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FIG. 1

age data set is projected onto the source line, thereby dividing the source line into two source
sub-lines and defining a source ratio as the ratio of the length of one of the source sub-lines
to the length of the entire source line. A second region in the second image data set is then
determined such that a projection of the second region onto the target line leads to a corres -
ponding target ratio which is similar to the source ratio.
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Image processing device for finding corresponding regions in two image data sets of an
object

FIELD OF THE INVENTION

The invention relates to an image processing device, image processing method and image
processing computer program for finding corresponding regions in two image data sets of an

object.

BACKGROUND OF THE INVENTION

Breast cancer detection and diagnosis benefit significantly from multi-modal imaging. Mammo-
graphy (MG) is the first line modality for population screening. For surveillance of women which
are known to have an increased risk of developing breast cancer, e.g. due to a family history of
cancer or genetic predisposition, additional modalities such as contrast-enhanced magnetic re-
sonance imaging (MRI) are utilized and have been widely integrated into regular healthcare
provision programs. Both modalities provide complementary diagnostic information. Several
signs of breast cancer like micro calcifications can be identified in MG images but barely in MRI.
Other tumors can be detected in mammograms, but the full spatial extent of the tissue disorder
is only apparent in the contrast-enhanced MRI images. On the other hand some cancers show-
up in MRI, but expose none or only subtle manifestations in MG. Also assessment of the likelih-

ood of malignancy of tumors benefits from multi-modal imaging approaches. For instance, co-
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localization of micro calcification in MG with tissue angiogenesis as depicted by MRI substan-
tiates positive assessment of tumors. In summary, it is essential to combine the complementary
information for detection and assessment of findings which is the basis for clinical decision mak-

ing and eventual treatment.

The visual appearance of a finding in different modalities is usually highly variable and to a cer-
tain extent unpredictable due to the individual tissue physiology, but also because of the differ-
ent technical principals of each imaging technique. In mammography two-dimensional projec-
tion images are acquired from e.g. a cranio-caudal (CC) and mediolateral-oblique (MLO) pers-
pective with the patient in a standing position and the breast significantly compressed to em-
phasize certain tissue patterns. The image intensity mainly correlates with the radio-opacity of
the tissue. In MRI the patient is placed in a prone position on the scanner table, the breast is
gently compressed for the purpose of reducing motion artifacts and a contrast agent is adminis-
tered to improve the contrast in the acquired three-dimensional images. Image intensities in
contrast-enhanced MRI correlate in the first instance with the local concentration of contrast

agent and protons.

Due to the different nature of the images acquired with different modalities and the physiological
variability of tissue, the spatial correlation of different modalities becomes a difficult and time-
consuming task even for well trained experts. If a finding has been identified in one modality,
but is not immediately apparent in a second modality, the reader has to orient himself by means
of anatomical landmarks which are visible in both modalities. The nipple, pectoral muscle, skin
surface, major blood vessels or components of the glandular disc may serve as landmarks and
help radiologist in finding an approximate corresponding position in a second modality where
he/she can perform a local search for additional subtle signs of a tissue disorders. In either situ-
ation, the reader has to develop a mental model that takes into account the underlying technical
principals of each modality in order to translate positions of findings from one modality to the
other modality. Furthermore, a certain level of interaction with the image data is required, e.g.
for selecting a correct image slice or changing the orientations of a reformation plane if the
modality provides a three-dimensional image volume which is displayed as a two-dimensional

image.

Computer tools which support the reader in finding corresponding regions in mammography and
MRI images of the same breast promise to improve this workflow in terms of speed and confi-
dence. The article "An intensity-based approach to X-ray mammography - MRI registration" by
Mertzanidou et al., Proc. SPIE Medical Imaging: Image Processing, 7623-106, 2010, describes
an approach for translating positions in MRI to approximate positions in a CC mammogram of
the sane breast. Central component is a finite element model (FEM) of the biomechanics of the
breast. Using a FEM that is adapted to the individual patient using a segmentation of the breast
in the MRI image, the same compression force applied in mammography is applied in a simula-

tion to the MRI image. Subsequently, MRI intensities are mapped to X-ray attenuation values
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and a two-dimensional projection image is simulated from the deformed MRI dataset. The simu-
lated X-ray mammogram resembles the real mammogram and can therefore be aligned with the
latter using conventional intensity-based image registration algorithms. This last step completes
the processing pipeline which allows for translating three-dimensional positions in MRI to the
corresponding two-dimensional position in CC mammograms. In the opposite direction, a two-
dimensional position in the CC mammogram can only be translated into a line in the MRI due to
the missing depth information in the X-ray projection image. This rather sophisticated approach
has the disadvantage that FEM are computational very demanding and require reasonable ap-
proximations of the biomechanical properties of breast tissue. Additionally, the method requires
a detailed segmentation not only of the pectoral muscle and skin surface but also of the fatty
and glandular tissue within the breast for the purpose of estimating reasonable X-ray attenua-

tion values from MRI intensities.

The articles “Fusion of contrast-enhanced breast MR and mammographic imaging data” by C. P
Behrenbruch et al., The British Journal of Radiology, 77 (2004), $201-5208; “MRI - Mammo-
graphy 2D/3D Data Fusion for Breast Pathology Assessment” by C. P Behrenbruch et al., Pro-
ceedings of MICCAI 2010 and “Fusion of contrast-enhanced breast MR and mammographic
imaging Data" by C. P Behrenbruch et al., Medical Image Analysis 7 (2003) 311-340 utilize a
combination of pharmacokinetic modeling, projection geometry, wavelet-based landmark detec-
tion and thinplate spline non-rigid registration to transform the coordinates of regions of interest
(ROIs) from two-dimensional mammograms to the spatial reference frame of contrast-

enhanced MRI volumes.

The article “Two-dimensional three-dimensional correspondence in mammography” by R Marti
et al., Cybernetics and Systems, Volume 35, Number 1, January-February 2004, pp. 85-
105(21) also simulates X-ray projection images from the MRI data that resemble the original
MLO and CC mammograms. The MR-based projection images are further deformed using rigid
intensity-based registration followed-by a matching of local salient points from linear structures
as well as anatomical boundaries of the MR-based projection images with the true original

mammograms.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide an image processing device for finding corres-
ponding regions in two image data sets, wherein corresponding regions can be found with rela-

tively low computational efforts.

In a first aspect of the present invention an image processing device for finding corresponding
regions in two image data sets of an object is presented, wherein the image processing device

comprises:
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- an image providing unit for providing a first image data set of the object and a second im-
age data set of the same object,

- a first region determination unit for determining a first region in the first image data set,

- a second region determination unit for determining a second region, which corresponds
to the first region in the first image data set, in the second image data set, the second region de-
termination unit being adapted to:

- determine a source line in the first image data set depending on reference regions
detectable in the first image data set and in the second image data set,

- project the first region onto the source line in the first image data set, thereby divid-
ing the source line into two source sub-lines,

- determine a source ratio as the ratio of the length of one of the source sub-lines to
the length of the entire source line,

- determine a target line, which corresponds to the source line, in the second image
data set depending on the reference regions detectable in the first image data set and in the
second image data set,

- determine the second region in the second image data set such that a projection of
the second region onto the target line divides the target line into two target sub-lines such that
the ratio of the length of one of the target sub-lines to the entire length of the target line is simi-

lar to the source ratio.

Since the second region is determined by using simple computational operations like projecting,
calculating and comparing of ratios, corresponding regions can be determined in the first and

second image data sets with relatively low computational efforts.

The projection is preferentially an orthogonal projection. If the region is already located on the

respective line, the location of the region on the line is the location of its projection.

The object is preferentially a breast.

The image data sets can be acquired by the same imaging modality or by different imaging
modalities. Possible imaging modalities are, for example, MR, computed tomography (CT), po-
sition emission tomography (PET), single photon emission computed tomography (SPECT),

MG, ultrasound (US), tomosynthesis et cetera modalities.

The image providing unit can be a storage unit, in which the image data sets are stored already,
and/or a receiving unit for receiving image data sets via a wireless or wired data connection and
for providing the received image data sets for processing the same. The image providing unit
can also be an image generation apparatus for generating the image data sets like the above

mentioned imaging modalities.
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The first region determination unit can comprise a user interface allowing a user to determine
the first region in the first image data set. For example, the first region determination unit can
comprise a graphical user interface which allows the user together with a mouse, keyboard,

touch screen or another input device to select the first region in the first image data set.

In an embodiment, the first region determination unit can be adapted to provide a marker from,
for example, a computer-aided detection (CAD) algorithm or from a structured report generated
by another user for determining a marker defining the first region in the first image. In particular,
the several markers can be provided, which are shown in the first image, and the first region de-
termination unit can be adapted to allow a user to select one of these markers as the first re-

gion.

The second region determination unit can be adapted to determine a multitude of source lines
and a multitude of corresponding target lines, wherein the multitude of source lines and the mul-
titude of target lines are determined depending on reference regions detectable in the first im-
age data set and the second image data set. The second region determination unit can then be
adapted to determine the second region such that one or several projections of the second re-
gion on one or several target lines of the multitude of target lines divide the one or several target
lines into sub-lines, wherein the ratio of a length of a sub-line of a respective target line to a
length of the entire respective target line is similar to one or several source ratios of correspond-

ing one or several source lines.

In an embodiment, the first and second image data sets comprise three-dimensional images. In
another embodiment, one of the first image data set and the second image data set comprises
a three-dimensional image and the other of the first image data set and the second image data
set comprises at least two two-dimensional images. Preferentially, the at least two two-

dimensional images are projection images, which correspond to different projection directions.

It is preferred that the second region determination unit is adapted to determine corresponding
source lines and source ratios in the at least two two-dimensional images, and average the cor-
responding source ratios for generating at least one average source ratio for being used for de-
termining the second region. For example, corresponding source lines in the at least two two-
dimensional images can be lines connecting the pectoral line or pectoral surface of a breast
with a frontal breast position like the nipple position. Source ratios can be determined for each
of these lines and averaged for determining an average source ratio which can be used for de-
termining a second region such that a projection of the second region onto a corresponding tar-
get line divides the target line into two target sub-lines such that the ratio of the length of one of
the target sub-lines to the entire length of the target line is similar to the averaged source ratio.

This can improve the quality of determining the second region.
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Preferentially, the projection images are images of a breast; in particular, the projection images
are two of the commonly acquired CC mammography image, mediolateral (ML) mammography
image and MLO mammography image. In the projection images the breast is preferentially
shown with different compressions, in particular with different compression directions, wherein
the breast is compressed between two parallel plates. In the three-dimensional image the

breast is preferentially not or only slightly compressed.

In a preferred embodiment, the second region determination unit is adapted to determine the
source line depending on the reference regions and the first region in the first image. For exam-
ple, a first source line can be determined based on a frontal breast position like the nipple posi-
tion and a pectoral line or surface, which are determinable from the first image data set and the
second image data set. The first source line can, for example, be defined as a line connecting
the pectoral line or the pectoral surface with the frontal breast position, i.e., in this example, the
first source line can be determined from reference regions only. A second source line can be
determined depending on the first source line and, thus, depending on the reference regions,
and depending on the first region. For example, a second source line can be defined such that it
is perpendicular to and starts at the first source, traverses the first region and ends at a skin sur-

face of the breast, wherein the skin surface can be regarded as being a reference region.

It is preferred that the object is a breast and the reference regions are the pectoral line or pec-
toral surface, the skin line or skin surface of the breast and the frontal breast position defined by
one of the following options i) the nipple position, ii) the cutting point of the skin line or skin sur-
face and the line that is perpendicular to the pectoral line or pectoral surface and crosses the
center of mass of the breast, and iii) the point on the skin line or skin surface having the largest
perpendicular distance to the pectoral line or pectoral surface. If an image data set comprises a
two-dimensional image, reference regions in the two-dimensional image are preferentially a
pectoral line and a skin line. If an image data set comprises a three-dimensional image, refer-
ence regions in the three-dimensional image are preferentially a pectoral surface and a skin sur-

face.

It is preferred that the source line and the target line are determined as a line connecting the
pectoral line or the pectoral surface with the frontal breast position. It is further preferred that the
source line and the target line are perpendicular to the pectoral line. In a CC image a border of

the image is preferentially regarded as being the pectoral line, i.e. as being a reference region.

The second region determination unit can determine several source and target lines, wherein
preferentially at least one source line and one target line are determined as a line connecting

the pectoral line or the pectoral surface with the frontal breast position.
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In a preferred embodiment, at least one of the first image data set and the second image data
set comprises a three-dimensional image, wherein at least one of the source line and the target
line in the three-dimensional image is defined by one of the following options i) the intersecting
line of the sagittal and axial body plane that meet the frontal breast position, and ii) the shortest
line connecting the pectoral surface and the frontal breast position, wherein the line is located in

the sagittal body plane that meets the frontal breast position.

For the sake of simplicity of the following description and without loss of generality it is assumed
that in three-dimensional images the x-axis is orthogonal to the sagittal body plane, the y-axis is

orthogonal to the coronal body plane and the z-axis is orthogonal to the axial plane.

It is preferred that the second region determination unit is adapted to:

- determine for different dimensions of the first region different linear independent source
lines depending on the reference regions,

- project the first region onto the different source lines, thereby dividing each source line in-
to two source sub-lines,

- determine different source ratios of the length of one of the respective source sub-lines to
the length of the entire respective source line for each source line,

- determine different target lines, which correspond to the different source lines, in the
second image data set depending on the reference regions detectable in the first image data set
and in the second image data set,

- determine the second region in the second image data set such that for each target line a
projection of the second region onto the respective target line divides the respective target line
into two respective target sub-lines such that the ratio of the length of one of the respective tar-
get sub-lines to the entire length of the respective target line is similar to the respective source

ratio.

It is also preferred that at least one source line is determined depending on the reference re-
gions and the first region and wherein at least one corresponding target line is determined de-

pending on the reference regions and a source ratio.

In a further preferred embodiment, the object is a breast, wherein the reference regions are the
frontal breast position, the pectoral line or pectoral surface and the skin line or skin surface of
the breast, wherein a first source line connects the frontal breast position and the pectoral line
or surface in the first image data set, wherein a second source line is perpendicular to the first
source line, traverses the first region and ends at the skin surface of the breast in the first image
data set, wherein a first target line, which corresponds to the first source line, connects the fron-
tal breast position and the pectoral line or pectoral surface in the second image data set, and
wherein a second target line, which corresponds to the second source line, is perpendicular to

the first target line and divides the first target line into two target sub-regions such that the ratio
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of the length of one of the target sub-regions of the first target line to the length of the entire first

target line is similar to the source ratio of the first source line.

It is also preferred that the first image data set comprises a first two-dimensional projection im-
age of a breast being a CC image and a second two-dimensional projection image of the breast
being an MLO image or an ML image, wherein the second image data set comprises a three-
dimensional image of the breast and wherein the second region determination unit is adapted

to:

- determine a y-coordinate of the second region in the three-dimensional image, wherein
the y-axis of the orthogonal coordinate system of the three-dimensional image is orthogonal to

the coronal body plane, depending on a first source ratio being determined by:

- determining a first source line in the second two-dimensional projection image,
which is perpendicular to the pectoral line and connects the pectoral line with the frontal breast
position,

- projecting the first region onto the first source line in the second two-dimensional
projection image, thereby dividing the first source line into two first source sub-lines,

- determining the first source ratio as the ratio of the length of one of the first source

sub-lines to the length of the entire first source line,

- determine an x-coordinate of the second region in the three-dimensional image, wherein
the x-axis of the orthogonal coordinate system of the three-dimensional image is orthogonal to
the sagittal body plane, depending on a second source ratio being determined by:

- determining a second source line in the first two-dimensional projection image,
which

a) is perpendicular to and starts at a line, which is perpendicular to the pectoral
line in the first two-dimensional projection image and connects the pectoral line with the frontal
breast position,

b) intersects the first region, and

c) ends at the skin surface of the breast,

- determining the second source ratio as the ratio of the length of one of the second
source sub-lines, in which the second source line is divided by the first region, to the length of
the entire second source line,

- determine a z-coordinate of the second region in the three-dimensional image,
wherein the z-axis of the orthogonal coordinate system of the three-dimensional image is ortho-
gonal to the axial body plane, depending on a third source ratio being determined by:

- determining a third source line in the second two-dimensional projection image,
which is perpendicular to the first source line, intersects the first region and ends at the skin sur-

face of the breast,
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- determining the third source ratio as the ratio of the length of one of the third
source sub-lines, in which the third source line is divided by the first region, to the length of the

entire third source line.

The second region determination unit can be adapted to approximate the third source ratio as
the ratio of the length of one of the third source sub-lines, in which the third source line is di-

vided by the first region, to the length of the entire third source line.

It is further preferred that the first image data set comprises a three-dimensional image of a
breast and the second image data set comprises a first two-dimensional projection image of the
breast being a CC image and a second two-dimensional projection image of the breast being an
MLO image or an ML image of the breast, wherein the second region determination unit is

adapted to:

- determine a y-coordinate of the second region in the first two-dimensional projection im-
age, wherein the y-axis of the orthogonal coordinate system of the first two-dimensional projec-
tion image is orthogonal to the sagittal body plane, depending on a first source ratio being de-

termined by:

- determining a first source line in the three-dimensional image, which
a) starts at a line, which is the projection of the line connecting the pectoral sur-
face with the frontal breast position into the axial plane that meets the frontal breast position in
the three-dimensional image,
b) coincides with the intersection line of the axial plane that meets the frontal
breast position and the coronal plane that contains the first region in the three-dimensional im-
age, and
c) ends at the skin surface of the breast,
- projecting the first region onto the first source line in the three-dimensional image,
thereby dividing the first source line into two first source sub-lines,
- determining the first source ratio as the ratio of the length of one of the first source
sub-lines to the length of the entire first source line,
- determine a x-coordinate of the second region in the first two-dimensional projection im-
age and in the second two-dimensional projection image, wherein the x-axes of the orthogonal
coordinate systems of the first two-dimensional projection image and the second two-
dimensional projection image are orthogonal to the coronal body plane, depending on a second
source ratio being determined by:
- determining a second source line in the three-dimensional image, which connects
the pectoral surface with the frontal breast position,
- determining the second source ratio as the ratio of the length of one of the second
source sub-lines, in which the second source line is divided by the coronal plane, which con-

tains the first region, to the length of the entire second source line,
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- determine a y-coordinate of the second region in the second two-dimensional projection
image, wherein the y-axis of the orthogonal coordinate system of the second two-dimensional
projection image is orthogonal to the x-axis in the same image which is orthogonal to the coron-

al body plane, depending on a third source ratio being determined by:

- determining a third source line in the three-dimensional image, which

a) starts at a line, which connects the pectoral surface with the frontal breast
position in the three-dimensional image,

b) coincides with the intersection line of the coronal plane that contains the first
region and the plane that meets the frontal breast position and has the same orientation as the
projection plane of the MLO or ML in the three-dimensional image, and

c) ends at the skin surface of the breast,

- projecting the first region onto the third source line in the three-dimensional image, there-
by dividing the third source line into two first source sub-lines,
- determining the third source ratio as the ratio of the length of one of the third source sub-

lines to the length of the entire third source line.

It is also preferred that at least one of the first image data set and the second image data set
comprises a projection image, wherein at least one source ratio is corrected for a projection er-
ror. The correction for the projection error allows improving the quality of determining corres-

ponding regions in the first and second image data sets.

It is further preferred that the image processing device comprises a display for displaying the
first region in the first image data set and the second region in the second image data set. Pre-
ferentially, the image processing device further comprises a tool providing unit for providing a
tool for being used in the first image data set and in the second image data set, wherein the
display is adapted to show the tool at the first region in the first image data set and at the
second region in the second image data set. This allows using the tool in both image data sets
at corresponding positions. The tool is, for example, a local digital magnifier, a cross hair, a

peak-hole view, et cetera.

It is further preferred that the image processing device comprises an uncertainty determination
unit for determining an uncertainty of determining the second region in the second image data
set, wherein the display is adapted to indicate the uncertainty in the second image. For exam-
ple, a margin can be displayed around the second region, wherein the size of the margin de-

pends on the determined uncertainty.

In a preferred embodiment, the image processing device comprises a finding providing unit for
providing findings in the first image data set and the second image data set, wherein the first
region determination unit is adapted to determine the region of a first finding in the first image

data set as the first region, wherein the image processing device further comprises a grouping
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unit for grouping the first finding and a second finding in the second image data set into a group
of findings, if the distance between the position of the second finding in the second image data
set and the position of the second region is smaller than a predefined threshold. It is also pre-
ferred that the image processing device comprises a group classification unit for classifying a
group of findings based on features of the findings of the group and on predefined group classi-

fication rules.

In a further aspect of the present invention an image processing method for finding correspond-
ing regions in two image data sets of an object is presented, wherein the image processing me-
thod comprises:

- providing a first image data set of the object and a second image data set of the same
object by an image providing unit,

- determining a first region in the first image data set by a first region determination unit,

- determining a second region, which corresponds to the first region in the first image data
set, in the second image data set by a second region determination unit, wherein the determina-
tion includes:

- determining a source line in the first image data set depending on reference re-
gions detectable in the first image data set and in the second image data set,

- projecting the first region onto the source line in the first image data set, thereby
dividing the source line into two source sub-lines,

- determining a source ratio as the ratio of the length of one of the source sub-lines
to the length of the entire source line,

- determining a target line, which corresponds to the source line, in the second im-
age data set depending on the reference regions detectable in the first image data set and in
the second image data set,

- determining the second region in the second image data set such that a projection
of the second region onto the target line divides the target line into two target sub-lines such
that the ratio of the length of one of the target sub-lines to the entire length of the target line is

similar to the source ratio.

In a further aspect of the present invention an image processing computer program for finding
corresponding regions in two image data sets of an object is presented, wherein the computer
program comprises program code means for causing an image processing apparatus as de-
fined in claim 1 to carry out the steps of the image processing apparatus as defined in claim 23,
when the image processing computer program is run on a computer controlling the image proc-

essing apparatus.

It shall be understood that the image processing device of claim 1, the image processing me-
thod of claim 23, and the image processing computer program of claim 24 have similar and/or

identical preferred embodiments as defined in the dependent claims.
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It shall be understood that a preferred embodiment of the invention can also be any combination

of the dependent claims with the respective independent claim.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 shows schematically and exemplarily an embodiment of an image processing de-

vice for finding corresponding regions in two image data sets of an object,

Fig. 2 shows schematically and exemplarily a model of a perspective projection in
mammography,

Fig. 3 illustrates schematically and exemplarily a CC MG scan,

Fig. 4 illustrates schematically and exemplarily an MLO MG scan,

Fig. 5 illustrates schematically and exemplarily an MR scan in an axial orientation,

Fig. 6 illustrates schematically and exemplarily an MR scan in a coronal orientation, and

Fig. 7 shows a flowchart exemplarily illustrating an embodiment of an image processing

method for finding corresponding regions in two image data sets of an object.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Fig. 1 shows schematically and exemplarily an embodiment of an image processing device for
finding corresponding regions in two image data sets of an object. The image processing device
1 comprises an image providing unit 2 for providing a first image data set of the object and a
second image data set of the same object. In this embodiment, the object is a breast, and one
of the first image data set and the second image data set comprises a three-dimensional MR
image of the breast and the other of the first image data set and the second image data set
comprises a CC mammography image and an MLO mammography image of the breast. The
CC mammography image and the MLO mammography image are projection images with differ-
ent projection directions, wherein the breast is compressed in the respective projection direction
between two parallel plates. In other embodiments, instead of the MLO mammography image
an ML mammography image can be provided. In general, the first image data set and the sec-
ond image data set can also comprise other images. For example, both, the first and the second
image data sets, can comprise three-dimensional images. Moreover, instead of a three-
dimensional MR image the first image data set and/or the second image data set can also com-
prise another three-dimensional image like a CT image, a PET image, a SPECT image, a US

image or a tomosynthesis image.
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The image providing unit 2 can be a storage unit, in which the image data sets are stored al-
ready and/or a receiving unit for receiving image data sets via a wireless or wired data connec-
tion and for providing the received image data sets for processing the same. The image provid-
ing unit can also be an image generation apparatus for generating the image data sets like a
MR apparatus, a CT apparatus, a PET apparatus, a SPECT apparatus, a MG apparatus, an US

apparatus, or a tomosynthesis apparatus.

The image processing device 1 further comprises a first region determination unit 3 for deter-
mining a first region in the first image data set. The first region determination unit 3 can com-
prise a graphical user interface for allowing a user together with an input unit 11 like a mouse,
keyboard, touchscreen, et cetera to select the first region in the first image data set. However,
the first region determination unit 3 can also be adapted to provide a marker obtained from, for
example, a CAD algorithm or from a structured report generated by another user for determin-
ing a marker defining the first region in the first image. In particular, several markers can be
provided by, for example, the CAD algorithm or a structured report generated by another user,
which are shown in the first image data set, wherein the first region determination unit can be

adapted to allow a user to select one of these markers as the first region.

The image processing device 1 further comprises a second region determination unit 4 for de-
termining a second region, which corresponds to the first region in the first image data set, in
the second image data set. The second region determination unit 4 is adapted to determine a
source line in the first image data set depending on reference regions detectable in the first im-
age data set and in the second image data set. The first region is projected onto the source line
in the first image data set, thereby dividing the source line into two source sub-lines. A source
ratio is determined as the ratio of the length of one of the source sub-lines to the length of the
entire source line. A target line is determined, which corresponds to the source line, in the sec-
ond image data set depending on the reference regions detectable in the first image data set
and in the second image data set. The second region in the second image data set is then de-
termined such that a projection of the second region onto the target line divides the target line
into two target sub-lines, such that the ratio of the length of one of the target sub-lines to the en-
tire length of the target line is similar to the source ratio. For determining the ratio with respect to
the target line and the source ratio, the lengths of the target sub-line and source sub-line, re-
spectively, are used, which correspond to each other. The projection onto the respective line is
preferentially an orthogonal projection. If the respective region is already located on the respec-

tive line, the location of the region on the line is the location of its projection.

Since, in this embodiment, one of the first image data set and the second image data set com-
prises a three-dimensional MR image and the other of the first image data set and the second
image data set comprises a CC mammography image and an MLO mammography image, the
second region determination unit is adapted to determine a second region in the CC mammog-

raphy image and the MLO mammography image, which corresponds to a first region provided in
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the MR image, and to determine a second region in the MR image, which corresponds to a first

region provided in the CC mammography image and the MLO mammography image.

In the following coordinate transformations for an arbitrary point A4, i.e. for a first region, in one
or more image specific coordinate systems of the first image data set to a target coordinate sys-
tem in the second image data set are described, which can be performed by the second region
determination unit for determining a second region in the second image data set, which corre-
sponds to the first region. These transformations are preferentially achieved by measuring dis-
tances between 4 and anatomical landmarks, i.e. reference regions, which are depicted in all
images. The reference regions are preferentially the pectoral line or pectoral surface, i.e. the
pectoral contour, the skin line or skin surface of the breast and the frontal breast position de-
fined by one of the following options: i) the nipple position, ii) the cutting point of the skin line or
skin surface and the line that is perpendicular to the pectoral line or pectoral surface and
crosses the center of mass of the breast, and iii) the point on the skin line or skin surface having
the largest perpendicular distance to the pectoral line or pectoral surface. In the two-
dimensional CC and MLO mammography images the pectoral contour and the skin are lines,
and in the three-dimensional MR image they are surfaces. In particular, in the CC image the

pectoral line is detected by detecting the border of the CC image.

Since the varying breast compression affects the measured distance values, each distance may

be normalized to the length of a line between two landmarks on which point 4 is located.

More formally speaking, for MG to MR mapping, a function [ is preferentially derived that maps
a corresponding pair of points At and 4™ from the CC and the MLO mammography image,

respectively, to the corresponding position A™% in the MR image

AME — fMR{ Accj AMLDJ d{MLD,CC,MR}}

(1)

where @#*LELEME can be normalized distances between anatomical structures which can be

identified in all images.

For MR to MG mapping, a function f is derived that maps a point 4™ from the MR image to its

AMLI:'.-‘

corresponding positions A% and in the CC and MLO mammography image, respectively

ACC = £, { AMR gidrLo.c C,MR}] @)

AMLE — me'z AMRJd{MLﬂ,CCMR}}I
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For the MG to MR mapping, the position of the arbitrary point A is expressed relative to ana-
tomical structures and their corresponding distances in the used images. These anatomical
structures are preferentially the frontal breast position &, in particular, the nipple position, the
defined point P on the pectoral muscle, the orthogonal projection A, of A onto the nipple-
pectoral line being a first source line and a corresponding target line, respectively, and &, the
projection of 4 onto the skin surface in each image (Figs. 3 to 6). The MG to MR mapping
method describes how a three-dimensional point coordinate A in the MR image can be ob-
tained from its corresponding two-dimensional representations AL and AMEY in the CC and

the MLO image, respectively.

The image formation process during mammography is described by a perspective projection of
the compressed three-dimensional breast onto the image plane of the detector. For this reason,
areas on the mammogram appear with an offset d,..., in comparison with their real position in
the three-dimensional volume (see Fig. 2 showing a model of the perspective projection in
mammography). In Equation (3) this offset is computed. The “Distance to Detector” and the
“Body Thickness” are DICOM values provided in the DICOM header of the mammography im-
ages. As the depth of a point 4 in the breast is not known, it is assumed that A is located on the

center of the volume, at distance dy.q,./ < from the image plane.

1A

dd tactor dbod}n‘fz d'p'rojacrfm d_q
— = daww = dbody.fz —_ = daw = dbodya"llz —2 ()
d?::ro_;"a i om daww dﬂ' ateoicy daEae ey

The MR nipple-pectoral line NP should optimally represent the two projections in MG, the
CC nipple-pectoral line NP tand the NP* in the rotated MLO acquisition. A corresponding

source or target line and, thus, the point PM%in the MR image are preferentially defined by the
intersecting line of the sagittal and axial body plane that meet the frontal breast position, or the
shortest line connecting the pectoral surface and the frontal breast position, wherein the line is

located in the sagittal body plane that meets the frontal breast position.

For the sake of simplicity of the following description and without loss of generality it is assumed
that in three-dimensional MR image the x-axis is orthogonal to the sagittal body plane, the y-

axis is orthogonal to the coronal body plane and the z-axis is orthogonal to the axial plane. Pre-

ferred locations of the point P4% o0 then be defined as:

1. The point P*# on the pectoral surface with P& = NM& pME — jME The line NPMF is there-
fore parallel to the y-axis and perpendicular coronal plane.

2. The point 4% on the pectoral surface with PM® = NMBand gM® = min |WMR — pMR|
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3. The point P*& on the pectoral surface with BM% = Ni® and dfff = min |WMR — pM&|

4. The point PM% on the pectoral surface with df‘ljl;’: tniry,; |N”R—P"'m|, thus the three-

dimensional minimum nipple-pectoral distance.

In this embodiment, option 3 is preferred, i.e. the line NPME shown in Fig. 5. Fig. 5 illustrates an
MR scan, axial orientation. For clarity reasons in Fig. 5 the superscript MR is omitted for all

points and distances. It can be observed that P and P* as well as A, 4',,and A_ are on the

same sagittal slice, thus have the same x-coordinate.

The second region determination unit 4 is preferentially adapted to determine a y-coordinate of
the second region in the MR image, wherein the y-axis of the orthogonal coordinate system of
the three-dimensional image is orthogonal to the coronal body plane, depending on a first
source ratio being determined by i) determining a first source line in the second two-dimensional
projection image, which is perpendicular to the pectoral line and connects the pectoral line with
the frontal breast position, ii) projecting the first region onto the first source line in the second
two-dimensional projection image, thereby dividing the first source line into two first source sub-
lines, and iii) determining the first source ratio as the ratio of the length of one of the first source
sub-lines to the length of the entire first source line. In particular, the y-coordinate A;;”“ of the

point AM#

, i.e. of the second region, can be calculated based on the nipple-pectoral line being a
source line, whereby only information from the MLO image is considered mainly because the

pectoral muscle is frequently not depicted in CC views. The location 4, is defined as the projec-
tion of point 4 onto the nipple-pectoral line, and the distances iy = |ﬂ - ‘4:::| and

B = |J‘-.F — 4, ‘are defined.

The ratio of the distance d,, relative to the nipple-pectoral distance d,,, , i.e. a source ratio, is
computed (Fig. 4) and assumed to be constant in both the MLO and MR image. Thus, the dis-
tance d}:}m in MR can be defined as a fraction of the nipple-pectoral distance d}‘fﬁ, as illustrated

in Fig. 5 and computed with Equation (4)

dML-I:‘
MR _ o MREN 4)
AT BN dML-I:‘

N

Fig. 4 illustrates an MLO MG scan. For clarity reasons the superscript MLO is omitted for all

points and distances in Fig. 4.

As the triangles ANPP' and ANA,A", in the MR image are similar triangles, the distance
d’i}m = |N —A', | can be expressed as (Eqn. (5))
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ME | MR
qgrHe _ d'NP <ty (5)
NOT T MR
MNP
The y-coordinate A;;”“ of A% can then be computed as (Eqn. (6))
(6)

A;:IR — N}‘FR+ daﬂﬁ

where NM& = (NHE S MBS are the coordinates of the nipple in the MR image.

The second region determination unit 4 is preferentially further adapted to determine an x-
coordinate of the second region in the MR image, wherein the x-axis of the orthogonal coordi-
nate system of the MR image is orthogonal to the sagittal body plane, depending on a second
source ratio being determined by i) determining a second source line in the first two-dimensional
projection image, which a) is perpendicular to and starts at a line, which is perpendicular to the
pectoral line in the first two-dimensional projection image and connects the pectoral line with the
frontal breast position, b) intersects the first region, and c) ends at the skin surface of the
breast, and ii) determining the second source ratio as the ratio of the length of one of the
second source sub-lines, in which the second source line is divided by the first region, to the
length of the entire second source line. In particular, the computation of the x-coordinate A4 of
AMZ& can be based on the same method of relative distances as used for the y-coordinate - but
it uses the mediolateral distances to the skin surface. The distance ¢ can be defined as the
distance between the projection of point 4 onto the nipple-pectoral line, i.e. a first source line,
and the skin (dg = |S —4, |) along a second source line. At this point, only information from the
CC image is needed. First, the ratio of the distance dg': to the skin distance dg': is computed

(Fig. 3). Fig. 3 illustrates a CC MG scan. For clarity reasons the superscript CC is omitted for all

points and distances in Fig. 3.

The distance 5% in the CC image corresponds to the distance dﬁ’ff = |Ax —f-:l“p| in the MR

image, which itself is a fraction of the MR skin distance d3 = |S —-4', | since the CC acquisi-
tion is a projection of the volume on a plane with normal parallel to the z-axis (Fig. 5). Hence,

the distance dﬁf can be expressed as (Eqn. (7))
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ri;’”? ) I:"iﬁtl:l: — daw) (7)
a5

ME _
oy =

which includes the above described a perspective projection correction. The x-coordinate Ai’m

is thereafter calculated relatively to the x-coordinate 2% of the MR nipple position (Eqn. (8))

(8)

AMR = NMR 4 g8

In a first area indicated in Fig. 5 by reference number 13, the distance d;’m to the skin is difficult
to be computed. To cope with this problem, the beginning of the plateau near the sternum is
preferentially detected, defined by the point &,.,. The skin distances are then preferentially cal-
culated to the defined perpendicular line §,,.5",,. Moreover, in a second area indicated in Fig. 5
by reference number 12 the mapping should be considered as invalid, as the nipple distance

exceeds the nipple-pectoral distance.

The second region determination unit 4 can further be adapted to determine a z-coordinate of
the second region in the three-dimensional image, wherein the z-axis of the orthogonal coordi-
nate system of the three-dimensional image is orthogonal to the axial body plane, depending on
a third source ratio being determined by i) determining a third source line in the second two-
dimensional projection image, which is perpendicular to the first source line, intersects the first
region and ends at the skin surface of the breast, and ii) determining the third source ratio as
the ratio of the length of one of the third source sub-lines, in which the third source line is di-
vided by the first region, to the length of the entire third source line. In particular, the computa-
tion of the z-coordinate in the MR volume can be based on the fraction dp; = |K — | of the

skin distance d“fR = |S“ - .4?,| (Fig. 6). Fig. 6 illustrates an MR scan, coronal orientation.

The distance d“g’m is the inclined skin distance defined by the inclination ¢ of the MLO acquisi-
tion plane to the longitudinal axis (Fig. 6). The incliniation value can be read from the DICOM of

header of the image file. The point Aw is the point on the nipple-pectoral line, as defined in Fig.

5. The distance ;. can again be defined relatively to d“}”

d‘lgﬂr ) (deD - dawwj
gy = AMLC
5

where the perspective projection error is already included.
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In practice, it can be difficult to measure the skin distance d;’”‘o at all possible positions in the

breast. Under the assumption that the breast is a symmetric object with the nipple pectoral line
being the symmetry axis and the compression force is nearly the same in both views, one may

replace g5 by d£°. Thus, the above equation becomes (Eqn. (9))

d _ d“;IR ) (df-&o _ dﬂ'}""‘?’l}?’) (9)
KL — :ig':

By defining the distances d; = |4, — K|and d; = |4, — L|, the distance d4- = |.t13 -4, | can
be expressed as (Eqn. (10))

. (10)
dj_ dKL-_dZ dHL._dMAFx'CDSfﬂ

g = = =
Az sin ¢ sl 5ir1 ¢

Where dﬂ is the distance in x-direction of 4 from the nipple as computed in Equation (7). Dis-
tances dpp, = [P — F| and dﬂﬂﬂ,ﬂ = |‘4r= —ﬂ“r,| can be defined. By using the properties for
the similar triangles ANPP' and ANA,F,A'?, these distances can be expressed as (Eqn. (11)

and Eqgn. (12))

dpp, = (PME — NIIR) (11)
_ dpp: - dfjtr‘Illir 12
dﬂ,pﬂf.p - d—ﬁf ( )

The z-coordinate A¥# of AM® can then be calculated relatively to the MR nipple coordinates
(Eqgn. 13):

ME _ pfME
Az _Nz +dﬂﬂﬂ.’ﬂ +dﬂv3 (13)

The transformation AM® = fo [ A°C, AML0, gIMLCLCMEY) of corresponding points in the CC (
ACC) image and MLO ( A*C) image to their corresponding point A%F = [ AMR, AMF, 448 }in

the MR image can therefore be summarized by (Eqn. (8), Eqn. (6), Eqn. (13))
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AME = NMR 4 gldR

A;:IR — N}‘FR+ d"ﬂﬁ

AQ’IR = N;-’IR =+ dﬂﬂﬂ.’ﬂ +d;_|~_3 ]

The MR to MG mapping is basically the inverse method of the aforementioned MG to MR map-
ping. Hence, the equations from the MG to MR mapping can be inverted to compute the trans-

formation from a point AM%

tions in the CC (4°%) and MLO (4™%) image, respectively.

in the MR image to its corresponding two-dimensional representa-

The second region determination unit 4 can be adapted to determine a y-coordinate of the
second region in the CC mammography image, wherein the y-axis of the orthogonal coordinate
system of the CC mammography image is orthogonal to the sagittal body plane, depending on a
first source ratio being determined by i) determining a first source line in the MR image, which a)
starts at a line, which is the projection of the line connecting the pectoral surface with the frontal
breast position into the axial plane that meets the frontal breast position in the MR image, b)
coincides with the intersection line of the axial plane that meets the frontal breast position and
the coronal plane that contains the first region in the MR image, and c) ends at the skin surface
of the breast, ii) projecting the first region onto the first source line in the MR image, thereby di-
viding the first source line into two first source sub-lines, and iii) determining the first source ra-
tio as the ratio of the length of one of the first source sub-lines to the length of the entire first

source line.

The second region determination unit 4 can further be adapted to determine an x-coordinate of
the second region in the CC mammography image and the MLO mammography image, wherein
the x-axes of the orthogonal coordinate systems of the CC mammography image and the MLO
mammography image are orthogonal to the coronal body plane, depending on a second source
ratio being determined by i) determining a second source line in the MR image, which connects
the pectoral surface with the frontal breast position, and ii) determining the second source ratio
as the ratio of the length of one of the second source sub-lines, in which the second source line
is divided by the coronal plane, which contains the first region, to the length of the entire second

source line.

Moreover, the second region determination unit 4 can be adapted to determine a y-coordinate
of the second region in the MLO mammography image, wherein the y-axis of the orthogonal
coordinate system of the MLO mammography image is orthogonal to the x-axis in the same im-

age which is orthogonal to the coronal body plane, depending on a third source ratio being de-



WO 2012/116746 21 PCT/EP2011/053134

termined by i) determining a third source line in the three-dimensional image, which a) starts at
a line, which connects the pectoral surface with the frontal breast position in the three-
dimensional image, b) coincides with the intersection line of the coronal plane that contains the
first region and the plane that meets the frontal breast position and has the same orientation as
the projection plane of the MLO or ML in the three-dimensional image, and c¢) ends at the skin
surface of the breast, ii) projecting the first region onto the third source line in the three-
dimensional image, thereby dividing the third source line into two first source sub-lines, and iii)
determining the third source ratio as the ratio of the length of one of the third source sub-lines to

the length of the entire third source line.

In particular, for MR to CC mapping the y-coordinate AJ'E,': of the point A“C can be computed

relatively to d;'f': - the current distance to the skin. Therefore, equation (7) can be solved for

dg':, comprising also the error of the perspective projection as aforementioned

ME
Az

4= a1, (19
5

The y-coordinate A5 is then computed relatively to Mt = (ALE, NEC) - the nipple coordinates

in the CC image - as described in Equation (16).

For the x-coordinate AE': of AL it is assumed that the distance el to the nipple is the same in
both the CC and the MLO image, i.e. d,'f,c = dﬁw . Therefore, d.Erl: can be calculated relatively
to the distance d,“fﬁo in the MLO image (Equation (17)), such that computations in posterior,
i.e., close to the pectoral line, can also be defined. Again, the x-coordinate ALL can be ex-

pressed relatively to AtL (Equation (15)).

The final transformation A%¢ = f . [AME, dMECLCMEL) of g point AMF in the MR image to its
corresponding point 4% = [AE':JAE,'::I in the CC image can then be written as (Eq. (15) and

Eq. (16))

ace _ |+ di. MG laterality= R (15)
o NEC— bt MG laterality = L

ACC = N.}EI:_ dﬁ_c; AME joteral of the line NPM2 (16)
¥ OUOANSC+ aft,  AMBmedial of the line NPME
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For MR to MLO mapping, to determine the coordinates of the point
AMLD = ( AMED AMIOYin the MLO image, the distances dff-” and g7 are pref-
erentially used (Fig. 4). However these distances do not lay parallel to the image
coordinate axes of the MR image like in the CC case. Their orthogonal x- and y-
projections  d_ 4 = |.t1.;I —Ay, dp=l4-44 d,=I43-N|, and

.2 = |Az — A;|are used to calculate the position of AMLCn relation to the nipple

NMEC First the distance dj-” can be determined after inverting Equation (4) re-

sulting in Equation (17)

ME
GML0 — g0 T Gy

NE dMR (17)

The distance d5™“ is computed as a fraction of the skin distance &5 (Fig. 4).
This fraction is determined from the ratio of the distance d;, relatively to the in-

clined skin distance d'f'®. Given the point AM® = (AXE 448 A% and the nipple
NME = (NME NME AMEY in the MR image, the distance d, can be calculated

by rewriting Equation (10)
dKL=d1+d2=d&z'Smfﬂ+ dﬂpx'cﬂsfﬂ. (18)

By setting da, = |NZ® — A%%| and d,, = |[NM8— AMR| 4 daar, With daoae,

from Equation (12) and using Equation (9), the distance

as (Equation (19))

da™ can be computed

HL
dMLD d.gl: daMR + daww (19)

Subsequently, the MLO distances d., and d,; based on the similar triangles
AAAZA; and APP, P’ and the distances d; and €.,z based on the similar triangles
ANALA; and ANPH' are computed (Eqgns. (20)-(23)). For this, the points P, and
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I, are defined as the intersections of the pectoral line with the image borders, P

as the orthogonal projection of the nipple NMLC onto the pectoral line, and the line

P'N'as parallel to the image y axis

d
dyy = Mo f (20)
o
i
dr = @02 - (a,) @
ML Ao (22)
dyz = dy G MLD
e
i
ez = J(dfﬂfwjz - [d;.-zj' (23)

Finally, the transformation AMC = fy,, .(AME dMLOLCMET) of 5 point AMF in the
MR image to its corresponding point 4447 = [ 4450 4417} in the MLO image can

be written as (Eqg. (24) and Eq. (25))

* NMEG (4 +d.,)  MGlaterality = L
4o _ NJHC—(dyy +dyg) AT craniel of AFF (25)
Yo NP+ (dyy —dyp), AME caudal of AR

In the above equations instead of the projection error d.,...., @ modified projection error can be
used. For example, the projection error can be modified by multiplying the projection error with a
factor of, for example, 2.0. The factor can be determined empirically such that the quality of de-

termining the second region can be improved.

The image processing device 1 further comprises a display 10 for displaying the first region in

the first image data set, i.e., in this embodiment, in either the MR image or the CC and MLO
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mammography images, and the second region in the second image date set, i.e., in this embo-

diment, in the other of the MR image and the CC and MLO mammography images.

The image processing device 1 further comprises a tool providing unit 5 for providing a tool for
being used in the first image data set and in the second image data set, wherein the display 10
is adapted to show the tool at the first region in the first image data set and at the second region
in the second image data set. For example, a tool can be provided at the first region in the MR
image and, preferentially simultaneously, at the corresponding second regions in the CC and
MLO mammography images. The tool providing unit 5 is adapted to provide, for example, a lo-
cal digital magnifier, a cross-hair, a peak-hole view, et cetera as a tool for being used in both
image data sets. Preferentially, the tools are shown in realtime at the respective positions. The
display 10 can comprise several inspectors for showing the different images, wherein the re-

spective tool can be shown in all inspectors in realtime.

The first region determination unit can be adapted to provide a graphical annotation like a point,
a two-dimensional contour or a three-dimensional volume as the first region in the first image
data set. The second region determination unit can then determine a second region, which cor-
responds to the first region, wherein the display can be adapted to show a graphical annotation,
which corresponds to the graphical annotation in the first image data set, at the determined
second region in the second image data set. In an embodiment, the graphical annotation can be
drawn by the user with a suitable drawing or segmentation tool provided by the first region de-
termination unit. For example, a corresponding graphical user interface can be used together
with the input unit 11. The graphical annotation can also be drawn by, for example, a full-

automatic algorithm like a CAD algorithm provided by the first region determination unit.

The image processing device 1 further comprises an uncertainty determination unit 6 for deter-
mining an uncertainty of determining the second region in the second image data set, wherein
the display 10 is adapted to indicate the uncertainty in the second image. For example, the
mean and standard deviation of the error of determining the region can be estimated based on
a data base of image data sets with ground truth. The estimated error statistics can then be vi-
sualized as a graphical object like a circle, an ellipse, a sphere or an ellipsoid, reflecting an es-
timated threshold confidence interval such that the user can limit his/her local search for the true
corresponding anatomical structure, which corresponds to the first region in the first image data
set, to a small neighborhood around the computed second region in the second image data set.
In an embodiment, the graphical object reflects an estimated 95% confidence interval. Since, in
this case, the first region in the first image data set can be regarded as being imaged to a
graphical object reflecting an estimated threshold confidence interval, which is based on an er-
ror statistics analysis, the mapping can be regarded as a mapping of the first region in the first

image data set to a probability distribution in the second image data set.

The image processing device 1 further comprises a finding providing unit 7 for providing findings
in the first image data set and the second image data set, wherein the first region determination

unit 3 is adapted to determine the region of a first finding in the first image data set as the first
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region. The image processing device 1 further comprises a grouping unit 8 for grouping the first
finding and a second finding in the second image data set into a group of findings, if the dis-
tance between the position of the second finding in the second image data set and the position
of the second region is smaller than a predefined threshold. The predefined threshold can be
predefined by using calibration or training image data sets having findings, of which it is known,
whether the findings denote the same anatomical structure or not. The findings can be annota-
tions, which may have been manually drawn by a user and/or which may have been generated

by an algorithm like a CAD algorithm.

The image processing device 1 further comprises a group classification unit 9 for classifying a
group of findings based on features of the findings of the group and on predefined group classi-

fication rules.

The image processing device can therefore be adapted to full-automatically link findings in the
image data sets. The spatial location of a finding, for example, of a tumor, may be described
with a graphical annotation like a point, a two-dimensional region or a three-dimensional region.
The annotation may be full-automatically computed by the finding providing unit 7, for example,
by a CAD algorithm, or manually defined by an input from the user. The image processing de-
vice 1 can be adapted to link two or more findings by computing their spatial distance, for ex-
ample, by mapping a point annotation from one image data set to another image data set and
by computing the distance between the mapped point and the annotation in the second image
data set. If the distance is less than a predefined threshold, it is likely that both annotations
mark the same finding. For a two-dimensional annotation or a three-dimensional annotation, the
distance to a representative point like the center of gravity or one of the points of the contour or

volume of the breast may be computed.

Finding candidates may be full-automatically generated in the image data sets of the same
breast, for example, by a CAD algorithm. The image processing device can be used to full-
automatically link the finding candidates from all image data sets, in order to combine the cor-
responding image-based features for a joined assessment, for example, by a statistical classifi-
cation algorithm. Suitable features determined from each image data set are, for example, the
shape of the finding, the characteristic of the finding margin or other features describing the lo-
cal tissue morphology which potentially give evidence of, for example, malignant disorders, but
are perhaps differently distinctive in each view. This classification of a group of findings based
on features of the findings, i.e. a joined feature assessment, can improve the classification per-
formance of CAD-algorithms, but also supports human readers in the clinical decision making

process.

If a user draws an annotation in one image data set, i.e. if a first region is determined in a first
image, the image processing device can determine whether one or several other annotations
drawn in one or more other images of the other image data set are close and likely to refer to

the same tissue structure. If this is the case, the image processing device may ask the user,



WO 2012/116746 26 PCT/EP2011/053134

whether this correspondence shall be registered for later reporting. This or a similar workflow is

likely to improve the reporting process in terms of speed and safety.

In the following, an embodiment of an image processing method for finding corresponding re-
gions in two image data sets of an object will exemplarily be described with reference to a flow-

chart shown in Fig. 7.

In step 101, the image providing unit provides a first image data set of the object and a second
image data set of the same object. In step 102, a first region is determined in the first image
data set by the first region determination unit. In step 103, a second region, which corresponds
to the first region in the first image data set, is determined in the second image data set by the
second region determination unit 4. In particular, a source line is determined in the first image
data set depending on reference regions detectable in the first image data set and in the second
image data set. The first region is projected onto the source line in the first image data set,
thereby dividing the source line into two source sub-lines. A source ratio is determined as the
ratio of the length of one of the source sub-lines to the length of the entire source line. A target
line is determined, which corresponds to the source line, in the second image data set depend-
ing on the reference regions detectable in the first image data set and in the second image data
set, and the second region is determined in the second image data set such that a projection of
the second region onto the target line divides the target line into two target sub-lines, such that
the ratio of the length of one of the target sub-lines to the entire length of the target line is simi-

lar to the source ratio.

The image processing device and method are preferentially adapted to transfer coordinates be-
tween three-dimensional and/or two-dimensional images each depicting the same object under
a potentially different compression setting. For instance, the image processing device and
method can be used to map coordinates between two three-dimensional MRI volumes that have
been acquired before and after repositioning of the patient and light compression of the breast
as they are frequently acquired, e.g. for therapy monitoring, or between a three-dimensional
MRI volume, which can be regarded as one of first and a second image data sets, and two
mammographic X-ray projection images, which can be regarded as the other of the first and
second image data set, where the latter are usually acquired while the breast is heavily com-

pressed between two plates.

In an embodiment, the working hypothesis is that the breast compression has a linear effect on
the breast tissue such that compression results to a linear scaling of distances within the breast.
For instance, a point which is located halfway on the shortest line between the nipple and the
pectoral muscle of an uncompressed breast can be assumed to be still located halfway on this
line after compression of the breast between two parallel plates. If the end points of the line can
also be identified in another image of the same breast, which has been potentially acquired un-
der a different compression setting (e.g. different orientation of the compression plates), it can

be assumed that the corresponding point is again located halfway on this line. This assumption
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should in particular approximately hold if the object (breast) is compressed between two parallel
plates and the considered line is measured parallel to the compression force. Therefore, coordi-
nates can be mapped between two images showing the same object under different compres-
sion by measuring at least three normalized distances to suitable landmarks, ideally in a plane
parallel to the compression force. Since mammographic X-ray images are projection images
that have no depth information, at least two mammograms with a certain angular separation are

combined to estimate a three-dimensional coordinate, e.g. in a three-dimensional MRI volume.

The described working hypothesis is obviously a simplification of the true biomechanical proper-
ties of the breast, which is a heterogeneous mixture of different tissue types. It nevertheless al-
lows developing without explicit modelling of the biomechanical properties a full-automatic
method that allow for realtime mapping of coordinates with a precision that is sufficient for a

number of clinical applications.

The image processing device and method preferentially realize a bijective point to point transla-
tion of position from a three-dimensional image, e.g. a MRI image, to two disparate two-
dimensional projection images such as MLO and CC mammograms, and vice versa. The prob-
lem of the missing depth information in a single two-dimensional projection is overcome by uti-
lizing two disparate views of the same breast that are commonly acquired in mammography.
The image processing device and method do preferentially not require any explicit biomechani-
cal modeling or other compression/decompression models of the breast to compensate for
breast deformations caused by intended compression or patient placement. It does also prefe-
rentially not depend on any intensity-based registration steps and therewith on a detailed seg-
mentation of the tissue structures in the breast and simulation of X-ray projection images. The
method can however also be used to transfer coordinates between two three-dimensional im-

age volumes acquired with the same or two different modalities.

The image processing device and method are preferentially based on the fundamental idea and
assumption that, although distances between landmarks in the breast change during compres-
sion, the ratio between the distances remains approximately the same, in particular in the plane
orthogonal to the vector of the compression force. For instance, assume a point A which is lo-
cated half way on the shortest line connecting the nipple N with the pectoral muscle P. If the
breast is compressed between two plates which are parallel to this line, the cross-section of the
breast expands and so do the length dpy of the nipple to pectoral line NP and the distance day
between A and the nipple N. It can approximately be assumed that dpy and day change by the
same factor which is canceled out if only the ratio of both measurements is considered. Al-
though this assumption is a strong simplification the of real biomechanical behavior of the
breast, which consists of a heterogeneous composition of tissue that irregularly expands under
compression, it enables to approximate corresponding positions in MRl and MG images in real-
time, with a for many clinical tasks reasonable precision, with very low computational demands

and without any user-input except an initial starting position in one modality.
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The image processing device and method are preferentially adapted to perform the mapping in
both directions, i.e., if two image data sets are provided, a region determined in one of these
image data sets can be mapped to a corresponding region in the other of the image data sets
and vice versa. For example, the image processing device and method are preferentially
adapted to determine corresponding second regions in mammaography projection images, after
a first region has been determined in a three-dimensional MR image, and to determine a
second region in the three-dimensional MR image, after corresponding first regions have been

determined in the mammography projection images.

Although in above described embodiments an image data set comprises a CC mammography
image and an MLO mammography image, an image data set can also comprise other two-
dimensional projection images, which correspond to different projection directions. For example,
an image data set can comprise CC and ML mammography images, wherein in these mammo-
graphy images first regions can be determined and wherein in another image data set compris-
ing a MR image a corresponding second region can be determined or vice versa.

Although in the above described embodiments corresponding regions are determined in two
image data sets, the image processing device and method can also be adapted to determine
corresponding regions in more than two image data sets. Generally, if in a first image data set a
first region has been determined, in other image data sets of the same object corresponding

second regions can be determined.

Although in the above described embodiments the object is a breast, in other embodiments the
object can also be another subject like another part of a human being or of an animal or a tech-

nical subject.

Other variations to the disclosed embodiments can be understood and effected by those skilled
in the art in practicing the claimed invention, from a study of the drawings, the disclosure, and

the appended claims.

In the claims, the word "comprising" does not exclude other elements or steps, and the indefi-

nite article "a" or "an" does not exclude a plurality.

A single unit or device may fulfill the functions of several items recited in the claims. The mere
fact that certain measures are recited in mutually different dependent claims does not indicate

that a combination of these measures cannot be used to advantage.

Calculations, like the determination of the second region, the grouping of findings, the classifica-
tion of groups, et cetera performed by one or several units or devices can be performed by any

other number of units or devices. The calculations and/or the control of the image processing
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device in accordance with the image processing method can be implemented as program code

means of a computer program and/or as dedicated hardware.

A computer program may be stored/distributed on a suitable medium, such as an optical sto-
rage medium or a solid-state medium, supplied together with or as part of other hardware, but
may also be distributed in other forms, such as via the Internet or other wired or wireless tele-

communication systems.

Any reference signs in the claims should not be construed as limiting the scope.

The invention relates to an image processing device for finding corresponding first and second
regions in two image data sets of an object. In a first image data set a source line and in a
second image data set a corresponding target line are determined depending on reference re-
gions detectable in both image data sets. A first region in the first image data set is projected
onto the source line, thereby dividing the source line into two source sub-lines and defining a
source ratio as the ratio of the length of one of the source sub-lines to the length of the entire
source line. A second region in the second image data set is then determined such that a pro-
jection of the second region onto the target line leads to a corresponding target ratio which is

similar to the source ratio.
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CLAIMS

An image processing device for finding corresponding regions in two image data sets of an
object, the image processing device (1) comprising:

- an image providing unit (2) for providing a first image data set of the object and a
second image data set of the same object,

- a first region determination unit (3) for determining a first region in the first image
data set,

- a second region determination unit (4) for determining a second region, which cor-
responds to the first region in the first image data set, in the second image data set, the second
region determination unit being adapted to:

- determine a source line in the first image data set depending on reference regions de-
tectable in the first image data set and in the second image data set,

- project the first region onto the source line in the first image data set, thereby dividing the
source line into two source sub-lines,

- determine a source ratio as the ratio of the length of one of the source sub-lines to the
length of the entire source line,

- determine a target line, which corresponds to the source line, in the second image data
set depending on the reference regions detectable in the first image data set and in the second
image data set,

- determine the second region in the second image data set such that a projection of the
second region onto the target line divides the target line into two target sub-lines such that the
ratio of the length of one of the target sub-lines to the entire length of the target line is similar to

the source ratio.

2. The image processing device as defined in claim 1, wherein the first and second image

data sets comprise three-dimensional images.

3. The image processing device as defined in claim 1, wherein one of the first image data
set and the second image data set comprises a three-dimensional image and the other of the
first image data set and the second image data set comprises at least two two-dimensional im-

ages.

4. The image processing device as defined in claim 3, wherein the at least two two-

dimensional images are projection images, which correspond to different projection directions.
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5. The image processing device as defined in claim 2, wherein the second region determi-
nation unit (4) is adapted to

- determine corresponding source lines and source ratios in the at least two two-
dimensional images,

- average the corresponding source ratios for generating at least one average source ratio

for being used for determining the second region.

6. The image processing device as defined in claim 1, wherein the second region determi-
nation unit (4) is adapted to determine the source line depending on the reference regions and

the first region in the first image.

7. The image processing device as defined in claim 1, wherein the object is a breast and the
reference regions are the pectoral line or pectoral surface, the skin line or skin surface of the
breast and the frontal breast position defined by one of the following options
- the nipple position,
- the cutting point of the skin line or skin surface and the line that is perpendicular to the
pectoral line or pectoral surface and crosses the center of mass of the breast,
- the point on the skin line or skin surface having the largest perpendicular distance to

the pectoral line or pectoral surface.

8. The image processing device as defined in claim 7, wherein the source line and the tar-
get line are determined as a line connecting the pectoral line or the pectoral surface with the

frontal breast position.

9. The image processing device as defined in claim 8, wherein the source line and the tar-

get line are perpendicular to the pectoral line.

10. The image processing device as defined in claim 7, wherein at least one of the first image
data set and the second image data set comprises a three-dimensional image, wherein at least
one of the source line and the target line in the three-dimensional image is defined by one of the
following options:

- the intersecting line of the sagittal and axial body plane that meet the frontal breast posi-
tion, and

- the shortest line connecting the pectoral surface and the frontal breast position, wherein

the line is located in the sagittal body plane that meets the frontal breast position.
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11.  The image processing device as defined in claim 1, wherein the second region determi-
nation unit (4) is adapted to:

- determine for different dimensions of the first region different linear independent source
lines depending on the reference regions,

- project the first region onto the different source lines, thereby dividing each source line in-
to two source sub-lines,

- determine different source ratios of the length of one of the respective source sub-lines to
the length of the entire respective source line for each source line,

- determine different target lines, which correspond to the different source lines, in the
second image data set depending on the reference regions detectable in the first image data set
and in the second image data set,

- determine the second region in the second image data set such that for each target line a
projection of the second region onto the respective target line divides the respective target line
into two respective target sub-lines such that the ratio of the length of one of the respective tar-
get sub-lines to the entire length of the respective target line is similar to the respective source

ratio.

12. The image processing device as defined in claim 11, wherein at least one source line is
determined depending on the reference regions and the first region and wherein at least one

corresponding target line is determined depending on the reference regions and a source ratio.

13. The image processing device as defined in claim 12, wherein the object is a breast,
wherein the reference regions are the frontal breast position, the pectoral line or pectoral sur-
face and the skin line or skin surface of the breast, wherein a first source line connects the fron-
tal breast position and the pectoral line or surface in the first image data set, wherein a second
source line is perpendicular to the first source line, traverses the first region and ends at the skin
surface of the breast in the first image data set, wherein a first target line, which corresponds to
the first source line, connects the frontal breast position and the pectoral line or pectoral surface
in the second image data set, and wherein a second target line, which corresponds to the
second source line, is perpendicular to the first target line and divides the first target line into
two target sub-regions such that the ratio of the length of one of the target sub-regions of the
first target line to the length of the entire first target line is similar to the source ratio of the first

source line.

14. The image processing device as defined in claim 1, wherein the first image data set com-
prises a first two-dimensional projection image of a breast being a craniocaudal (CC) image and
a second two-dimensional projection image of the breast being a mediolateral oblique (MLO)

image or a mediolateral (ML) image, wherein the second image data set comprises a three-
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dimensional image of the breast and wherein the second region determination unit (4) is

adapted to:

- determine a y-coordinate of the second region in the three-dimensional image, wherein
the y-axis of the orthogonal coordinate system of the three-dimensional image is orthogonal to

the coronal body plane, depending on a first source ratio being determined by:

- determining a first source line in the second two-dimensional projection image, which is
perpendicular to the pectoral line and connects the pectoral line with the frontal breast position,
- projecting the first region onto the first source line in the second two-dimensional projec-
tion image, thereby dividing the first source line into two first source sub-lines,

- determining the first source ratio as the ratio of the length of one of the first source sub-

lines to the length of the entire first source line,

- determine an x-coordinate of the second region in the three-dimensional image, wherein
the x-axis of the orthogonal coordinate system of the three-dimensional image is orthogonal to
the sagittal body plane, depending on a second source ratio being determined by:

- determining a second source line in the first two-dimensional projection image, which

a) is perpendicular to and starts at a line, which is perpendicular to the pectoral line in the
first two-dimensional projection image and connects the pectoral line with the frontal breast po-
sition,

b) intersects the first region, and

c) ends at the skin surface of the breast,

- determining the second source ratio as the ratio of the length of one of the second source
sub-lines, in which the second source line is divided by the first region, to the length of the entire

second source line,

- determine a z-coordinate of the second region in the three-dimensional image, wherein
the z-axis of the orthogonal coordinate system of the three-dimensional image is orthogonal to
the axial body plane, depending on a third source ratio being determined by:

- determining a third source line in the second two-dimensional projection image, which is
perpendicular to the first source line, intersects the first region and ends at the skin surface of
the breast,

- determining the third source ratio as the ratio of the length of one of the third source sub-
lines, in which the third source line is divided by the first region, to the length of the entire third

source line.

15.  The image processing device as defined in claim 14, wherein the second region determi-

nation unit (4) is adapted to approximate the third source ratio as the ratio of the length of one of
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the third source sub-lines, in which the third source line is divided by the first region, to the

length of the entire third source line.

16. The image processing device as defined in claim 1, wherein the first image data set com-
prises a three-dimensional image of a breast and the second image data set comprises a first
two-dimensional projection image of the breast being a craniocaudal (CC) image and a second
two-dimensional projection image of the breast being a mediolateral oblique (MLO) image or a
mediolateral (ML) image of the breast, wherein the second region determination unit (4) is

adapted to:

- determine a y-coordinate of the second region in the first two-dimensional projection im-
age, wherein the y-axis of the orthogonal coordinate system of the first two-dimensional projec-
tion image is orthogonal to the sagittal body plane, depending on a first source ratio being de-

termined by:

- determining a first source line in the three-dimensional image, which

a) starts at a line, which is the projection of the line connecting the pectoral surface with the
frontal breast position into the axial plane that meets the frontal breast position in the three-
dimensional image,

b) coincides with the intersection line of the axial plane that meets the frontal breast position
and the coronal plane that contains the first region in the three-dimensional image, and

c) ends at the skin surface of the breast,

- projecting the first region onto the first source line in the three-dimensional image, there-
by dividing the first source line into two first source sub-lines,

- determining the first source ratio as the ratio of the length of one of the first source sub-

lines to the length of the entire first source line,

- determine a x-coordinate of the second region in the first two-dimensional projection im-
age and in the second two-dimensional projection image, wherein the x-axes of the orthogonal
coordinate systems of the first two-dimensional projection image and the second two-
dimensional projection image are orthogonal to the coronal body plane, depending on a second

source ratio being determined by:

- determining a second source line in the three-dimensional image, which connects the
pectoral surface with the frontal breast position,

- determining the second source ratio as the ratio of the length of one of the second source
sub-lines, in which the second source line is divided by the coronal plane, which contains the

first region, to the length of the entire second source line,
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- determine a y-coordinate of the second region in the second two-dimensional projection
image, wherein the y-axis of the orthogonal coordinate system of the second two-dimensional
projection image is orthogonal to the x-axis in the same image which is orthogonal to the coron-

al body plane, depending on a third source ratio being determined by:

- determining a third source line in the three-dimensional image, which

a) starts at a line, which connects the pectoral surface with the frontal breast position in the
three-dimensional image,

b) coincides with the intersection line of the coronal plane that contains the first region and
the plane that meets the frontal breast position and has the same orientation as the projection
plane of the MLO or ML in the three-dimensional image, and

c) ends at the skin surface of the breast,

- projecting the first region onto the third source line in the three-dimensional image, there-
by dividing the third source line into two first source sub-lines,
- determining the third source ratio as the ratio of the length of one of the third source sub-

lines to the length of the entire third source line.

17. The image processing device as defined in claim 1, wherein at least one of the first image
data set and the second image data set comprises a projection image and wherein at least one

source ratio is corrected for a projection error.

18. The image processing device as defined in claim 1, wherein the image processing device
(1) further comprises a display (10) for displaying the first region in the first image data set and

the second region in the second image data set.

19. The image processing device as defined in claim 18, wherein the image processing de-
vice (1) further comprises a tool providing unit (5) for providing a tool for being used in the first
image data set and in the second image data set and wherein the display (10) is adapted to
show the tool at the first region in the first image data set and at the second region in the

second image data set.

20. The image processing device as defined in claim 18, wherein the image processing de-
vice (1) further comprises an uncertainty determination unit (6) for determining an uncertainty of
determining the second region in the second image data set and wherein the display (10) is

adapted to indicate the uncertainty in the second image.
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21. The image processing device as defined in claim 18, wherein the image processing de-
vice (1) comprises a finding providing unit (7) for providing findings in the first image data set
and the second image data set, wherein the first region determination unit (3) is adapted to de-
termine the region of a first finding in the first image data set as the first region, wherein the im-
age processing device (1) further comprises a grouping unit (8) for grouping the first finding and
a second finding in the second image data set into a group of findings, if the distance between
the position of the second finding in the second image data set and the position of the second

region is smaller than a predefined threshold.

22. The image processing device as defined in claim 21, wherein the image processing de-
vice (1) further comprises a group classification unit (9) for classifying a group of findings based

on features of the findings of the group and on predefined group classification rules.

23.  Animage processing method for finding corresponding regions in two image data sets of
an object, the image processing method comprising:

- providing a first image data set of the object and a second image data set of the
same object by an image providing unit (2),

- determining a first region in the first image data set by a first region determination
unit (3),

- determining a second region, which corresponds to the first region in the first im-
age data set, in the second image data set by a second region determination unit (4), wherein
the determination includes:

- determining a source line in the first image data set depending on reference regions de-
tectable in the first image data set and in the second image data set,

- projecting the first region onto the source line in the first image data set, thereby dividing
the source line into two source sub-lines,

- determining a source ratio as the ratio of the length of one of the source sub-lines to the
length of the entire source line,

- determining a target line, which corresponds to the source line, in the second image data
set depending on the reference regions detectable in the first image data set and in the second
image data set,

- determining the second region in the second image data set such that a projection of the
second region onto the target line divides the target line into two target sub-lines such that the
ratio of the length of one of the target sub-lines to the entire length of the target line is similar to

the source ratio.

24.  An image processing computer program for finding corresponding regions in two image
data sets of an object, the computer program comprising program code means for causing an

image processing apparatus as defined in claim 1 to carry out the steps of the image processing
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apparatus as defined in claim 23, when the image processing computer program is run on a

computer controlling the image processing apparatus.
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