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Fig. 1

(57) Abstract: The invention relates to X-ray imaging. In or-
der to improve flexibility, for example in relation with phase-
contrast imaging, the X-ray imaging device (10) comprises an
X-ray source arrangement for providing an X-ray beam (11).
Further, it is provided at least one grating (13, 14) and a line
detector (15) with a plurality of sensor lines, which sensor
lines are each provided by a plurality of sensor elements, and
which sensor lines are provided for detecting respective por-
tions of the X-ray beam (11) passing the at least one grating
during operation. The X-ray imaging device is arranged for
moving the line detector (15) and an object (21) to be imaged
relative to each other, such that in response to the portions of
the X-ray beam a number of interference patterns are detect-
able at respective different relative positions of the line de-
tector and the object for reconstructing an image of the object
(21). The at least one grating (13, 14) comprises at least one
first segment (161) and at least one second segment (162) ar-
ranged adjacent to each other in a direction perpendicular to
the direction of the line detector (15). The X-ray imaging
device is arranged for moving the line detector (15) and the at
least one grating relative to each other between at least a first
relative position and a second relative position, such that in
the first relative position, a portion of the X-ray beam (11)
during operation passes through the at least one first segment
(161), while the at least one second segment (162) is arranged
outside said portion of the X-ray beam (11), and that in the
second relative position, said portion of the X-ray beam (1 1) during operation passes through the at least one second segment (162),
while the at least one first segment (161) is arranged outside said portion of the X-ray beam (11).
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X-ray imaging device

FIELD OF THE INVENTION
The invention relates to an X-ray imaging device, an X-ray imaging system,
an X-ray imaging method, a computer program element for controlling such device and a

computer readable medium having stored such computer program element.

BACKGROUND OF THE INVENTION

When acquiring an X-ray image, an object to be examined, e.g. a patient, is
arranged between an X-ray generating device and an X-ray detector. X-ray radiation
emanating from the X-ray generating device is penetrating the object to be examined,
subsequently arriving at the X-ray detector. The object to be examined, situated in the path of
the X-ray radiation is spatially attenuating the X-ray beam, depending on the specific tissue
structure within the object. The X-ray detector is subsequently detecting the spatially
attenuated X-ray radiation by determining an intensity distribution of the X-ray radiation,
which image information is employed for generating, further processing, and subsequently
displaying an X-ray image of the object to be examined.

However, an object to be examined may provide only minor differences when
attenuating the X-ray radiation, resulting in a relatively uniformly attenuated X-ray image
having low contrast, thus lacking detail of the imaged inner structure of the object.

While certain objects or regions within an object may comprise similar
attenuation properties, a phase of X-ray radiation penetrating the object may be influenced to
a larger extent by the structure of the object.

In phase-contrast imaging, at least partly coherent X-ray radiation is employed,
e.g., generated by a source grating arranged adjacent to, in the vicinity of an X-ray source, ¢.g.
an X-ray tube. Coherent X-rays penetrating the object may allow for subsequent retrieval of
phase information.

However, a phase of a wave may not be measured directly, rather a phase-shift
may be required to be converted to an intensity modulation, e.g., by interfering two or more
waves. For generating an according interference pattern, a so-called phase grating is

employed, arranged between the object to be examined and an X-ray detector. However, an
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interference pattern generated by only employing a phase grating may be too small to be
detectable with a current X-ray detector, due to a lack of spatial resolution of the X-ray
detector.

Thus, a further analyzer grating may be employed arranged between the phase
grating and the X-ray detector, subsequently providing an interference pattern, which is large
enough to be detectable by current X-ray detectors.

To obtain appropriate image information, a so-called phase stepping is
performed. In phase stepping, one of the source grating, the phase grating, and the analyzer
grating is displaced laterally with respect to the other grating and the X-ray detector element
by a fraction of its grating pitch, ¢.g., a fourth, sixth, eighth of the grating pitch, e.g. of the
phase grating. If the phase stepping is performed using a particular grating, then the phase
stepping shall cover a full period of this particular grating.

An alternative to the phase stepping is the so-called slit scanning approach.
The object, e.g. a woman’s breast, is scanned by a scan arm or gantry movement. The
redundancy of the data acquisition by means of an arrangement of a number of parallel
detector lines can be exploited to eliminate the need for phase-stepping and the gratings need
not be moved with respect to each other. Hence, the phase-acquisition can be implemented in
the ordinary scanning motion.

Employing such phase grating, in addition the generation of image data
deriving from de-coherent X-ray small angle scattering is enabled, the latter type of imaging
also being referred to as “dark-field imaging”.

WO 2012/029005 Al discloses an apparatus for phase-contrast imaging
comprising an X-ray source, a first grating element, a second grating element and an X-ray
detector element comprising a plurality of detector pixel elements. An object to be imagined
is arrangeable between the X-ray source and the X-ray detector element. The first grating
clement as well as the second grating element is arrangeable between the X-ray source and
the X-ray detector element. The X-ray source, the first grating element, the second grating
element and the X-ray detector are operatively coupled for acquisition of a phase-contrast
image of the object.

However, such imaging devices can be still improved, in particular in view of

the flexibility and adaptability to different patients and operation conditions.
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SUMMARY OF THE INVENTION

Hence, there may be a need to provide an X-ray imaging device, which is
improved in view of its flexibility.

The problem of the present invention is solved by the subject-matters of the
independent claims, wherein further embodiments are incorporated in the dependent claims.
It should be noted that the aspects of the invention described in the following apply also to
the X-ray imaging device, the X-ray imaging system, the X-ray imaging method, the
computer program element, and the computer readable medium.

According to the present invention, an X-ray imaging device is presented. The
X-ray imaging device comprises an X-ray source arrangement for providing an X-ray beam,
at least one grating, and a line detector with a plurality of sensor lines, which sensor lines are
cach provided by a plurality of sensor elements, and which sensor lines are provided for
detecting respective portions of the X-ray beam passing the at least one grating during
operation. The line detector may comprise several one dimensional sensors forming the
several sensor lines.

The X-ray imaging device is arranged for moving the line detector and an
object to be imaged relative to each other, such that in response to the portions of the X-ray
beam a number of interference patterns are detectable at respective different relative positions
of the line detector and the object for reconstructing an image of the object. This means, the
X-ray imaging device, the line detector and/or the object can be moved.

The at least one grating comprises at least one first segment and at least one
second segment arranged adjacent to each other in a direction perpendicular to the direction
of the line detector, and to the X-ray beam direction. The at least one grating may be placed
in front of each sensor line, when seen in the X-ray beam direction. In case the X-ray
imaging device is an X-ray differential phase contrast imaging device, the at least one grating
may be a phase grating and/or an absorber grating.

The X-ray imaging device is arranged for moving the line detector and the at
least one grating relative to each other between at least a first relative position and a second
relative position, such that in the first relative position, a portion of the X-ray beam during
operation passes through the at least one first segment, while the at least one second segment
is arranged outside said portion of the X-ray beam, and that in the second relative position,
said portion of the X-ray beam during operation passes through the at least one second
segment, while the at least one first segment is arranged outside said portion of the X-ray

beam.
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The X-ray imaging device according to the present invention consequently
enables activating the at least first segment while de-activating the at least second segment,
and vice versa, thereby increasing clinical flexibility.

The X-ray imaging device may realize the movement from the first relative
position to the second relative position via moving, ¢.g. translating in a direction
perpendicular to the direction of the line detector, the at least one grating with respect to the
line detector.

Each segment of the at least one grating, i.e. each of the first and the second
segments, may comprise a grating structure of a respective transmission characteristic. For
example, the grating structure comprises lines arranged as a sort of linear stripes of a
respective transmission characteristic, also referred to as transmission function of the grating
structure. The first and the second segments differ in terms of the respective grating structure
such that the first and the second segments differ in terms of the respective transmission
characteristic. With the term “different transmission characteristic” or “different transmission
function” different absorption properties and/or different properties in view of a phase shift
are meant. The grating structures may form a plurality of bars and gaps arranged periodically.
The bars may be arranged to change a phase and/or amplitude of an X-ray radiation. The
gaps may change a phase and/or amplitude of an X-ray radiation to another, in particular
lesser degree than the bars. The gaps may be X-ray transparent. The term "X-ray transparent”
means that X-ray radiation passing is not changed in its phase, i.c. it is not phase shifted, and
not changed in its amplitude, both to a measureable or reasonable amount.

In an example, the X-ray imaging device comprises a displacement unit
configured for moving the at least one at least one grating relative to the line detector.

In an example, the X-ray imaging device is arranged for moving the line
detector and the at least one grating relative to each other between at least a first relative
position and a second relative position. In the first relative position, the at least one first
segment projects along the X-ray beam onto the sensor line such that the portion of the X-ray
beam that during operation passes through the at least one first segment subsequently arrives
at the one-dimensional sensor line for detection, while the at least one second segment is
arranged outside the portion of the X-ray beam such that it projects along the X-ray beam
onto the area between neighboring sensor lines. In the second relative position, the at least
one second segment projects along the X-ray beam onto the sensor line such that the portion
of the X-ray beam that during operation passes through the at least one second segment

subsequently arrives at the one-dimensional sensor line for detection, while the at least one
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first segment is arranged outside the portion of the X-ray beam such that it projects along the
X-ray beam onto the area between neighboring sensor lines. The X-ray imaging device
according to this example effectively utilizes the distance (in a direction perpendicular to the
direction of the line detector) between neighboring sensor lines to “hide” the at least one
second segment in the first relative position, and to “hide” the at least one first segment in the
second relative position. Typically, the distance between neighboring sensor lines is a
multiple of the height of a sensor line. The movement from the first relative position to the
second relative position may be realized by moving, e.g. translating in a direction
perpendicular to the direction of the line detector, the at least one grating with respect to the
line detector.

In an example, the X-ray imaging comprises a pre-collimator to divide the X-
ray beam into respective portions, and more specifically to generate a sliced X-ray beam.
Herein, the pre-collimator is arranged for slicing the X-ray beam such that the slices of the X-
ray beam during operation will illuminate or project onto respective sensor lines.

In an example, the at least one grating comprises a frame and the frame
comprises at least the first and second segments.

The relative position of the first and second segments as supported by the
frame is preferably accurate and stable within sub-micrometer accuracy. Therefore, the frame
may be realized in a mechanically very stiff manner e.g. using steel or Invar.

As a result, an X-ray imaging device is provided, which is improved in view
of its flexibility, since it enables easy and fast switching between different segments of the
grating. Thereby, the X-ray imaging device can be casily and fast adapted to different
operation conditions, patients and e.g. breast volumes by simply switching to the segment,
which is in particular suitable for the current situation.

It is noted that at least one grating is provided. For example, two or three
gratings are provided. Nevertheless, in the following, and also in the claims, the “at least one
grating” is also referred to as “grating”, i.e. without the term “at least one” in order to provide
better readability. However, the “grating” also relates to at least one grating, where applicable.

The line detector employed in the present invention has a pitch sufficiently
small, hence a resolution sufficiently large, for detecting i.e. adequately resolving the
interference pattern generated by the phase grating. For that purpose such line detector may
be a high resolution X-ray detector known per se having a resolution of 50 micrometers or
more, or an X-ray detector equivalent to the type as described in US 2014/0177795 A1 which

is incorporated herein by reference. Alternatively, the line detector may have high resolution
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when used in conjunction with an analyzer grating i.c. an absorption grating arranged in the
optical path between the phase grating and said line detector.

It is also noted that the at least one grating is provided with at least one first
segment and at least one second segment. For example, two, three, four, five or more first
and/or second segments are provided. Nevertheless, in the following, and also in the claims,
the “at least one first (or second) segment” is also referred to as “first (or second) segment”,
1.e. without the term “at least one” in order to provide better readability. However, the “first
(or second) segment” also relates to at least one first (or second) segment, where applicable.

In an example, the X-ray imaging device is an X-ray differential phase
contrast imaging device. Differential phase contrast imaging may employ a set of gratings
installed between the X-ray source and the X-ray detector in order to retrieve phase
information. The X-ray source arrangement may be an X-ray source with or without a source
grating. The grating may be a phase grating or an absorber grating. The grating may be
placed in front of each sensor line of the line detector, when seen in the X-ray beam direction.
The first and the second segments may differ from each other in view of the grating lines.
Options for differencing the grating lines are e.g. a differing pitch and/or a differing
orientation, as shown in the following.

It is noted that the terms “absorber grating” and “phase grating” relate to the
function of the grating in terms of their effect on the passing X-ray radiation. However, the
terms in a certain sense may also relate to the location or position within an interferometer
used for phase contrast imaging. For example, a grating as a phase grating may be provided
as a first grating, also known as G1 with pitch p;, where GO with pitch py refers to a source
grating, and another optionally (depending on the implementation of the line detector) grating
may be provided as analyzer grating, or G2 with pitch p», in front of the line detector.
Introducing s as the distance between G0 and G2, / as the distance between GO and G1 and d
as the distance between G1 and G2 (if any), the various geometries can be defined on the
basis of said quantities. As a first option, the interferometer may be implemented in the so-
called “conventional geometry” in which / > d and py > p; > p». In the conventional geometry,
the object to be imaged is typically arranged between GO and G1. As a second option, the
interferometer may be implemented in the so-called “inverse geometry” in which / < d and py
< p; < p2. In the inverse geometry, the object to be imaged is typically arranged between G1
the X-ray detection unit (i.e. between G1 and G2 in case G2 is present). As a third option, the
interferometer may be implemented in the so-called “symmetric geometry” in which d =/

and py = pl = p, (presuming a n-shifting grating G1). For more information (incorporated
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herein by reference) see Tilman Donath et al, “Inverse geometry for grating based x-ray
phase contrast imaging”, JOURNAL OF APPLIED PHYSICS 106, 054703, 2009.

In an example, the grating is a source grating. The source grating may be
provided as absorber grating, in terms of the function of the grating. The source grating may
also be provided as phase grating, in terms of the function of the grating.

A design energy of a grating interferometer is the energy, where the device
performs (at least theoretically) best. Considering for example a Talbot interferometer with a
phase grating w and a design energy Ey, a height of trenches of the phase grating need to be
selected such that the desired phase change of the phase grating = is achieved. For a given
and constant distance d between the phase grating and the absorber grating, the pitch of the
phase grating must fulfill the relation p=8 n d A, with n being an odd integer and A ; being
the wavelength of photons at the design energy. The pitch of the source grating needs then to
be adjusted to the pitch of the phase grating. As a result, it is not easy to change the design
energy of a Talbot-Lau interferometer. For a good practical performance, the voltage of the
X-ray tube needs to be tuned such that the peak of the spectrum transmitted through the
object is close to the design energy. Therefore, in an example, the grating structure of the first
segment has a first grating pitch, and the grating structure of the second segment has a second
grating pitch that differs from the first grating pitch. As “pitch”, the distance between two
adjacent grating lines is to be understood. The first segment may have a relatively large
grating pitch, hence being suitable for relatively low design energy. The second segment may
have a relatively small grating pitch, hence being suitable for relatively high design energy.

As aresult, the design energy can be changed easily. Further, an
interferometer design for differential phase contrast imaging is provided that allows picking
for each scan a proper design energy for a current patient. For a given patient, e.g. a breast
thickness is known before the scan and a suitable grating with appropriate design energy can
be moved in front of each line detector sensor before the scan.

As the grating may comprise a grating structure, such as grating lines, which
are also referred to as line structures, the interferometer may have an anisotropic sensitivity.
This means, e.g. if the grating lines are parallel to the detector lines, only object structures
parallel to the lines are detectable. Object structures oriented perpendicular to the lines can be
barely detectable. Therefore, a detection of phase gradients in mutually perpendicular
directions is desirable, which can be achieved as shown in the following. In an example, the
grating structure, for example grating lines, of the first segment has a first orientation, and the

grating structure, for example also grating lines, of the second segment has a second
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orientation that differs from the first orientation. In other words, the grating to be installed on
the detector comprises a first segment with a grating structure in some direction “x”, and a
second segment with a grating structure in some direction “y”, which is pivoted relative to x.
In an example, the first and second orientations are essentially perpendicular to each other.

As a result, a very accurate detection of phase gradients in mutually
perpendicular directions is achieved. Further, an interferometer design for differential phase
contrast imaging is provided that facilitates the acquisition of both gradient directions with
two subsequent scans. With these structures in place, it is simple to acquire e.g. two gradients
by (i) scanning in one direction employing the first relative position, (ii) relatively moving
the line detector and the grating relative from the first to the second relative position after
scanning in said one direction, and (iii) subsequently scanning in reversed direction
employing the second relative position. . The X-ray imaging device is preferably configured
for rotating the source grating by 90° around the optical axis between these two scans in case
the source grating is provided with a single segment rather than first and second segments
that are respectively compatible with the first and second segments of the at least one grating.

In an example, the grating structure of the first segment and the grating
structure of the second segment, and possibly also the grating structure of the third or more
segment, differs from the respective other grating structures of the other segments in terms
pitch and/or geometry and/or orientation.

In an example, the grating with the first segment and the second segment may
comprise similar or different grating structures in the first segment and the second segment. It
is e.g. possible to have a combination of a phase grating structure, e.g. phase grating lines, in
the first segment and an absorber grating structure, e.g. absorber grating lines, in the second
segment of the grating, ¢.g. as the same frame of the same grating.

Of course, there may be even more segments with more discrete design
energies and/or more discrete orientations. In an example, the grating comprises at least one
third segment arranged adjacent to the second segment in a direction perpendicular to the
direction of the line detector, wherein the at least one third segment differs from the first and
the second segments in terms of the respective grating structure and the respective
transmission characteristic. The X-ray imaging device is arranged for moving the line
detector and the at least one grating relative to each also to a third relative position, such that
in the third relative position, the portion of the X-ray beam during operation passes through

the at least one third segment, while the first and second segments are arranged outside said
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portion of the X-ray beam, and that in the first and second relative position, the at least one
third segment is arranged outside said portion of the X-ray beam.

In an example, the three segments differ in view of their grating pitches. In
another example, one segment A is provided for the acquisition of conventional data, one
segment B is provided for the acquisition of gradients in a direction “x”, and one segment C
is provided for the acquisition of gradients in direction “y”, wherein y is pivoted relative to x.
This structure facilitates three different operation modes: if the segment A is installed such
that it projects onto a sensor line, conventional scanning is performed, if segment B is
installed such that it projects onto the sensor line a gradient in x-direction is measured, and if
segment C is installed such that it projects onto the sensor line, a gradient in y-direction is
measured, wherein x differs from y.

The anisotropy in phase-sensitivity can be further reduced by employing at
least a further segment with a grating orientation of e.g. 45° in between the first and second
segments perpendicular to each other.

In an example, the grating structure of the first segment has a first geometry,
and the grating structure of the second segment has a second geometry that differs from the
first geometry.

In an example, the grating is provided with different grating geometries for the
first and second, or also the third, segments. For example, the grating geometries are
provided as linear structure, or as triangular structure, or as rectangular structure, or as
parabolic structure and the like. Due to the movability of the grating in respect to the X-ray
beam, it is possible to switch between various grating geometries.

In an example, the grating is a source grating arranged adjacent to the X-ray
source and generating at least partly coherent X-ray radiation. The source grating may then
comprise a frame, a first segment and a second segment arranged adjacent to each other in a
direction perpendicular to the direction of the line detector. The frame may be movable
between a first relative position and a second relative position, such that in the first position,
the X-ray beam passes through the first segment, while the second segment is arranged
outside the X-ray beam, and in the second position, the X-ray beam passes through the
second segment, while the first segment is arranged outside the X-ray beam. The first and
second segments of the source grating need not be identical to those of the a least one grating,
however, they should be respectively compatible with the first and second segments of the at

least one grating such as to constitute a functional interferometric unit.
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In an example, the X-ray imaging device is an X-ray differential phase
contrast imaging device and the at least one grating is provided as a phase grating, or as an
absorber grating.

In an example, two gratings of the at least one grating are provided. One of the
two gratings is a phase grating and the other one of the two gratings is an absorber grating
installed relative to the phase grating downstream the X-ray beam.

In an example, the first segments of the phase grating are different than the
first segments of the absorber grating, and/or the second segments of the phase grating are
different than the second segments of the absorber grating.

In another example, the first segments of the phase grating are equal to the
first segments of the absorber grating, and/or the second segments of the phase grating are
equal than the second segments of the absorber grating.

In another example, the grating is a phase grating followed, along the direction
of the X-ray beam, by an absorber grating, whereby the phase grating and the absorber
grating each comprise the grating structure as explained above. The absorber grating may be
adapted to the phase grating, which means that pitch and/or orientation of the absorber
grating is selected corresponding to pitch and/or orientation of the interference pattern
generated by the phase grating at the position of the absorber grating. With these structures in
place, it is relatively simple to acquire e.g. two gradients by scanning in one direction with
the first segment and immediately after the scan with reversed scan direction with the second
segment. The X-ray imaging device, in case the source grating is provided with a single
segment rather than first and second segments that are respectively compatible with the first
and second segments of the at least one grating such as to constitute a functional
interferometric unit, is preferably configured for rotating the source grating by 90° around the
optical axis between these two scans.

In an example, the phase grating can be provided with a triangular shape,
which leads to higher visibilities for shorter propagation distances compared to gratings with
binary structures.

In an example, the X-ray imaging device is not (only) an X-ray differential
phase contrast imaging device evaluating differential phase contrast, but additionally or
instead a device for evaluating a dark field also supplied by an Talbot interferometer.

In an example, the detector lines are about 110um high. The grating may be a grating pair

mounted to a frame. The frame may be a rigid steel frame.
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In an example, the grating and the line detector are mounted to a movable
gantry to be movable with respect to the object, such that in response to the X-ray beam a
number of interference patterns from different positions of the gantry are detectable for
reconstructing a differential phase image of the object. In another example, the X-ray source,
the source grating, the phase grating, the absorber grating and the line detector are fixed to a
common gantry and are movable with respect to the object, such that in response to the X-ray
beam a number of interference patterns from different positions of the gantry are detectable
for reconstructing a differential phase image of the object. Further, the X-ray imaging device
may comprise a gantry displacement unit configured to move the gantry with respect to the
object to be imaged.

In an example, a gantry displacement unit is provided that is configured for
moving the movable gantry relative to the object to be imaged.

According to the present invention, also a medical X-ray imaging system is
presented. The X-ray imaging system comprises an X-ray imaging device as described above,
a processing unit, and an object-receiving device configured to receive an object to be
imaged. The processing unit is configured to control a relative movement of the X-ray
imaging device and the object-receiving device in relation to each other. Additionally or
instead, the processing unit is configured to control a relative movement of the at least one
grating and the line detector of the X-ray imaging device in relation to each other.

The X-ray imaging system may be used for a scanning phase contrast
mammography system with a selectable design energy. The X-ray imaging system may also
be used for a scanning system that acquires gradients in both directions.

According to the present invention, also an X-ray imaging method is presented.
It comprises the following steps, not necessarily in this order:

providing an X-ray beam with an X-ray source arrangement to an object to be
imaged;

generating an interference pattern with at least one grating that comprises at
least a first segment and a second segment arranged adjacent to each other in a direction
perpendicular to the direction of a line detector;

relatively moving a line detector with a plurality of sensor lines, which sensor
lines are each provided by a plurality of sensor elements, and which sensor lines are provided
for detecting respective portions of the X-ray beam passing the grating during operation and

the object to be imaged, such that in response to the portions of the X-ray beam a number of
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interference patterns are detected at respective different relative positions of the line detector
and the object for reconstructing an image of the object;

relatively moving the line detector and the grating between at least a first
relative position and a second relative position, such that in the first relative position, a
portion of the X-ray beam during operation is passing through the at least one first segment,
while the at least one second segment is arranged outside the portions of the X-ray beam, and
that in the second relative position, said portion of the X-ray beam during operation is
passing through the at least one second segment, while the at least one first segment is
arranged outside said portion of the X-ray beam; and

detecting the portion of the X-ray beam passing the grating.

According to the present invention, also a computer program element is
presented, wherein the computer program element comprises program code means for
causing an imaging device as defined in the independent device claim to carry out the steps
of the imaging method as defined in the independent method claim, when the computer
program is run on a computer controlling the imaging device.

It shall be understood that the X-ray imaging device, the X-ray imaging
system, the X-ray imaging method, the computer program element for controlling such
device and the computer readable medium having stored such computer program element
according to the independent claims have similar and/or identical preferred embodiments, in
particular, as defined in the dependent claims. It shall be understood further that a preferred
embodiment of the invention can also be any combination of the dependent claims with the
respective independent claim.

The X-ray imaging device, the X-ray imaging system, the X-ray imaging
method, the computer program element for controlling such device and the computer
readable medium having stored such computer program element according to the present
invention are configured for phase contrast imaging and/or dark-field imaging. The present
invention allows for useful application in a clinical environment such as a hospital. More
specifically, the present invention is very suitable for application in imaging modalities,
including without limitaiton, for the medical examination of patients. In addition, the
presentation invention allows for useful application in an industrial environment. More
specifically, the present invention is very suitable for application in non-destructive testing
(e.g. analysis as to composition, structure and/or qualities of biological as well non-biological

samples) as well as security scanning (e.g. scanning of luggage on airports).
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These and other aspects of the present invention will become apparent from

and be elucidated with reference to the embodiments described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS
Exemplary embodiments of the invention will be described in the following
with reference to the accompanying drawings:
Fig. 1 shows a schematic drawing of an example of an X-ray imaging system.
Fig. 2 shows schematically and exemplarily a detector geometry.
Fig. 3 shows schematically and exemplarily an embodiment of a grating
Fig. 4 shows schematically and exemplarily another embodiment of a grating.

Fig. 5 shows basic steps of an example of an X-ray imaging method.

DETAILED DESCRIPTION OF EMBODIMENTS

Fig. 1 shows schematically and exemplarily an embodiment of an X-ray
imaging system 1 according to the invention. Note that the vertical and the horizontal axes
are scaled differently. The X-ray imaging system 1 is suitable for phase-contrast imaging and
comprises an X-ray imaging device 10, a processing unit (not shown) and an object-receiving
device 20. The object-receiving device 20 is configured to receive an object 21 to be imaged,
which is here shown as a breast compressed by a compression plate 17. The X-ray imaging
device 10 comprises an X-ray source (not shown) providing an X-ray beam 11, a source
grating 12, a phase grating 13, an absorber grating 14, and a line detector 15 comprising a
plurality of sensor lines 151, which sensor lines 151 are each provided by a plurality of
sensor elements, and which sensor lines are provided for detecting respective portions of the
X-ray beam 11 passing the gratings 12, 13, 14 during operation.

At least partly spatially coherent X-ray radiation is generated by the source
grating 12 arranged adjacent to the X-ray source, which is here an X-ray tube. Coherent X-
rays then penetrating the object 21 may allow for subsequent retrieval of phase information.
As a phase of a wave may not be measured directly, rather a phase-shift is required to be
converted to an intensity modulation by interfering two or more waves. For generating a
corresponding interference pattern, the phase grating 13 is employed, which is arranged
between the object 21 to be examined and the X-ray detector 15. As the interference pattern
generated by the phase grating 13 may be too small to be detectable with the X-ray detector
15, due to a lack of spatial resolution of the X-ray detector 15, the absorber or analyzer

grating 14 is arranged between the phase grating 13 and the X-ray detector 15 for
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subsequently providing an interference pattern, which is large enough to be detectable by the
X-ray line detector 15.

The line detector 15 comprises several (more or less) one-dimensional sensors
provided by a plurality of sensor elements, the sensor elements forming several sensor lines
151. Fig. 2 shows schematically and exemplarily a detector geometry. Each sensor line 151
in Fig. 2 represents a sensor with e.g. up to 768 detector pixels.

The X-ray imaging device 1 is arranged for moving the line detector 15 and an
object 21 to be imaged relative to each other, such that in response to the portions of the X-
ray beam a number of interference patterns are detectable at respective different relative
positions of the line detector 15 and the object 21 for reconstructing an image of the object 21.

In view of the linear extension (i.c. direction) of the sensor lines of the
detector, a direction parallel to the linear extensions of the line detector is referred to as a
direction of the line detector. In Fig. 2 the direction of the line detector runs parallel to the
sensor lines 151, i.e. horizontally with respect to the drawing page.

Figs. 3 and 4 schematically and exemplarily show embodiments of a grating.
As can be seen in Figs. 3 and 4, at least one of the source grating 12, the phase grating 13 or
the absorber grating 14 comprises at least one first segment 161 and at least one second
segment 162 arranged adjacent to each other in a direction perpendicular to the direction of
the line detector 15 and to the X-ray beam 11 direction. Each of the at least one first and
second segments 161, 162 of the grating comprises a grating structure of a respective
transmission characteristic, for example in form of grating lines 163, also referred to as
stripes, of different transmission characteristic. The first and the second segments 161, 162
mutually differ in terms of the respective grating structure such that the first and the second
segments 161, 162 differ in terms of the respective transmission characteristic, as will be
shown further below to Figs. 3 and 4.

Referring to Fig.1, the X-ray imaging device 1 is arranged for moving the line
detector 15 and at least one of the source grating 12, the phase grating 13 or the absorber
grating 14, between a first relative position and a second relative position, such that in the
first relative position, a portion of the X-ray beam during operation passes through the first
segment 161 and subsequently illuminates a respective sensor line 151, while the second
segment 162 is arranged outside said portion of the X-ray beam, and that in the second
relative position, said portion of the X-ray beam during operation passes through the second
segment 162 and subsequently illuminates said respective sensor line 151, while the first

segment 161 is arranged outside said portion of the X-ray beam. X-ray imaging device 1 may



10

15

20

25

30

WO 2016/008762 PCT/EP2015/065405
15

realize the movement from the first relative position to the second relative position by
moving, ¢.g. translating in a direction perpendicular to the direction of the line detector 15, at
least one of the source grating 12, the phase grating 13 or the absorber grating 14 with respect
to the line detector 14. The X-ray imaging device may employ an actuator known per se to
the person skilled in the art for realizing such movement between the first and second relative
positions.

Referring to Figs. 3 and 4, in an example, at least one of the source grating 12,
the phase grating 13 or the absorber grating 14 comprises a plurality of first segments 161
and an identical plurality of second segments 162. More specifically, the pluralities of
segments 161, 162 equal the number of sensor lines 151 as comprised in the line detector 15.
Herein the first segments 161 and the second segments 162 are arranged adjacent to each
other, in alternating manner, in a direction perpendicular to the direction of the line detector
15. In this example, the X-ray imaging device 1 is arranged for moving the line detector 15
and at least one of the source grating 12, the phase grating 13 or the absorber grating 14,
between a first relative position and a second relative position. In the first relative position,
the portions of the X-ray beam during operation pass through respective first segments 161
and subsequently illuminate respective sensor lines 151 of the line detector 15 for detection,
while the second segments 162 are arranged outside said portions of the X-ray beam. More
specifically, in the second relative position the second segments 162 project along the X-ray
beam onto respective spaces between neighboring sensor lines 151. In the second relative
position, the portions of the X-ray beam during operation pass through respective second
segments 162 and subsequently illuminate said respective sensor lines 151 of the line
detector 15 for detection, while the first segments 161 are arranged outside said portions of
the X-ray beam. More specifically, in the second relative position the first segments 161
project along the X-ray beam onto said spaces between neighboring sensor lines 151.

In a further example, both the phase grating 13 and the absorber grating 14
comprise a plurality of first segments 161 and an identical plurality of second segments 162.
Herein the pluralities of segments 161, 162 equal the number of sensor lines 151 as
comprised in the line detector 15. The first segments 161 comprised in the phase grating 13
need not be identical to those comprised in the absorber grating 14, however, they are
compatible with the first segments 161 comprised in the absorber grating 14 such that they
constitute a functioning interferometric unit. This applies mutatis mutandis to the second
segments 162 comprised in the phase grating 13 and those comprised in the absorber grating

14. In this example, the X-ray imaging device 1 is arranged for moving the line detector 15
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and the phase grating 13 and the absorber grating 14 in combination, between the first
relative position and the second relative position. In the first relative position, the portions of
the X-ray beam during operation pass through respective first segments 161 of both the phase
grating 13 and the absorber grating 14 and subsequently illuminate respective sensor lines
151 of the line detector 15 for detection, while the second segments 162 of both the phase
grating 13 and the absorber grating 14 are arranged outside said portions of the X-ray beam.
More specifically, in the second relative position the second segments 162 project along the
X-ray beam onto respective spaces between neighboring sensor lines 151. In the second
relative position, the portions of the X-ray beam during operation pass through respective
second segments 162 of both the phase grating 13 and the absorber grating 14 and
subsequently illuminate said respective sensor lines 151 of the line detector 15 for detection,
while the first segments 161 of both the phase grating 13 and the absorber grating 14 are
arranged outside said portions of the X-ray beam. More specifically, in the second relative
position the first segments 161 project along the X-ray beam onto said spaces between
neighboring sensor lines 151.In an example, shown as an option, a frame 16 is provided
comprising the first and second segments.

The processing unit of the X-ray imaging system 1 is arranged for controlling
a relative movement between the X-ray imaging device 10 and the object-receiving device 20.
For example, the X-ray imaging system 1 is configured to keep the object-receiving device
20 stationary during operation, and to realize said relative movement by moving, ¢.g. rotating,
a movable gantry to which the line detector 15 and the at least one grating but preferably all
of the source grating 12, the phase grating 13 or the absorber grating 14 are mounted, relative
to the object-receiving device 20. In an example the processing unit of the X-ray imaging
system 1 is alternatively, or in addition, arranged for controlling a movement from the line
detector and the at least one grating relative to each other from the first to the second relative
position, and vice versa.

Fig. 3 shows schematically and exemplarily an embodiment of a grating. The
grating may comprise a frame 16 comprising a first segment 161 and a second segment 162
arranged adjacent to each other in a direction perpendicular to the direction of the line
detector 15. Each of the first and the second segments 161, 162 of the grating comprise
grating lines 163 as stripes of different transmission characteristic, or transmission functions.
The first and the second segments 161, 162 differ from each other in view of the grating lines
163. As shown in Fig. 3, the grating structure, such as the grating lines 163, of the first

segment 161 has a first grating pitch and the grating structure, such as the grating lines 163,
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of the second segment 162 has a second grating pitch that differs from the first grating pitch.
The first segment 161 has a relatively large grating pitch, hence being suitable for relatively

low design energy. The second segment 162 has a relatively small grating pitch, hence being
suitable for relatively high design energy.

Here, the notion is to have a rigid interferometer box with a fixed distance d
between the phase grating 13 and the absorber grating 14. As sketched in Fig. 3, the grating
pitch p in the first segment 161 is larger than in the second segment 162, so the fixed distance
d relates to a smaller design energy that is given by the relation for the design wavelength
A=p*/8d, or in other words, at fixed distance d, the relationship Edesign ¢ 1/ p* for the design
energy holds. The height of the phase gratings may also be different in order to achieve the
desired phase shift. Furthermore, the shape of the gratings may be different, for example the
first one may be a rectangular grating and the second one may be a triangular grating.

Fig. 4 shows schematically and exemplarily an embodiment of a grating. The
grating may comprise a frame 16 (as an option) comprising a first segment 161, a second
segment 162 and at least one third segment 164 arranged adjacent to each other in a direction
perpendicular to the direction of the line detector 15 and to the X-ray beam 11 direction.
Each of the three segments of the grating comprises grating lines 163 of different
transmission characteristic. In an example, the X-ray imaging device is arranged for moving
the line detector 15 and the at least one grating relative to each also to a third relative position,
such that in the third relative position, the portions of the X-ray beam during operation pass
through the at least one third segment, while the first and second segments 161, 162 are
arranged outside the portions of the X-ray beam, and that in the first and second relative
position, the at least one third segment is arranged outside the portions of the X-ray beam.

In an example, a first segment 161 is provided for the acquisition of
conventional data, a second segment 162 is provided for the acquisition of gradients in an
orientation “x”, and a third segment 164 is provided for the acquisition of gradients in an
orientation “y”, wherein y is essentially perpendicular to x. If the first segment 161 is placed
above the line detector sensor, conventional scanning is performed, if the second segment
162 is placed above the line detector sensor, a gradient in x-direction is measured, and if the
third segment 164 is placed above the line detector sensor, a gradient in y-direction is
measured. It is further possible to employ at least a further segment (not shown) with a
grating orientation of e.g. 45° in between the second and third segments 162, 164.

Fig. 4 shows a schematic overview of steps of an X-ray imaging method. The

method comprises the following steps, not necessarily in this order:
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- In a first step S1, an X-ray beam 11 is provided with an X-ray source
arrangement to an object to be imaged.

- In a second step S2, an interference pattern is generated with at least one
grating 13, 14 that comprises at least a first segment 161 and a second segment 162 arranged
adjacent to each other in a direction perpendicular to the direction of a line detector 15.

- In a third step S3, a line detector 15 with a plurality of sensor lines, which
sensor lines are each provided by a plurality of sensor elements, and which sensor lines are
provided for detecting the respective portions of the X-ray beam 11 passing the grating
during operation and the object 21 to be imaged are moved relative to each other, such that in
response to the portions of the X-ray beam a number of interference patterns are detected at
respective different relative positions of the line detector and the object for reconstructing an
image of the object 21.

- In a fourth step S4, the line detector 15 and the grating are moved relative to
cach other between at least a first relative position and a second relative position, such that in
the first relative position, a portion of the X-ray beam 11 during operation is passing through
the at least one first segment 161, while the at least one second segment 162 is arranged
outside said portion of the X-ray beam 11, and that in the second relative position, said
portion of the X-ray beam 11 during operation is passing through the at least one second
segment 162, while the at least one first segment 161 is arranged outside said portion of the
X-ray beam 11.

- In a fifth step S5, the portion of the X-ray beam 11 passing the grating is
detected.

In another exemplary embodiment of the present invention, a computer
program or a computer program eclement is provided that is characterized by being adapted to
execute the method steps of the method according to one of the preceding embodiments, on
an appropriate system.

The computer program element might therefore be stored on a computer unit,
which might also be part of an embodiment of the present invention. This computing unit
may be adapted to perform or induce a performing of the steps of the method described above.
Moreover, it may be adapted to operate the components of the above described apparatus.
The computing unit can be adapted to operate automatically and/or to execute the orders of a
user. A computer program may be loaded into a working memory of a data processor. The

data processor may thus be equipped to carry out the method of the invention.
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This exemplary embodiment of the invention covers both, a computer program
that right from the beginning uses the invention and a computer program that by means of an
up-date turns an existing program into a program that uses the invention.

Further on, the computer program element might be able to provide all
necessary steps to fulfil the procedure of an exemplary embodiment of the method as
described above.

According to a further exemplary embodiment of the present invention, a
computer readable medium, such as a CD-ROM, is presented wherein the computer readable
medium has a computer program element stored on it, which computer program element is
described by the preceding section.

A computer program may be stored and/or distributed on a suitable medium,
such as an optical storage 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 telecommunication systems.

However, the computer program may also be presented over a network like the
World Wide Web and can be downloaded into the working memory of a data processor from
such a network. According to a further exemplary embodiment of the present invention, a
medium for making a computer program element available for downloading is provided,
which computer program element is arranged to perform a method according to one of the
previously described embodiments of the invention.

It has to be noted that embodiments of the invention are described with
reference to different subject matters. In particular, some embodiments are described with
reference to method type claims whereas other embodiments are described with reference to
the device type claims. However, a person skilled in the art will gather from the above and
the following description that, unless otherwise notified, in addition to any combination of
features belonging to one type of subject matter also any combination between features
relating to different subject matters is considered to be disclosed with this application.
However, all features can be combined providing synergetic effects that are more than the
simple summation of the features.

While the invention has been illustrated and described in detail in the drawings
and foregoing description, such illustration and description are to be considered illustrative or
exemplary and not restrictive. The invention is not limited to the disclosed embodiments.

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

In the claims, the word “comprising” does not exclude other elements or steps,
and the indefinite article “a” or “an” does not exclude a plurality. A single processor or other
unit may fulfil the functions of several items re-cited in the claims. The mere fact that certain
measures are re-cited in mutually different dependent claims does not indicate that a

combination of these measures cannot be used to advantage. Any reference signs in the

claims should not be construed as limiting the scope.
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CLAIMS:

1. An X-ray imaging device (10), comprising:

an X-ray source arrangement for providing an X-ray beam (11);

at least one grating (13, 14); and

a line detector (15) with a plurality of sensor lines, which sensor lines are each
provided by a plurality of sensor elements, and which sensor lines are provided for detecting
respective portions of the X-ray beam (11) passing the at least one grating during operation;

wherein the X-ray imaging device is arranged for moving the line detector (15)

and an object (21) to be imaged relative to each other, such that in response to the portions of
the X-ray beam a number of interference patterns are detectable at respective different
relative positions of the line detector and the object for reconstructing an image of the object
(21);

wherein the at least one grating (13, 14) comprises at least one first segment
(161) and at least one second segment (162) arranged adjacent to each other in a direction
perpendicular to the direction of the line detector (15); and

wherein the X-ray imaging device is arranged for moving the line detector (15)

and the at least one grating relative to each other between at least a first relative position and
a second relative position, such that in the first relative position, a portion of the X-ray beam
(11) during operation passes through the at least one first segment (161), while the at least
one second segment (162) is arranged outside said portion of the X-ray beam (11), and that in
the second relative position, said portion of the X-ray beam (11) during operation passes
through the at least one second segment (162), while the at least one first segment (161) is
arranged outside said portion of the X-ray beam (11).

2. X-ray imaging device (10) according to claim 1, wherein each of the first and
the second segments (161, 162) comprises a grating structure (163) of a respective
transmission characteristic and wherein the first and the second segments (161, 162) differ in
terms of the respective grating structure (163) such that the first and the second segments

(161, 162) differ in terms of the respective transmission characteristic.
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3. X-ray imaging device (10) according to claim 2, wherein the grating structure
(163) of the first segment (161) has a first grating pitch; and
wherein the grating structure (163) of the second segment (162) has a second

grating pitch that differs from the first grating pitch.

4. X-ray imaging device (10) according to claim 2 or 3, wherein the grating
structure (163) of the first segment (161) has a first orientation; and
wherein the grating structure (163) of the second segment (162) has a second

orientation that differs from the first orientation.

5. X-ray imaging device (10) according to claim 2, 3 or 4, wherein the grating
structure of the first segment (161) has a first geometry; and
wherein the grating structure of the second segment (162) has a second

geometry that differs from the first geometry.

6. X-ray imaging device (10) according to one of the preceding claims, wherein
the at least one grating comprises a frame (16); and

wherein the frame comprises at least the first and second segments.

7. X-ray imaging device (10) according to one of the preceding claims, wherein
the at least one grating (13) comprises at least one third segment (164) arranged adjacent to
the second segment (162) in a direction perpendicular to the direction of the line detector (15);

wherein the at least one third segment (164) differs from the first and the
second segments (161, 162) in terms of the respective grating structure (163) and the
respective transmission characteristic; and

wherein the X-ray imaging device is arranged for moving the line detector and
the at least one grating relative to each also to a third relative position, such that in the third
relative position, the portion of the X-ray beam during operation passes through the at least
one third segment, while the first and second segments are arranged outside said portion of
the X-ray beam, and that in the first and second relative position, the at least one third

segment is arranged outside said portion of the X-ray beam.

8. X-ray imaging device (10) according to one of the preceding claims, wherein

the X-ray imaging device (10) is an X-ray differential phase contrast imaging device (10);
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and
wherein the at least one grating is provided as a phase grating (13), or as an
absorber grating (14).
9. X-ray imaging device (10) according to one of the claims 1 to 7, wherein two

of the at least one grating are provided;

wherein one of the two gratings is a phase grating (13) and the other one of the
two gratings is an absorber grating (14) installed relative to the phase grating downstream the
X-ray beam; and

wherein, preferably, the first segments of the phase grating are different than
the first segments of the absorber grating; and/or the second segments of the phase grating

are different than the second segments of the absorber grating.

10. X-ray imaging device (10) according to one of the preceding claims, further
comprising a displacement unit configured for moving the at least one grating (13, 14)

relative to the line detector (15).

11. X-ray imaging device (10) according to one of the preceding claims, wherein
the at least one grating (13, 14) and the line detector (15) are mounted to a movable gantry;
and

wherein, preferably, a gantry displacement unit is provided that is configured

for moving the movable gantry relative to the object (21) to be imaged.

12. An X-ray imaging system (1), comprising:

an X-ray imaging device (10) according to the preceding claims;

a processing unit; and

an object-receiving device (20) configured to receive an object (21) to be
imaged;

wherein the processing unit is configured to control a relative movement of the
X-ray imaging device (10) and the object-receiving device (20) in relation to each other,
and/or a relative movement of the at least one grating (13, 14) and the line detector (15) of

the X-ray imaging device (10) in relation to each other.
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13. An X-ray imaging method, comprising the steps of:

providing an X-ray beam (11) with an X-ray source arrangement to an object
to be imaged;

generating an interference pattern with at least one grating (13, 14) that
comprises at least a first segment (161) and a second segment (162) arranged adjacent to each
other in a direction perpendicular to the direction of a line detector (15) ;

relatively moving a line detector (15) with a plurality of sensor lines, which
sensor lines are each provided by a plurality of sensor elements, and which sensor lines are
provided for detecting respective portions of the X-ray beam (11) passing the at least one
grating during operation and the object (21) to be imaged, such that in response to the
portions of the X-ray beam a number of interference patterns are detected at respective
different relative positions of the line detector and the object for reconstructing an image of
the object (21);

relatively moving the line detector (15) and the at least one grating between at
least a first relative position and a second relative position, such that in the first relative
position, a portion of the X-ray beam (11) during operation is passing through the at least one
first segment (161), while the at least one second segment (162) is arranged outside said
portion of the X-ray beam (11), and that in the second relative position, said portion of the X-
ray beam (11) during operation is passing through the at least one second segment (162),
while the at least one first segment (161) is arranged outside the said portion of the X-ray
beam (11); and

detecting the portion of the X-ray beam (11) passing the at least one grating.

14. A computer program element for controlling an X-ray imaging device
according to one of the claims 1 to 11 or an X-ray imaging system according to claims 12,
which, when being executed by a processing unit, is adapted to perform the method steps of

the preceding claim.

15. A computer readable medium having stored the program element of the

preceding claim.
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