near micro-calcifica-
tions, and we marked the ROIs used for the background NPS
evaluation in Fig. 3.

3. RESULTS

Figure 4 shows the reconstructed images of the CIRS
breast phantom from the data (a) without pre-processing and
(b) with the proposed pre-processing. Display window is a
critical component that determines a visual perception of a
medical image, and it is desirable to use a consistent one
when comparing two images. However, since the DBT
images are inherently lacking quantitative accuracy in their
output, particularly in our pre-processing type of work, it is
difficult to use an objective unit such as CT number in the
reconstructed image and a unified display window

accordingly. We have therefore adjusted the display window
in each comparative set of images to visualize the background
tissue image similarly to our best capacity. A visual compar-
ison would yield that the proposed method produces higher
image contrast and much suppressed artifacts of border
enhancement. In Fig. 5, we plotted the line profiles of the
contrast bars across the dotted lines shown in Fig. 4.

For a more quantitative evaluation, we selected the struc-
tures simulating micro-calcifications and lesions as shown in
Fig. 6 and calculated the detectability of them. The sizes of
the micro-calcifications shown in Fig. 6 are (a) 400, (b) 275,
(c) 230, and (d) 196 lm, respectively. The results are summa-
rized in Fig. 7. It is clearly demonstrated that the proposed
method increases detectability particularly for the high con-
trast objects with relatively bigger sizes.

We have also applied the proposed method to the clinical
data. Figure 8 shows the reconstructed DBT slice images of a

FIG. 7. Detectability of lesions in quantitative phantom: (a) micro-calcifications, (b) masses. [Color figure can be viewed at wileyonlinelibrary.com]

(a) (b)

FIG. 8. Reconstructed DBT images: (a) no processing, (b) proposed method. The ROI image shown in the insert in the upper right corner of (b) is displayed with
a different display window setting for comparison. [Color figure can be viewed at wileyonlinelibrary.com]
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patient breast in craniocaudal (CC) view. As shown in Fig. 8,
the visibility of micro-calcifications has been greatly
improved in the image reconstructed by use of the proposed
pre-processing method. In addition, the image artifacts of
enhanced breast border have been substantially suppressed in
the proposed method. In Fig. 9, we plotted line profiles along
the dotted lines in Fig. 8 to better illustrate the contrast
enhancement of micro-calcifications and the breast border
suppression.

For a quantitative evaluation of clinical DBT images, we
computed detectability of micro-calcifications which are
marked with boxes in Fig. 10, and the results are summarized
in Fig. 11. The sizes, in the full-width-half-maximum sense,
of the micro-calcifications shown in Fig. 10 are estimated to
be (a) 1500 (major axis) and 750 (minor axis), (b) 1000 (ma-
jor axis) and 550 (minor axis), and (c) 650 lm, respectively.
The detectability of micro-calcifications in the DBT images
from the pre-processed clinical data also increased compared
to the conventionally reconstructed images.

As an attempt to demonstrate the significance of breast
border suppression, dermal calcification has been synthesized
in the projection data as was explained in the methods part.
In Fig. 12, the reconstruction results without and with the
proposed pre-processing clearly show that the image contrast
of the dermal calcification can greatly improve via the pro-
posed method.

4. DISCUSSION

We were able to show that breast border artifacts can be
greatly mitigated and that the image contrast of lesions can
be improved by use of the proposed nonlinear pre-processing.
Although it is true that the histogram modification would also
contribute to increasing image noise as well as image con-
trast, due to the logarithmic nature of the data transformation
in tomosynthesis the contrast enhancement would outweigh
the noise increment after the histogram modification. The
supporting evidences in terms of detectability evaluation have
been found in both physical phantom images and clinical
images. Since the signal enhancement outweighs the noise
increase, the likelihood to increase the false positive rate is
considered negligible. The visual perception strongly

FIG. 9. Line profiles of DBT images: (a) no processing, (b) proposed method

FIG. 10. Selected lesions in clinical data. [Color figure can be viewed at wile
yonlinelibrary.com]

FIG. 11. Detectability of lesions in clinical data. [Color figure can be viewed
at wileyonlinelibrary.com]
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depends on the display window of an image, and it happens
that the window setting we used in Fig. 8 appears to empha-
size the image noise increment. The inserted ROI image in
the upper right corner of Fig. 8(b) with a different display
window setting implies that the proposed method would not
overly enhance the noise leading to spurious structures being
confused with real micro-calcifications. The proposed
method attempts to suppress the breast border enhancement,
and the nipples may appear to be distorted as a result. The
nipple image indeed is enhanced in the conventional recon-
struction approach as the nipple occupies a boundary region
of the breast. However, we would like to note that the image
information is still preserved without critical distortions and
that the nipple image can be visualized in its optimum display
window setting.

One may argue that an imaging performance enhancement
of DBT can be achieved through post-reconstruction process-
ing techniques. While we do not disagree that an optimized

post-processing may lead to a similar or even better imaging
performance compared to the proposed pre-processing
method, we would like to emphasize that such an optimiza-
tion often requires laborious task-specific tailoring proce-
dures and more importantly that such post-processing
techniques can be applied in parallel with the proposed pre-
processing method synergistically.

To show limitations of a conventional post-processing
technique, we implemented and applied a global threshold-
based post-reconstruction processing to the reconstructed
DBT images without pre-processing. Figure 13 shows the
results of the implemented post-reconstruction processing
with varying threshold values. As can be seen, contrast
enhancement is achieved at smaller threshold values with
substantial image artifacts. More structures are likely to be
included in calcifications as false positives. With larger
threshold values, this kind of image artifacts would be
reduced while the image contrast of true lesions would not

(a) (b)

FIG. 12. Reconstructed images of dermal calcification simulation: (a) no processing, (b) proposed method. [Color figure can be viewed at wileyonlinelibrary.
com]

(a) (b) (c)

FIG. 13. Post-processed images with (a) low, (b) intermediate, and (c) high threshold values. [Color figure can be viewed at wileyonlinelibrary.com]
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gain either. In addition, the breast border artifacts would
become even stronger after such a post-reconstruction pro-
cessing since the breast border has a higher pixel values
than the targets. As mentioned earlier, more sophisticated
post-reconstruction processing techniques such as regional
post-processing methods can possibly go around the prob-
lems of a global threshold-based post-processing. A full
exploitation of such advanced post-processing techniques
and an introduction of hybrid methods combining the pre-
and post-processing techniques are, however, left for the
future work.

We would like to add that the proposed method would be
useful for the computer-aided-diagnosis (CAD) as well. CAD
recruits a number of image features to classify suspicious
lesions thereby providing a secondary opinion to the radiolo-
gists. Mean pixel values or shape descriptors of lesions are
good examples of such image features. Enhanced breast bor-
der or reduced contrast of lesions in DBT images therefore
can lead to a suboptimal performance of the CAD program.
In addition, there are increasing interests in composing a
mammogram from the DBT slice images in a hope that a
DBT scan can provide mammographic image information as
well to the radiologist negating the need of additional mam-
mographic scans. We believe that the proposed pre-proces-
sing technique can help increase the clinical utility of such
synthetic mammograms.

5. CONCLUSION

We have introduced a novel pre-processing technique that
uses histogram modification to improve image quality of
DBT and successfully demonstrated that the image detectabil-
ity can be increased and that the breast border artifacts can be
greatly suppressed.
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