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(57) Abstract: A method, applied to an apparatus for mammographic multi-view mass identification, includes receiving a main image,
a first auxiliary image, and a second auxiliary image. The main image and the first auxiliary image are images of a breast of a person,
and the second auxiliary image is an image of another breast of the person. The method further includes detecting the nipple location
based on the main image and the first auxiliary image; generating a first probability map of the main image based on the main image,
the first auxiliary image, and the nipple location; generating a second probability map of the main image based on the main image, the
second auxiliary image, and the nipple location; and generating and outputting a fused probability map based on the first probability

map and the second probability map.
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METHOD AND APPARATUS FOR MAMMOGRAPHIC MULTI-VIEW MASS
IDENTIFICATION

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the priority to U. S. Provisional Patent Application No.
63/072,379, filed on August 31, 2020. This application also claims the priority of U.S. patent
application No. 17/165,087, filed on Feb. 2, 2021, the content of which is incorporated by
reference in its entirety.

FIELD OF THE DISCLOSURE

[0002] The present disclosure generally relates to the field of medical equipment
technology and, more particularly, relates to a method and an apparatus for mammographic
multi-view mass identification.

BACKGROUND

[0003] Mammography is widely used as a cost-effective early detection method for
breast cancer. A computer-aided diagnosis (CAD) system has the promise to detect the
abnormal regions on digitized mammogram images. Most deep neural network based (DNN-
based) approaches for mammogram analysis are designed for single view analysis. Significant
progress has recently been made in the performance of CAD systems, especially with the
advance of DNN-based methods. Nonetheless, mammographic abnormality detection remains
challenging, largely due to the high accuracy requirement set by the clinical practice.

[0004] A standard mammography screening procedure acquires two low-dose X-ray
projection views for each breast, namely, a craniocaudal (CC) view and a mediolateral oblique
(MLO) view. Radiologists routinely use all views in breast cancer diagnosis. The ipsilateral
analysis refers to the diagnosis based on the CC and MLO views of a same breast, while the
bilateral analysis combines the findings from the same views of the two breasts (that is, either the
two CC views or the two MLO views of the two breasts). For example, the radiologists may
cross-check the lesion locations through the ipsilateral analysis, and use the symmetry
information from the bilateral analysis to improve the decision accuracy.

[0005] Many of the existing mammographic lesion detection methods focus on one view,
therefore they are unable to capture the rich information from the multiple view analysis.
Recently several DNN-based dual-view approaches, performing either ipsilateral or bilateral
analysis, have been proposed. However, the existing DNN-based architectures still need to be
further improved to provide desired performance for multi-view analysis. The disclosed method
and apparatus for mammographic multi-view mass identification are directed to solve one or
more problems set forth above and other problems in the art.

BRIEF SUMMARY OF THE DISCLOSURE

[0006] One aspect of the present disclosure provides a method applied to an apparatus for
mammographic multi-view mass identification. The method includes receiving a main image, a
first auxiliary image, and a second auxiliary image. The main image and the first auxiliary
image are images of a breast of a person, and the second auxiliary image is an image of another
breast of the person. The method further includes detecting a nipple location based on the main
image and the first auxiliary image; generating a first probability map of the main image based
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on the main image, the first auxiliary image, and the nipple location; generating a second
probability map of the main image based on the main image, the second auxiliary image, and the
nipple location; and generating and outputting a fused probability map based on the first
probability map and the second probability map.

[0007] Another aspect of the present disclosure provides an apparatus for mammographic
multi-view mass identification. The apparatus includes a nipple detector, configured to receive a
main image and a first auxiliary image of a breast of a person, and detect a nipple location based
on the main image and the first auxiliary image; an ipsilateral analyzer, configured to receive the
main image, the first auxiliary image, and the nipple location obtained by the nipple detector, and
generate and output a first probability map of the main image; and a bilateral analyzer,
configured to receive the main image, the nipple location, and a second auxiliary image, and
generate and output a second probability map of the main image. The second auxiliary image is
an image of another breast of the person. The apparatus further includes an integrated fusion
network device, configured to receive the main image, the first probability map, and the second
probability map, and generate and output a fused probability map.

[0008] Other aspects of the present disclosure can be understood by those skilled in the
art in light of the description, the claims, and the drawings of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The following drawings are merely examples for illustrative purposes according
to various disclosed embodiments and are not intended to limit the scope of the present
disclosure.

[0010] FIG. 1 illustrates a schematic structural diagram of an exemplary apparatus for
mammographic multi-view mass identification according to various embodiments of the present
disclosure;

[0011] FIG. 2 illustrates schematic diagram of data flow of an operation process of an
exemplary apparatus for mammographic multi-view mass identification according to various
embodiments of the present disclosure;

[0012] FIG. 3 illustrates a schematic architecture of an exemplary bilateral analyzer in
the apparatus for mammographic multi-view mass identification shown in FIG. 1;

[0013] FIG. 4 illustrates a schematic architecture of an exemplary ipsilateral analyzer in
the apparatus for mammographic multi-view mass identification shown in FIG. 1;

[0014] FIG. 5 illustrates an example of similarity of Rol-to-nipple distances in a
craniocaudal image and a mediolateral oblique image;

[0015] FIG. 6 illustrates a schematic architecture of an exemplary integrated fusion
network device in the apparatus for mammographic multi-view mass identification shown in
FIG. 1;

[0016] FIG. 7 illustrates a schematic flowchart of an operation process of a nipple
detector according to various embodiments of the present disclosure;

[0017] FIG. 8 illustrates a schematic flowchart of an operation process of an image
register according to various embodiments of the present disclosure;

[0018] FIG. 9 illustrates a schematic flowchart of an operation process of an ipsilateral
analyzer according to various embodiments of the present disclosure;

[0019] FIG. 10 illustrates a schematic flowchart of an operation process of a bilateral
analyzer according to various embodiments of the present disclosure; and

[0020] FIG. 11 illustrates a schematic flowchart of an operation process of an integrated
fusion network device according to various embodiments of the present disclosure.
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DETAILED DESCRIPTION

[0021] Reference will now be made in detail to exemplary embodiments of the invention,
which are illustrated in the accompanying drawings. Wherever possible, the same reference
numbers will be used throughout the drawings to refer to the same or like parts.

[0022] The importance of information fusion from multi-view mammograms has been
recognized previously. Many existing methods for multi-view information fusion rely on
handcrafted features and fusion rules. With the development of deep learning technology, the
application of DNN-based approaches has achieved wide success in medical image processing
and computer vision in general.

[0023] Deep learning has been applied to mammographic mass detection, and most of the
work focus on single view based approaches. Recently, multi-view based approaches have
attracted increasing interests, and different DNN-based approaches have been presented for
ipsilateral analysis of multi-view mammograms. However, most of existing approaches do not
model the geometry relation across views explicitly. For example, in an existing approach, a
cross-view relation network is added to the Siamese Networks for mass detection, but the
geometric features and embedding used for the relation network are the same as those used in an
approach designed for single view object detection. In another example, DNN-based approaches
are presented for bilateral analysis without providing ipsilateral analysis simultaneously. Other
exemplary multi-view based approaches include RNN-based multi-view approaches for mass
classification, DNN-based multi-view approaches for breast cancer screening, etc.

[0024] According to the disclosed apparatus and method for mammographic multi-view
mass identification, a Faster-RCNN network module with Siamese input and a DeepLab network
module with Siamese input work in parallel to simultaneously perform ipsilateral and bilateral
analysis. The relation network according to the present disclosure is explicitly designed to
encode the mass to nipple distance for the ipsilateral analysis, in tandem with a DNN-based
nipple detector. The approach according to the present disclosure explicitly embed the mass-to-
nipple distance into a DNN architecture for mammographic lesion detection.

[0025] The present disclosure provides an apparatus for mammographic multi-view mass
identification. FIG. 1 illustrates a schematic structural diagram of an exemplary apparatus for
mammographic multi-view mass identification according to various embodiments of the present
disclosure. Referring to FIG. 1, the apparatus may include a nipple detector, an image register,
an ipsilateral analyzer, a bilateral- analysis module, and an integrated fusion network device.

[0026] The nipple detector may be configured to receive a main image of a breast and a
first auxiliary image of a breast of a person, and detect the nipple location based on the main
image and the first auxiliary image. The detected nipple location may be able to facilitate the
determination of the distance from a region of interest (Rol) to the nipple in a subsequent
process. In one embodiment, the nipple detector may be a DNN-based nipple detector.

[0027] In one embodiment, the main image may be a right craniocaudal (RCC) image,
and the first auxiliary image may be an ipsilateral image, e.g., a right mediolateral oblique
(RMLO) image. That is, the main image may be a CC image of the right breast and the first
auxiliary image may be an MLO image of the right breast. It should be noted that the main
image and the first auxiliary image may be ipsilateral images of a same breast. In many cases,
four mammographic images may be available: an RCC image, an RMLO image, a left
craniocaudal (LCC) image, and a left mediolateral oblique (LMLO) image, and accordingly, the
combination of the main image and the first auxiliary image may have four different selections:
the main image is the RCC image while the first auxiliary image is the RMLO image; the main
image is the RMLO image while the first auxiliary image is the RCC image; the main image is
the LCC image while the first auxiliary image is the LMLO image; and the main image is the
LMLO image while the first auxiliary image is the LCC image.

[0028] The image register may be configured to receive the main image and an initial
auxiliary image, flip the initial auxiliary image, and then warp the flipped initial auxiliary image
toward the main image according to the breast contour to generate a second auxiliary image.
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The main image received by the image register may be the same as the main image received by
the nipple detector. In one embodiment, the initial auxiliary image received by the image
register may be a bilateral image, e.g., an LCC image. After flipping and wrapping the initial
auxiliary image, the obtained second aux111ary image may then be sent to the bilateral analyzer to
facilitate the DNN-based learning of the symmetry constraint from the bilateral images. For
example, an input pair of the same view images (e.g., either the two CC view images or the two
MLO view images), including the main image and the initial auxiliary image, may be registered,
the image used as the initial auxiliary image may then be horizontally flipped and warped toward
the main image according to the breast contour to obtain the second auxiliary image. The main
image may be an image selected from the two pairs of images, including the pair of CC images
and the pair of MLO images. Once the main image is selected, the initial auxiliary image may be
the other image from the same pair, and the first auxiliary image may be an image from the other
pair. For example, when the main image is a CC image of a breast, the initial auxiliary image
may also be a CC image, but correspond to the other breast, and the first auxiliary image may be
an MLO image of the same breast. Therefore, the first auxiliary image and the main image may
be taken on the same breast, such that the first auxiliary image and the main image may be a pair
of ipsilateral images. For example, when the main image is an LCC image, the first auxiliary
image may be an LMLO image, and the initial auxiliary image may be an RCC image; when the
main image is an RMLO image, the first auxiliary image may be an RCC image, and the initial
auxiliary image may be an LMLO image.

[0029] The ipsilateral analyzer may be configured to receive the main image, the first
auxiliary image, and the nipple location obtained by the nipple detector. The ipsilateral analyzer
may also be configured to generate and output a first probability map (e.g., Ipsi-prob map) of the
main image based on the main image, the first auxiliary image, and the nlpple location.

[0030] The bilateral analyzer may be configured to receive the main image together with
the nipple location and the second auxiliary image obtained by the image register. The bilateral
analyzer may also be configured to generate and output a second probability map (e.g., Bi-prob
map) of the main image based on the main image, the nipple location, and the warped and
flipped bilateral image.

[0031] The first probability map and the second probability map may be attentions of the
comprehensive information of the ipsilateral and bilateral images. For example, the first
probability map and the second probability map may include mass information of pixels in the
main image generated by the ipsilateral analyzer and the bilateral analyzer, respectively. The
mass information of a pixel in the main image may include the texture density determined by the
brightness of the pixel. In addition, adjacent pixels with similar brightness may be further
determined as a region for further analysis. For example, each of the ipsilateral analyzer and the
bilateral analyzer may be further configured to compute the similarities between adjacent pixels
based on the two input images (e.g., the main image and the first auxiliary image for the
ipsilateral analyzer, and the main image and the second auxiliary image for the bilateral
analyzer) to determine each region that contains pixels with similar brightness. Moreover, a
region with brightness, shape, area size, and/or position deviating from an expected value may be
determined as a Rol. For example, a threshold value may be preset for each of the parameters
including brightness, shape, area size, and relative position with respect to the nipple location,
and when at least one of the parameters of a region exceeds the corresponding threshold value,
the region may be determined as a Rol.

[0032] In one embodiment, the first probability map may further include a lesion
possibility of each pixel on the main image; and the second probability map may also include a
lesion possibility of each pixel on the main image. The lesion possibility of a pixel may be
determined by each of the ipsilateral analyzer and the bilateral analyzer based on the input
images. Moreover, a region of pixels having lesion possibilities exceeding a preset possibility
may be determined as a Rol.

[0033] It should be noted that both the first probability map and the second probability
map are intermediate results for lesion analysis according to the disclosed apparatus for
mammographic multi-view mass identification. The first and second probability maps may
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further be analyzed in the integrated fusion network device in order to generate a more accurate
probability map of the main image.

[0034] The integrated fusion network device may be configured to receive the main
image, the first probability map from the ipsilateral analyzer, and the second probability map
from the bilateral analyzer. Moreover, the integrated fusion network device may be configured
to generate and output a fused probability map based on the main image and the two probability
maps. The fused probability map may include a lesion possibility of each pixel on the main
image. By analyzing the first probability map and the second probability map together to
generate the fused probability map, the lesion possibility of each pixel on the main image may be
more accurate. As such, the disclosed apparatus for mammographic multi-view mass
identification may improve the accuracy in determining mammographic lesions. Further, one or
more Rols may be determined based on the fused probability map, and the location, the size, and
the shape of each Rol can also be determined.

[0035] FIG. 2 illustrates a schematic diagram of data flow of an operation process of an
exemplary apparatus for mammographic multi-view mass identification according to various
embodiments of the present disclosure. The apparatus may be consistent with the one shown in
FIG. 1. Referring to FIG. 2, at first, an image of a breast may be selected as the main image and
its corresponding ipsilateral view and bilateral view may be selected as the auxiliary images.

The main image and the auxiliary images may be together input into the apparatus. For example,
the main image may be an RCC view, and the auxiliary images may include an ipsilateral view
and a bilateral view corresponding to the main view. The ipsilateral view may be an RMLO
view, and the bilateral view may be an LCC view. The RCC view and the RMLO view may be
input together into the ipsilateral branch. In parallel, the RCC view and the LCC view may be
input together into the bilateral branch. Each branch may generate a probability map of the main
image (e.g., the Ipsi-prob map and the Bi-prob map shown in FIG. 2; or the first probability map
and the second probability map as described above) and the probablhty maps generated by the
two branches may then be input into the integrated fusion network device along with the main
image (the RCC view) to generate a final output, e.g., the fused probability map described above.
Inside the ipsilateral branch, a DNN-based nipple detector may be added to extract the nipple
locations on both views (e.g., RCC view and RMLO view). The nipple locations may then be
input into the ipsilateral analyzer along with the two views for ipsilateral analysis. Inside the
bilateral branch, the bilateral views (LCC views) may be registered in the image register before
being sent to the bilateral analyzer together with the main image (RCC view). This combined
ipsilateral and bilateral analysis can be applied to any given image that is used as the main
image.

[0036] According to the disclosed apparatus, the image register and the ipsilateral
analyzer may both need to use nipple locations extracted from the input images. In one
embodiment, the nipple detector may include a Faster-RCNN based key-point detection
framework, and thus may be able to identify the nipple locations with satisfactory accuracy. For
example, in the in-house dataset that includes a total of 11,228 images, only one nipple
prediction is incorrect.

[0037] Most women have roughly symmetric breasts in terms of density and texture.

This property is well leveraged by radiologists to identify the abnormalities in mammograms.
Hinging on a bilateral dual-view, radiologists are able to locate a mass based on its distinct
morphologic appearance and relative position compared to its corresponding area in the other
lateral image.

[0038] To incorporate this diagnostic information and facilitate the learning of the
symmetry constraint, a bilateral analyzer is developed. FIG. 3 illustrates a schematic architecture
of an exemplary bilateral analyzer in the apparatus for mammographic multi-view mass
identification shown in FIG. 1. Referring to FIG. 3, the bilateral analyzer may be derived from a
DeepLab v3+ structure, enhanced with a first Siamese input pattern and a pixel-wise focal loss
(PWFL) function. The first Siamese input pattern may include two atrous convolution modules.
The two atrous convolution modules may share the same weights and extract feature maps from
the bilateral images in the same manner. Each atrous convolution module may include five 50-
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layer residual networks (ResNet-50) connected in a series to form a five-stage network, and a
non-local (NL) block located between the fourth stage (Stage 4) and the fifth stage (Stage 5).
The ResNet-50 in each atrous convolution module may function as a backbone. The atrous
convolution module receiving the main image may further include an output for low-level
features at the third stage (Stage 3). The extracted feature maps by the two atrous convolution
modules may be a main feature map and an auxiliary feature map, respectively. The auxiliary
feature map may then be assumed as a reference and concatenated with the main feature map. In
turn, the feature difference at the same location can highlight the abnormality. For example, the
outputs from the backbones of the two atrous convolution modules may perform a channel-wise
concatenation, and A 1x1 convolution may down-sample the number of channels from a
concatenated tensor into half. The bilateral analyzer may further generate a segmentation map
for the main image. During a training process, the PWFL function may be used to improve the
performance of the bilateral analyzer.

[0039] Ipsilateral images provide information of the same breast from two different
views. Therefore, a mass in the ipsilateral images usually presents similar brightness, shapes,
sizes, and distances to the nipple. This knowledge is essential to help radiologists make a
decision. To incorporate this diagnostic knowledge, an ipsilateral analyzer is developed. FIG. 4
illustrates a schematic architecture of an exemplary ipsilateral analyzer in the apparatus for
mammographic multi-view mass identification shown in FIG. 1. Referring to FIG. 4, the
ipsilateral analyzer may be built on a Faster-RCNN detection architecture. The 1p511ateral
analyzer may include a second Siamese input pattern, a feature pyramid networks (FPN) module,
and a relation block. The second Siamese input pattern together with the FPN module may
enable the two input branches to share the same weights and extract the features from the two
ipsilateral views in the same way. As a result, the appearance similarity and the geometry
constraint between Rols from the two branches may be computed using the relation block.
Further, the mass information of pixels in the main image may be detected and converted into a
probability map. In addition, during a training process, focal loss (FL) and Distance-
intersection-over-union loss (DIoU) may be used to improve the performance of the ipsilateral
analyzer, and training with negative samples (normal cases) may be enabled. It should be noted
that the ipsilateral analyzer may include more than one relation block to improve the output. For
example, as shown in FIG. 4, a second relation block (without showing the details in the relation
block) may be used to compute the appearance similarity and the geometry constraint between
Rols again, and thus improve the accuracy of the results.

[0040] In FIG. 4, the relation block may model the attention-based relationships between
two Rols in single image based on the similarity of their appearance and geometric features,
leading to an improvement of detection accuracy. For example, the relation block may model
the relationships between two Rols in a single image based on similarities in the brightness, the
shapes, the sizes, and the locations of the Rols. In one embodiment, the relative position of a
Rol may include a distance from the Rol to the nipple location determined by the nipple detector.
In addition, the relation block may be proposed to emphasize the appearance and geometric
similarities of a lesion Rol in two ipsilateral images. In one embodiment, the appearance and
geometric similarities may be described by

£(gin g )—€<[log( 7). tog (%), tog (2 )]) (1)

where S( isa geometric embedding operation, gm is the geometric factor of the i-th Rol from
the main image, g.. is the geometric factor of the j-th Rol from the auxiliary image, d}, is the
Rol-to-nipple distance of the i-th Rol from the main image, d_, is the Rol-to- nipple dlstance of
the j-th Rol from the auxiliary image, wy, is the width of the i- th Rol from the main image, w/ is
the width of the J-th Rol from the auxiliary image, hi, is the heigth of the i-th Rol from the main
image, and h, is the heigth of the j-th Rol from the aux111ary image.

[0041] To integrate the outputs of both ipsilateral and bilateral learning, an integrated
fusion network is designed to accept three inputs: the main image and the two probability maps
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from the ipsilateral analyzer and the bilateral analyzer (referring to FIGS. 1-2). These two
probability maps may be attentions of the comprehensive information from both bilateral and
ipsilateral images. The strategy is also applied for mammogram cancer screening. FIG. 6
illustrates a schematic architecture of an exemplary integrated fusion network device in the
apparatus for mammographic multi-view mass identification shown in FIG. 1. It should be noted
that the ResNet-50 backbone in FIG. 6 comes from the ipsilateral analyzer and is frozen during
the training process. The integrated fusion network may be configured to process the inputs and
generate a prediction result.

[0042] The present disclosure also provides a method for mammographic multi-view
mass identification. The method may be applied to an apparatus consistent with various
embodiments of the present disclosure. That is, the apparatus may include a nipple detector, an
image register, an ipsilateral analyzer, a bilateral analyzer, and an integrated fusion network
device. FIG. 7 illustrates a schematic flowchart of an operation process of a nipple detector
according to various embodiments of the present disclosure.

[0043] Referring to FIG. 7, the method may include: in S101, receiving, by the nipple
detector, a main image and a first auxiliary image of a breast of a person; in S102, detecting, by
the nipple detector, the nipple location based on the main image and the first auxiliary image;
and in S103, outputting, by the nipple detector, the detected nipple location. In one embodiment,
the main image may be an RCC image, and the first auxiliary image may be an ipsilateral image,
e.g., an RMLO image.

[0044] FIG. 8 illustrates a schematic flowchart of an operation process of an image
register according to various embodiments of the present disclosure. Referring to FIG. 8, the
method may also include: in S201, receiving, by the image register, the main image and an initial
auxiliary image; in S202, flipping the initial auxiliary image; in S203, warping the flipped initial
auxiliary image toward the main image according to the breast contour to obtain a second
auxiliary image; and in S204, outputting, by the image register, the second auxiliary image. In
one embodiment, the initial auxiliary image received by the image register may be a bilateral
image, e.g., an LCC image.

[0045] FIG. 9 illustrates a schematic flowchart of an operation process of an ipsilateral
analyzer according to various embodiments of the present disclosure. Referring to FIG. 9, the
method may include: in S301, receiving, by the ipsilateral analyzer, the main image, the first
auxiliary image, and the nipple location; and in S302, generating and outputting, by the
ipsilateral analyzer, a first probability map (e.g., Ipsi-prob map) of the main image based on the
main image, the first auxiliary image, and the nipple location.

[0046] FIG. 10 illustrates a schematic flowchart of an operation process of a bilateral
analyzer according to various embodiments of the present disclosure. Referring to FIG. 10, the
method may include: in S401, receiving, by the bilateral analyzer, the main image, the second
auxiliary image, and the nipple location; and in S402, generating and outputting, by the bilateral
analyzer, a second probability map (e.g., Bi-prob map) of the main image based on the main
image, the second image, and the nlpple location.

[0047] FIG. 11 illustrates a schematic flowchart of an operation process of an integrated
fusion network device according to various embodiments of the present disclosure. Referring to
FIG. 11, the method may further include: in S501, receiving, by the integrated fusion network
device, the main image, the first probability map, and the second probability map; and in S502,
generating and outputting a fused probability map based on the main mage, the first probability
map, and the second probability map.

[0048] The combined analysis may be applied to all views in available datasets to
generate mass detection on each view. In practice, the available datasets include a public dataset
and an in-house dataset. The public dataset is Digital Database for Screening Mammography
(DDSM) dataset that has been widely used for mammographic lesion detection. The DDSM
dataset contains 2,620 patient cases, each of which has four views of mammograms (two views
of each breast: left CC & MLO, right CC & MLO). Excluding some defective/corrupted cases,
2,578 cases (10,312 images in total) are applied to the disclosed apparatus. All cases are
randomly divided into the training, validation, and test sets by approximately 8:1:1, resulting in
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8,256, 1,020 and 1,036 images in the respective sets. The in-house dataset is obtained from a
hospital to validate the proposed method. The in-house mammogram dataset has 2,749 cases,
including normal, cancer, and benign cases, which are close to the practical distribution. Lesion
regions are first annotated by two radiologists and then reviewed by a senior radiologist. Same
as the division strategy on the public DDSM dataset, all cases are randomly split by 8:1:1 and the
training, validation and test sets have 8,988, 1,120, and 1,120 images, respectively. It should be
noted that some cases have mammograms taken at multiple dates.

[0049] To facilitate the DNN-based learning of the symmetry constraint from the
bilateral images, the input pair of the same view images (e.g. two CC view images or two MLO
view images) may be registered. In one embodiment, as shown in FIG. 2, the input pair of
images may be two CC view images, e.g., the RCC image and the LCC image. It should be
noted that in other embodiments, the input pair of images may be two MLO view images, e.g.,
RMLO and LMLO. Further, the auxiliary image input into the image register may be
horizontally flipped, and then warped toward the main image according to the breast contour. In
addition, nipple locations may be used to roughly align the two MLO images before warping. A
flipped and warped CC view example is shown in FIG. 2.

[0050] The model on each dataset is independently trained based on a pre-trained
ImageNet model. State-of-the-art (SOTA) free-response operating characteristic (FROC) may
be selected as the evaluation metric to make comparison with known methods. A mass may be
assumed as successfully identified when the Intersection-over-Union (IoU) of a prediction output
and the ground truth is greater than 0.2.

[0051] The bilateral analyzer, the ipsilateral analyzer, and a degraded version of the
ipsilateral analyzer, e.g., “IpsiDualNet w/o Relation Blocks” (the two feature streams from the
main and auxiliary images are directly concatenated after the Rol align stage), are trained and
tested using both ipsilateral and bilateral images. Table 1 shows the results (e.g., ablation study
results) on DDSM, which indicate that the bilateral analyzer always achieves the highest recall
scores on bilateral images, and the ipsilateral analyzer has generally better performance on
ipsilateral images. In addition, the ipsilateral analyzer outperforms the degraded version on
ipsilateral images, suggesting that the designed relation module remarkably enhances the
performance of the ipsilateral analyzer. Thus, the bilateral analyzer and the ipsilateral analyzer
may be respectively applied to bilateral and 1p511atera1 analysis in the apparatus for
mammographic multi-view mass identification. Therefore, segmentation network may be able to
maintain spatial information, and thus may be more appropriate for symmetry learning, while
detection network may be more suitable for Rol-based relation learning.

Table 1
Ipsilateral (Recall@FPI) Bilateral (Recall@FPI)
Networks R@0.5 R@1.0 R@20 R@O0.5 R@1.0 R@20
BiDualNet 0.67 0.81 0.89 0.78 0.84 0.89
IpsiDualNet
w/ o Relation Blocks 0.68 0.77 0.84 0.73 0.79 0.84
IpsiDualNet 0.76 0.83 0.88 0.65 0.75 0.82

[0052] In addition, the impact of different geometric features on the ipsilateral analyzer,
including the shape and location of Rol, the dummy nipple, and the Rol-to-nipple-distance 1s
also investigated. Table 2 shows impact of different geometric features on prediction
performance of the in-house dataset. As shown in Table 2, the result demonstrates that the Rol-
to-nipple-distance based geometric features may be able to generate the best performance of the
ipsilateral analyzer.
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Table 2
Geometric Features R@0.5 R@]1.0 R@?2.0
Shape and location of Rol 0.86 0.90 0.93
Dummy nipple point 0.80 0.85 0.89
(Central point of every image)
Rol-to-nipple distance 0.88 0.92 0.96
(this disclosure, in IpsiDualNet)

[0053] Table 3 compares the performance of various methods on the DDSM dataset.
Different single-view and dual-view approaches that reported evaluation on DDSM with normal
patients’ data using the FROC metric are selected as competing methods. The disclosed tri-view
method demonstrates a higher recall score than any existing single-view or dual-view method.

In Table 3, CVR-RCNN denotes Cross-View Relation Region-based Convolutional Neural
Network and CBN denotes Contrasted Bilateral Network.

Table 3
. DDSM Recall@FPI

View Method (train/val /test)y ~ R@0.5 R@1.0 R@2.0

Single ' Reference 1: Faster-RCNN o o o 0.6610 0.7246 0.7839
Reference 1: Mask-RCNN 80%/10%/10% 0.6441 0.7458 0.8178
DeepLab+NL+PWFL 0.68 0.78 0.83
Faster-RCNN+FPN+FL+DIoU 8256 /1020/1036 0.74 0.82 0.88

Dual | Reference 2: CVR-RCNN 410/-/102 n/a n/a ~0.88
Reference 1: CBN 80% / 10% / 10% 0.6907 0.7881 @ 0.8559
BiDualNet 0.78 0.84 0.89
IpsiDualNet 8256/1020/1036 76 083 088

Tri This disclosure 8256/1020/1036 0.80 0.85 0.89

[0054] Various methods are also tested on the in-house dataset as shown in Table 4. The
disclosed tri-view method again achieves the highest recall score at all FPIs. In addition, due to
the higher quality of the images, the proposed method achieves a remarkably higher recall score
on the in-house dataset than on the DDSM dataset. Moreover, it should be noted that the
disclosed apparatus is capable of accepting mammograms with incomplete views.

Table 4
View Type Method R@0.5 R@1.0 R@20
Single-View DeepLab+NL+PWFL 0.81 0.84 0.90
Faster-RCNN-+FPN+FL+DIoU 0.82 0.89 0.91
Dual-View BiDualNet 0.87 0.93 0.95
IpsiDualNet 0.88 0.92 0.96
Tri-View This disclosure 0.90 0.94 0.96

[0055] Compared to exiting systems and methods for mammographic lesion detection,
the disclosed apparatus and method demonstrate the following exemplary advantages.

[0056] According to the disclosed apparatus and method, a first tri-view DNN
architecture 1s adopted to fully aggregate information from all views and thus perform joint end-
to-end ipsilateral and bilateral analysis. Further, a novel relation network designed in tandem
with a DNN-based nipple detector is developed to incorporate geometry constraint across views,
which improves the accuracy of the analysis. Moreover, by adopting the disclosed apparatus and
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method, SOTA FROC performance is achieved on both the DDSM dataset and the in-house
dataset.

[0057] The embodiments provided in the present disclosure are described in a
progressive manner. Each embodiment focuses on the differences from other embodiments, and
the same or similar parts among these embodiments may be referred to each other. For the
devices disclosed in the embodiments, the description may be relatively simple because of the
corresponding relation between the devices and the disclosed methods. The details of the
disclosed devices may be referred to the corresponding content in the description of the methods.

[0058] Those skilled in the art may further realize that the units and algorithm steps of
the examples described with reference to the embodiments disclosed herein can be implemented
by electronic hardware, computer software, or a combination of the two. To clearly illustrate the
interchangeability of hardware and software, the components and steps of various examples have
been generally described in terms of their functionality. Whether these functions are
implemented by hardware or software depends on the specific application and the design
constraints of the technical solutions. A person skilled in the art may use different methods to
implement the described functions for each particular application. However, such
implementation should not be considered as beyond the scope of the present disclosure.

[0059] The steps of the method or algorithm described in the embodiments disclosed
herein may be implemented directly by hardware, a processor-executable software module, or a
combination of the two. The software module may be located in random access memories
(RAMs), internal memories, read-only memories (ROMs), electrically programmable ROMs,
electrically erasable programmable ROM, registers, hard disks, removable disks, CD-ROMs, or
other storage media that are well known in the field.

[0060] The description of the disclosed embodiments provided above ensures that those
skilled in the art can realize or use the present disclosure. Various modifications to the
embodiments are readily apparent to those skilled in the art. The general principles herein may
be implemented in other embodiments without departing from the spirit or scope of the
disclosure. Therefore, the present disclosure should not be limited to these embodiments
described herein, but rather should be in accordance with the broadest scope consistent with the
principles and the novel features disclosed herein.

-10 -
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What is claimed is:

1. A method, applied to an apparatus for mammographic multi-view mass identification,
comprising;

recelving a main image, a first auxiliary image, and a second auxiliary image, wherein
the main image and the first auxiliary image are images of a breast of a person, and the second
auxiliary image is an image of another breast of the person;

detecting a nipple location based on the main image and the first auxiliary image;

generating a first probability map of the main image based on the main image, the first
auxiliary image, and the nipple location;

generating a second probability map of the main image based on the main image, the
second auxiliary image, and the nipple location; and

generating and outputting a fused probability map based on the first probability map and
the second probability map.

2. The method according to claim 1, wherein the apparatus for mammographic multi-view
mass identification includes a nipple detector, an ipsilateral analyzer, a bilateral analyzer,
and an integrated fusion network device, and the method includes:

receiving, by the nipple detector, the main image and the first auxiliary image;

detecting, by the nipple detector, the nipple location based on the main image and the
first auxiliary image;

receiving, by the ipsilateral analyzer, the main image, the first auxiliary image, and the
nipple location obtained by the nipple detector;

generating and outputting, by the ipsilateral analyzer, the first probability map of the
main image;

receiving, by the bilateral analyzer, the main image, the second auxiliary image, and the
nipple location;

generating and outputting, by the bilateral analyzer, the second probability map of the
main image;

receiving, by the integrated fusion network device, the main image, the first probability
map, and the second probability map; and

generating and outputting, by the integrated fusion network device, the fused probability
map.

3. The method according to claim 2, wherein the apparatus further includes an image
register, and the method further includes:

receiving, by the image register, the main image and an initial auxiliary image;
flipping, by the image register, the initial auxiliary image; and

wrapping, by the image register, the flipped initial auxiliary image toward the main
image according to a breast contour to obtain the second auxiliary image.

4. The method according to claim 1, wherein:

the main image is selected from an LCC image, an RCC image, an LMLO image, and an
RMLO image; and
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when the main image is the LCC image, the first auxiliary image is the LMLO image,
and the initial auxiliary image is the RCC image; when the main image is the RCC image, the
first auxiliary image is the RMLO 1mage, and the initial auxiliary image is the LCC image; when
the main image is the LMLO image, the first auxiliary image is the LCC image, and the initial
auxiliary image i1s the RMLO image; and when the main image is the RMLO image, the first
auxiliary image is the RCC image, and the initial auxiliary image is the LMLO image.

S. The method according to claim 2, wherein:

the first probability map includes mass information of pixels in the main image generated
by the ipsilateral analyzer;

the second probability map includes mass information of pixels in the main image
generated by the bilateral analyzer; and

the mass information of a pixel in the main image includes a texture density determined
by brightness of the pixel.

6. The method according to claim 5, further including:

computing, by each of the ipsilateral analyzer and the bilateral analyzer and based on
input images, similarities of adjacent pixels to determine a region containing pixels with similar
brightness;

determining, by each of the ipsilateral analyzer and the bilateral analyzer, a shape, an area
size, and a relative position with respect to the nipple location for the determined region; and

determining, by each of the ipsilateral analyzer and the bilateral analyzer, a region with at
least one of the brightness, the shape, the area size, and the relative position deviating from a
preset value as a Rol.

7. The method according to claim 2, wherein each of the first probability map and the
second probability map further includes a lesion possibility of each pixel on the main
image, and the method further includes:

computing, by each of the ipsilateral analyzer and the bilateral analyzer and based on
input images, the lesion possibility of each pixel on the main image; and

determining, by each of the ipsilateral analyzer and the bilateral analyzer, a region of
pixels having lesion possibilities exceeding a preset possibility as a Rol.

8. The method according to claim 2, wherein the fused probability map includes a lesion
possibility of each pixel on the main image, and the method further includes:

computing, by the integrated fusion network device, the lesion possibility of each pixel
on the main image based on the first probability map, the second probability map, and the main
image.

9. An apparatus for mammographic multi-view mass identification, comprising;

a nipple detector, configured to receive a main image and a first auxiliary image of a
breast of a person, and detect a nipple location based on the main image and the first auxiliary
image;

an ipsilateral analyzer, configured to receive the main image, the first auxiliary image,
and the nipple location obtained by the nipple detector, and generate and output a first
probability map of the main image;
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a bilateral analyzer, configured to receive the main image together with the nipple
location, and a second auxiliary image, and generate and output a second probability map of the
main image, wherein the second auxiliary image is an image of another breast of the person; and

an integrated fusion network device, configured to receive the main image, the first
probability map, and the second probability map, and generate and output a fused probability
map.

10. The apparatus according to claim 9, wherein:
the main image 1s selected from a left craniocaudal (LCC) image, a right craniocaudal

(RCC) image, a left mediolateral oblique (LMLO) image, and a right mediolateral oblique
(RMLO) image; and

when the main image is an LCC image, the first auxiliary image is an LMLO image;
when the main image is the RCC image, the first auxiliary image is the RMLO image; when the
main image is the LMLO image, the first auxiliary image is the LCC image; and when the main
image is the RMLO image, the first auxiliary image is the RCC image.

11. The apparatus according to claim 9, further including;

an image register, configured to receive the main image and an initial auxiliary image,
flip the initial auxiliary image, and wrap the flipped initial auxiliary image toward the main
image according to a breast contour to obtain the second auxiliary image.

12. The apparatus according to claim 11, wherein:

the main image is selected from an LCC image, an RCC image, an LMLO image, and an
RMLO image; and

when the main image is the LCC image, the first auxiliary image is the LMLO image,
and the initial auxiliary image is the RCC image; when the main image is the RCC image, the
first auxiliary image is the RMLO 1mage, and the initial auxiliary image is the LCC image; when
the main image is the LMLO image, the first auxiliary image is the LCC image, and the initial
auxiliary image i1s the RMLO image; and when the main image is the RMLO image, the first
auxiliary image is the RCC image, and the initial auxiliary image is the LMLO image.

13. The apparatus according to claim 9, wherein:

the nipple detector is a deep neural network (DNN) based nipple detector.

14. The apparatus according to claim 9, wherein:

the first probability map includes mass information of pixels in the main image generated
by the ipsilateral analyzer; and

the second probability map includes mass information of pixels in the main image
generated by the bilateral analyzer.

15. The apparatus according to claim 14, wherein:

the mass information of a pixel in the main image includes a texture density determined
by brightness of the pixel.

16. The apparatus according to claim 15, wherein:

each of the ipsilateral analyzer and the bilateral analyzer is configured to, based on input
images, compute similarities of adjacent pixels to determine a region containing pixels with
similar brightness;
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each of the ipsilateral analyzer and the bilateral analyzer is further configured to
determine a shape, an area size, and a relative position with respect to the nipple location for the
determined region; and

each of the ipsilateral analyzer and the bilateral analyzer is further configured to
determine a region with at least one of the brightness, the shape, the area size, and the relative
position deviating from a preset value as a region of interest (Rol).

17. The apparatus according to claim 15, wherein:

each of the first probability map and the second probability map further includes a lesion
possibility of each pixel on the main image;

each of the ipsilateral analyzer and the bilateral analyzer is further configured to compute,
based on input images, the lesion possibility of each pixel on the main image; and

each of the ipsilateral analyzer and the bilateral analyzer is further configured to
determine a region of pixels having lesion possibilities exceeding a preset possibility as a Rol.

18. The apparatus according to claim 9, wherein:

the fused probability map includes a lesion possibility of each pixel on the main image,
and

the integrated fusion network device is configured to compute the lesion possibility of
each pixel on the main image based on the first probability map, the second probability map, and
the main image.

19. The apparatus according to claim 9, wherein:

the bilateral analyzer has a DeepLab v3+ structure, and includes a first Siamese input
pattern, and a pixel-wise focal loss (PWFL) function, wherein:

the first Siamese input pattern includes two atrous convolution modules,
configured to receive the main image and the second auxiliary image, respectively;

the two atrous convolution modules share same weights and extract feature maps
from the main image and the second auxiliary image in a same manner;

each atrous convolution module includes a 50-layer residual network (ResNet-50)
and a non-local (NL) block, wherein the ResNet-50 functions as a backbone, and the NL
block is located between a fourth stage and a fifth stage of the ResNet-50;

the atrous convolution module receiving the main image also includes an output
for low-level features at a third stage;

outputs from the backbones of the two atrous convolution modules perform a
channel-wise concatenation, and a 1x1 convolution down-samples a number of channels
from a concatenated tensor into half;

the NL blocks of the two atrous convolution modules share weights, and
dimensions of input and output of the NL blocks stay same;

an output of the bilateral analyzer is a segmentation map; and

during a training process, the PWFL function is used to improve performance of
the bilateral analyzer.

20. The apparatus according to claim 9, wherein:
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the 1psilateral analyzer is built on a Faster-RCNN detection architecture and includes a
second Siamese input pattern, a feature pyramid networks (FPN) module, and at least one
relation block, wherein:

the second Siamese input pattern and the FPN module are together configured to
enable two input branches to share same weights and extract features from the main
image and the first auxiliary image in a same way;

the at least one relation block models relationships between two Rols in a single
image based on similarities in brightness, shapes, area sizes, and relative positions of the
Rols;

a relative position of a Rol includes a distance from the Rol to the nipple location;
and

in a training process, focal loss and distance-intersection-over-union loss (DIoU)
is used to improve performance of the ipsilateral analyzer.
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Receiving a main image and a first auxiliary image of a breast

Detecting the nipple location based on the main image and the first auxiliary image

Outputting the detected nipple location

FI1G. 7

Receiving the main image and an initial auxiliary image of the breast

Flipping the initial auxiliary image

Warping the flipped initial auxiliary image toward the main image according to the
breast contour to obtain a second auxiliary image

Outputting the second auxiliary image

FIG. 8

Receiving the main image, the first auxiliary image, and the nipple location

Generating and outputting a first probability map of the main image

FI1G. 9
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S401
Receiving the main image, the second auxiliary image, and the nipple location -
S402
Generating and outputting a second probability map of the main image -
FIG. 10
S501

Receiving the main image, the first probability map, and the second probability map -

S502

Generating and outputting a fused probability map A

FIG. 11
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