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PHASE CONTRAST IMAGING APPARATUS

Technical field

[0001] The present invention relates generally to an improved x-ray imaging
apparatus in the field of mammography, tomosynthesis, radiography, wherein

phase contrast imaging capabilities have been implemented.

Background art

[0002] In prior art it has been proposed to use phase contrast in x-ray imaging to
increase signal-to-noise ratio (SNR) in e.g. mammographic applications. Medical x-
ray imaging is often limited by small contrast differences and high noise caused by
tight dose restraints. This is particularly true for mammography where low contrast
tumors constitute a major detection target, and a large number of tumors are missed
or misdiagnosed due to difficulties in detection. The use of phase contrast imaging
in medical applications have shown promising in order to increase SNR, since the

phase shift in soft tissue is in many cases substantially larger than the absorption.

[0003] International patent application WO 2008/006470 A1 describes the
use of interferometers for x-rays wherein x-ray images can be acquired from a
scanned object. The set up herein comprises means for evaluating intensities on a
pixel 105p basis in order to identify characteristic of the object 108by
characterizing each pixel 105p as being for instance phase contrast or absorption
contrast dominated. In one application concerning the investigation of luggage on a
moving conveyor belt, a setup comprising an array of line detector 105s and a
number of sub-gratings are arranged between the object 108and the line detector
1055 wherein each of the sub-gratings are shifted in their position perpendicular to
the grating lines. In this manner, luggage to be investigated is moved along a
direction perpendicular to the grating lines during a scan, wherein one scan

movement is required to acquire phase contrast and absorption contrast data.
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[0004] There are a number of disadvantages with the art presented above. First of
all, the solution requires the manufacturing of physically long sub-gratings G1, and

G2,, which is consumes resources in terms of cost and time.

[0005] Another drawback is that the proposed set up if directly implemented in a
mammography application is likely to induce errors in the phase detection due to
the direction of the scan vs the direction of phase contrast detection. When a
stationary object 108 such as a breast is analyzed, the set up needs to be moved in
a scan direction in relation to the object 108to create an x-ray image of the object,
not the other way around as in WO 2008/006470 A1. An example of a scanning
x-ray mammographic imaging system with absorption contrast functionality can be
seen in document X, by the applicant. In WO 2008/006470 A1, the scan
direction is set to be perpendicular to the grating lines of the sub-gratings, and
hence perpendicular to the interference fringes 163 to be detected. It is well known
that any system, including scanning systems, generally introduce more disturbances
in the scan direction since this is the direction of change. Another source of
disturbance is the gravity itself on a moving scan arm 103, since a gravity
component of the scan arm 103 will induce a torque on a detector 105/analyzer
grating 162 relative to the beam 122 splitter. Hence, a small shift between the
analyzer grating 162 and the beam 122 splitter due to gravitation will further
induce errors in the phase detection. In conclusion, in order to reduce these
disturbances a set up as in the prior art needs have very high requirements on scan
precision, which will make the manufacturing of such products more costly as well

as time-consuming.

[0006] Yet another drawback of the prior art is that the full potential of using
phase contrast, especially sought for in mammographic applications, is not utilized.
One of the main advantages of using phase contrast imaging is the reduced noise

at high spatial frequencies, i.e. an improved ability to detect small features. In a
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scanning system, spatial resolution is generally lower in the scan direction since

continuous read out is most often implemented.

Summary of invention

[0007] An object of the present invention is to alleviate some of the disadvantages
of the prior art and to provide an improved device for x-ray imaging.According to
one embodiment, the x-ray imaging system comprises an x-ray source, an x-ray
detector comprising a plurality of detector strips arranged in a first direction of the x-
ray detector, each detector strip further comprising a plurality of detector pixels
arranged in a second direction of the x-ray detector; a phase grating; a plurality of
analyzer gratings comprising grating slits; a phase grating, and a plurality of
analyzer gratings comprising grating slits, wherein the x-ray source and the x-ray
detector are adapted to perform a scanning movement in relation to an object in the
first direction, in order to scan the object, wherein the analyzer gratings are
arranged between the x-ray source and the x-ray detector, wherein each of the
plurality of analyzer gratings (162) is arranged in association with a respective
detector strip with the grating slits arranged in the second direction and wherein the
grating slits of the analyzer gratings of the detector strips are displaced relative to

each other in the second direction.

[0008] According to another embodiment, the x-ray imaging system (101)
comprises an x-ray source (104) , an x-ray detector (105) (1comprising a plurality
of detector strips (105)a) arranged in a first direction of the x-ray detector (105),
each detector strip (105)a further comprising a plurality of detector (105) pixels
(105p) arranged in a second direction of the x-ray detector (105); a phase grating
(161); and a plurality of analyzer gratings (162) comprising grating slits; wherein
the (1)x-ray source (104) and the x-ray detector (105) are adapted to perform a
scanning movement in relation to an object (108) in the first direction, in order to

scan the object; wherein the analyzer gratings (162) are arranged between the x-
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ray source (104) and the x-ray detector (105), wherein a plurality of analyzer
gratings (162) is arranged in association with a respective detector strip ({105a)
with the grating slits arranged in the second direction and wherein the grating slits
of the analyzer gratings (162) of the detector strips (105a) are displaced relative to

each other in the second direction.

[0009] According to another embodiment, the displacement of grating slits of the
analyzer gratings (162) along a plurality of detector strips (105a) samples an entire
fringe period (163d) of interference fringes (163) generated by a phase grating
and displaced by a phase gradient in the object (108) when the object (108) is

scanned.

[0010] According to another embodiment, the grating slits of analyzer gratings of
two consecutive detector strips with analyzer gratings in a first direction are
displaced relative to each other in the second direction in a systematic manner,

wherein the systematic manner comprises a defined displacement distance.

[0011] According to another embodiment, the displacement distance (d) is a
fraction of the fringe period pj, such that % < d < py, where N is the number of

detector strips such that the entire fringe period 163d is covered.

[0012] According to another embodiment, the displacement distance (d) is

br br
between, == < d < py, preferably =,

[0013] According to another embodiment, the grating slits of analyzer gratings of
two consecutive detector strips are displaced relative to each other in the second
direction in an arbitrary manner, wherein the arbitrary manner comprises a random

displacement.
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[0014] According to another embodiment, the grating slits of the randomly
displaced analyzer gratings (162), when summarized, are uniformly distributed

over an entire fringe period.

[0015] According to another embodiment, two consecutive detector strips with

analyzer gratings in a first direction are two adjacent detector strips.

[0016] According to another embodiment, two consecutive detector strips (105a)
with analyzer gratings (162) in a first direction are randomly or arbitrarily

displaced among the detector strips {105a) in a first direction.

[0017] According to another embodiment, the system is adapted to be calibrated

such that the exact position of the analyzer gratings is established.

[0018] According to another embodiment, analyzer gratings are arranged on all

detector strips.

[0019] According to another embodiment, system further comprises a pre-
collimator and a postcollimator, wherein the pre-collimator is arranged between the
analyzer grating and the phase grating and the post-collimator is arranged between

the analyzer grating and the x-ray detector.

[0020] According to another embodiment, the system further comprises a source

grating arranged between the x-ray source and the phase grating.

[0021] According to another embodiment, the detector (105) is adapted to count
photons impinging on the detector strips (105a) and generate a signal
corresponding to the energy of impinging photons, and wherein a control unit {121)
is adapted to receive said signals and assign a weight to the phase-contrast image
effect in relation to the efficiency at each energy and/or wherein the control unit
121 is adapted to assign a weight to the phase-contrast image effect in relation to

the efficiency at each energy.
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[0022] According to another embodiment, the control unit {121} is adapted to
assign a higher weight of photons within a first energy interval to the phase-contrast
image effect wherein phase contrast is more optimal, and/or wherein the control
unit is adapted to assign a higher weight of photons within a second energy interval

to the absorption contrast effect, wherein absorption contrast is more optimal.

[0023] According to another embodiment, the first and second energy intervals
are defined by a first, lower threshold value of the photon energy, and a second,
higher threshold value of the photon energy, wherein each detector pixel of each
detector strip is connected to a comparator and counter comprising at least two

threshold values for comparing the signal with said threshold values and counting

said photons within the first and second energy intervals.

[0024] According to another embodiment, that the detector is adapted to count
each photon impinging on the detector strips and generate a signal corresponding
to the energy of each impinging photon, and wherein photons within an energy
inferval comprising a lower energy threshold, a higher energy threshold, wherein
the interval comprises an optimal energy for phase contrast are readout to enhance

the phase contrast image effect

[0025] According to another embodiment, that the energy distribution depends on
the set voltage of the x-ray source or on the breast thickness, wherein the control unit
is adapted to receive signals comprising information regarding the set voltage
and/or receive signals comprising information regarding the breast thickness, for
instance from an automated exposure control which optimizes the voltage based on
the thickness of the object, and adapts the lower energy threshold and the higher

energy threshold based on this information.

[0026] According to another embodiment, first energy interval contains higher

photon energies than the second energy interval.
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[0027] According to another embodiment, at least one analyzer grating is

arranged in a first crosswise direction over the entire detector.

[0028] According to another embodiment, the system further comprises at least
one movable compression paddle, wherein the compression paddle is adapted to
move an object, such as a breast, further away from the analyzer grating to

increase the phase contrast image effect.

[0029] According to another embodiment, the at least one compression paddle is
adapted to move the object within a range between the analyzer grating and the

pre-collimator or the phase grating.

[0030] According to another embodiment, the system further comprises a control
unit adapted to move the compression paddle into a position wherein the ratio of

the phase contrast and absorption contrast is optimized.

[0031] According to another embodiment, the at least one compression paddle is

adapted to be arranged below an object.

[0032] According to another embodiment, a scan arm is provided, wherein the x-
ray source is arranged in a first position of the scan arm and the x-ray detector is

arranged in a second position of the scan arm.

[0033] According to another embodiment, the phase grating is arranged on the
scan arm in order fo follow the scan arm during the scanning movement in relation

to an object in the first direction.

[0034] According to another embodiment, the phase grating is arranged to be
stationary wherein the scan arm during the scanning movement is moved in relation

to an object and the phase grating in the first direction.
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[0035] According to another embodiment, the analyzer grating is arranged on

each of a plurality of detector strips.

[0036] According to another embodiment, the analyzer grating is connected to

each of a plurality of detector strips by a snap-it like connection.

[0037] According to another embodiment, the analyzer gratings (162) are
arranged directed towards the x-ray source (104), wherein the tilting direction of the
analyzer gratings (162) are essentially equal to the tilting angle(s) of the plurality of

detector strips (105a) in relation to the x-ray source (104)

[0038] According to another embodiment, each analyzer grating 162 comprises
several smaller units, adapted to be connected to each other during the

manufacturing of the analyzer gratings 162.

Brief description of drawings

[0039] The invention is now described, by way of example, with reference to the

accompanying drawings, in which:
[0040] Fig. 1 shows a perspective view of an x-ray imaging system

[0041] Fig. 2a shows a schematic view of the x-ray imaging system set up in a x-

z-plane, corresponding to the phase contrast plane

[0042] Fig 2b shows a schematic view of the x-ray imaging system set up as seen

in Fig. 2a in a y-z plane, corresponding to the absorption contrast plane

[0043] Fig. 3a shows a portion of the detector and a systematic displacement of

the analyzer grating of adjacent detector strips

[0044] Fig. 3b shows portion of the detector and a systematic displacement of the

analyzer grating of non adjacent detector strips
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[0045] Fig. 3¢ shows a portion of the detector and a random displacement of the

analyzer gratings 162 of adjacent detector strips

[0046] Fig. 3d shows a portion of the detector and a systematic displacement of

the analyzer grating arranged in a perpendicular direction in a cross-wise manner

[0047] Fig. 4a shows the detector and a set up for energy weighting

[0048] Fig. 4b shows energy distribution of photons of an x-ray source
[0049] Fig. 5 shows a compression paddle in two alternative positions.

Description of embodiments

[0050] In the following, a detailed description of the invention will be given.

[0051] Fig. 1 illustrates an x-ray imaging system 101 according to one
embodiment, based on a photon-counting detector 105 that scans the image field in
one direction. The system according to this embodiment is based on the existing
scanning systems for x-ray imaging developed by the applicant, whereby the system
have the same external features as are for instance known from document US
7496,176. The system thus comprises an x-ray source 104 arranged in a housing,
patient support and pre-collimator 106a housing and compression paddle 107q,
107b. A collimator is arranged in a collimator support, and the patient support
comprises a detector 105 comprising a plurality of detector strips 105a. The x-ray
source 104 and the detector 105 are arranged essentially in respective ends of a
scan arm 103, hence arranged to be displaced radially with the x-ray source 104
in the centre. An image is acquired by scanning the detector 105 across an image
field and applying absorption contrast principles. Whenever the detector 105 has
scanned a predefined distance, the number of photon counts collected is read-out

and the counter is reset. However any other type of x-ray system may implement the
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phase contrast imaging capability described herein, preferably systems with a scan
movement fo cover and generate an image of an object, by irradiating the object

with x-ray beams. .

[0052] Fig. 2a, disclosing one embodiment of the invention, shows a schematic
view of a cross-section of the x-ray imaging system 101 enabling phase contrast
imaging, set up in a xz plane as defined by the coordinate system seen in the
figure. The system according to this embodiment comprises a Talbot interferometer
set up, and is thus based on so-called Talbot interferometry, also known as grating
interferometry, grating-based phase contrast imaging, or differential phase contrast
imaging, wherein phase shift is inferred by intensity differences, generated by
placing a number of gratings in the beam 122 path. The scan direction along a
radial path, with the x-ray source 104 in the center as seen in Fig. 1, is defined to
be in the y-z plane, denoted by the arrow in Fig. 2b. In Fig. 2a the x-ray source
104 is arranged at the uppermost position of the system radiating the detector 105
arranged at the lowermost position in the figure. The x-ray source 104 emits an x-
ray radiation beam 122. In one embodiment, a source grating 160 is arranged
slightly displaced from the x-ray source 104 in the direction of the x-ray radiation
field towards the detector 105. The source grating 160 lines extends in a y-
direction. The purpose of the source grating 160 is to generate an array of small x-
ray sources 104, which improves photon economy substantially compared to a
single small x-ray source 104 without reducing coherence. Further down in the
direction of the x-ray radiation field, a phase grating 161, sometimes denoted
beam 122 splitter, is arranged with the purpose to introduce an effect known as
Talbot self images, which are interference fringes 163 that appear at periodic
distances from the grating and parallel with the grating strips, also known as
grating lines. A pre-collimator 106a may be arranged essentially adjacent the
phase grating 161, as seen in this embodiment to further enhance dose efficiency

by illuminating only the parts of the object that can be seen with the detector.. To
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facilitate the understanding of the workings of the phase contrast effect, an
exemplary triangularly shaped object 108 is arranged between the phase grating
161 and the detector 105 according to this embodiment, however said object 108
but may also be arranged between the x-ray source 104 and the phase grating 161
and achieve similar effects. The object 108 corresponds to e.g. a breast in a
mammography application. Slightly above the detector 105 as seen in a direction
towards the phase grating 161, an analyzer grating 162 is arranged. The analyzer
grating lines 162a extends in first direction corresponding to the scan direction y,
whereas a plurality of grating slits, i.e. openings 162b, of the analyzer grating 162
extends in a second direction x, perpendicular to the scan direction, whereas the
analyzer grating 162 extends a longer distance in the first direction than in the
second direction. The pitch 162d of the analyzer grating 162 is referred to as the
distance between the center of two adjacent closures 162¢ of the grating as can be
seen in Fig. 2a, or in other words, as the total length of the width of one opening
and one closure 162¢ in the grating. Between the analyzer grating 162 and the
detector 105 a second post-collimator 106b may be arranged to further reduce
photon scattering and thereby improve dose efficiency. Thus, as seen in the figure,
the phase grating 161 is illuminated by the x-ray source 104 which is covered by a
source grating 160 and induces interference fringes 163. The fringes 163 are
displaced by the phase gradient, i.e. the derivative of the phase shift, in the object,
and the fringe period 163d remains constant. The fine-pitch 162d analyzer grating
162 arranged in association with the detector 105 can be used to derive the fringe

displacement and hence the phase shift.

[0053] For a spherical beam 122 induced by a point source, the so-called Talbot

distances are:

= ,where D, = —— ,n=1,3,5, ...
L_anere n = 22 n
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[0054] Here, L is the sourceto-grating distance, n is the Talbot order, p; is the
pitch 162d of the phase grating 161, A is the x-ray wavelength, and n is the
parameter that depends on the phase grating 161 type.

[0055] Assuming a T phase-shifting phase grating 161 according to one
embodiment, which implies n = 2. For a m/2-shifting phase grating 161, n= 1.

[0056] The period of the interference fringes 163 is

PrL
! ,whereszﬁ
L—D, |

pr =

[0057] Again, Pr = pg(L — ) is the fringe period 163d for a plane incident
wave. If the source is covered with a source grating 160 with openings 162b that

are s wide and with a pitch 162d of

_ L
Po = Py D,
[0058] The Talbot images generated from the different source slits coincide and
generate a higher flux, which is of relevance to keep down the exposure time in

phase-contrast imaging.

[0059] When a phase shifting object 108 is introduced in the beam 122, it is
refracted an angle a =@'1/2r, where @' is the differential phase shift of the object.

For small a, the refraction causes a fringe displacement
Aps~ Ady % @ = Ady—= @'
pf ~ n a = noo

at a distance Ad,, from the object, where A ranges from O for an object 108placed
in contact with the detector 105 to 1 for an object 108 at or upstream of the phase
grating 161. The fringes 163 are periodic as a function of x, i.e. in the x direction

in the set up according to the embodiment. Thus, a phase gradient in the object 108
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causes a phase shift of the fringes 163, which can be measured to obtain @' by the
intensity variations sensed behind the analyzer gratings 162. The phase shift @ may
be obtained by integration of @'. The placing of the analyzer gratings 162 before
the detector 105 is not theoretically necessary in order for a detector 105 to sense
the fringe displacement; however it reduces the resolution requirement of the
detector 105. Detectors 105 with enough resolution to detect Ap; may in fact be
difficult and expensive to manufacture. One method used in the past comprising the
analyzer grating 162 is the step-wise movement of the analyzer grating 162 in the
x-direction until the entire fringe period 163d is covered by the openings 162b of
the analyzer grating 162, preferably in at least M=3 measurements or steps. Such

methods are normally referred to as phase stepping methods.

[0060] Fig. 2b shows a cross-section of the schematic view of the x-ray imaging
system 101 set up as seen in Fig. 2a in a y-z plane. From this direction, it is made
clear that the set up comprises a multi-slit geometry, according to well-known
principles developed by the applicant, wherein the detector 105 comprises a
plurality of Si strip detector 105s aligned with each of the plurality of slits of the pre-
collimator 106a and postcollimator 106b. According to one embodiment, 21 strip
detectors 105 are preferably used in a detector 105. Above and in association to
each of a plurality of the detector strips 105a, analyzer gratings 162 have been
arranged. As stated earlier, a scanning movement takes place in the y-z plane,
essentially in the y-direction, as is also shown by the arrows in the figure. This
direction is thus adapted to measure absorption contrast of an object, which will be
further described below. According to one embodiment, the analyzer gratings are
directed towards the x-ray source to minimize losses caused by the high aspect ratio
of the analyzer gratings, i.e. in order to increase the dose efficiency and reduce
scatter, the openings of the analyzer gratings are made more aligned with the
direction of the x-ray beams. According to one embodiment, such direction may

require tilting of the analyzer gratings such that they essentially have their opening
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perpendicular to the incident x-ray beams, similar to the direction of the surface of

each detector strip 105a.

[0061] According to one embodiment, each analyzer grating 162 comprises
several smaller units, adapted to be connected to each other during the

manufacturing of the analyzer gratings 162.

[0062] Fig. 3a shows a portion of the detector 105 comprising four detector strips
1054, the figure essentially viewed in a direction of incident x-ray beams 122
towards the detector 105, essentially in a negative z-direction according to the
coordinate system of Fig. 2a and Fig. 2b. Four analyzer gratings 162 are arranged
in association to these detector strips 105a, i.e. they are arranged in manner along
the detector strips 105a in a second direction x to alternately cover and not cover
the detector strips 105a with the openings 162b and closures 162cof the analyzer
gratings 162. Further, each detector strips 105a are built up by a plurality of
detector 105 pixels 105p arranged side-by-side in an x-direction as seen in the
figure. To facilitate the illustration of the set up, the pixels have been made
essentially rectangular. However, they may have any other type of shape. In one
embodiment the analyzer gratings 162 are arranged directly on the detector strips
105q, for instance by a snap-it connection between the analyzer gratings and the
detector strips, but in another embodiment there is a slight distance between the
detector strips 105a and the analyzer gratings 162. In yet another embodiment, the
analyzer gratings 162 are arranged directly on the post-collimator 106b which in
turn is arranged directly on the detector 105. According to the embodiment of Fig.
3a, the analyzer gratings 162 are arranged slightly displaced relative to each other
in systematic manner in an x-direction, perpendicular to the scan direction, wherein
the displacement is essentially equal for two consecutive detector strips 105a with
analyzer gratings 162. The displacement distance d, i.e. the displacement of

grating slits of the analyzer gratings 162 along a plurality of detector strips 105a is
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defined such that the plurality of detector strips 105a with analyzer gratings 162
samples an entire fringe period 163d of interference fringes 163 generated by a
phase grating and displaced by a phase gradient in the object 108 when the object
108 is scanned during the scanning movement in the y-direction. In this manner, no
additional scan is required in the x-direction according to e.g. a step-scan
approach, since the fringe period 163d in the x-direction is scanned along with the

scan movement in the y-z-plane.

[0063] The displacement d is a fraction of the fringe period 163d p¢, the fraction
varying essentially between 1 and the number of detector strips 105a with analyzer
gratings 162, i.e. such that % < d < py, where N is the number of detector strips

105a with analyzer gratings 162. According to one preferred embodiment, the

displacement d is between, p?f < d < pg, preferably p—gf.

[0064] In Fig. 3a the fringes 163 are represented by the lines in the scan
direction y. The darkest sections 163a of the lines represent the fringe maxima
163a of the fringe function and the middle of the white sections 163b represents the
fringe minima 163b of the function. The sections surrounding the fringe maxima
163a thus represent an area of increasing/decreasing intensity 163c of the fringes
163. Hence, the fringe period 163d is thus defined as the distance between for
instance two fringe maxima 163a. The fringes 163 of Fig. 3a are equal for each
detector strip 105, which thus schematically shows each detector strip 105a
scanning the same point in the object 108 at different points in time. In reality it is
namely unlikely that the object 108 would be phase-homogenous over an area in
an object 108 corresponding to four detector strips 105a during a scan. Rather, the
fringe pattern will vary between each detector strip 105. According to one
embodiment, the period of the analyzer grating 162 is the same as the period of
the interference fringes 163 P, i.e. wherein the width of the grating openings 162b

corresponds to the width of the fringes 163, i.e. half the fringe period 163d,
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comprising the fringe maxima 163a and the section surrounding the fringe maxima
163a. The pixels 105p of each detector strip 105a are adapted to sense the
intensity of the fringe function and transmit a corresponding signal to a control unit
121. In the figure, such signal may correspond to a sensed fringe maxima 163a as
in pixel 105p A in detector strip 105a1, a sensed intensity corresponding anywhere
between an intensity maxima and minima as for instance in pixel 105p A and B in
detector strip 10502, or an intensity minima as in for instance in pixel 105p B of
detector strip 105a1, as shown in the squares corresponding to the sensed data by
the control unit 121. The location of the interference fringes 163 in each pixel is
deduced from the detected signals from a number of detector strips at the same
point in the object. The displacement of the interference fringes 163 in each pixel
can then be calculated by comparing to a reference scan. An example of wherein
how this can be illustrated is seen in for instance detector strip 105a1 and detector
strip 10502, wherein both signals relating to intensity maxima and intensity minima
are detected from pixels 105p in the same detector strips 105a. Given the constant
fringe period 163d along each detector pixel 105p, the only explanation can be
that there is a difference in phase shift between the two pixels.. The differential

phase shift @' in the object can be calculated according to Apy ~ Ad,, x a =
Adn% @', with the fringe displacement Ap; deduced from the displacement of the

fringe function over the entire fringe period for a function wherein an object has
been scanned, i.e. placed in the x-ray beam, compared to a reference scan, ,
wherein no object or a homogeneous object has been scanned. The actual phase
shift in the object @ may then obtained by integration of @', wherein a phase

contrast signal may be calculated for each pixel 105a.

[0065] According to another embodiment, the intensity maxima and minima are
simply arranged in an image corresponding to the object wherein phase shift
occurs, for the operator of the imaging system to interpret and identify interesting

areas by the aid of this information. The absorption contrast is detected in the scan
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direction, i.e. by averaging over the number of detector strips 105a required to
cover an entire fringe period 163d, wherein the average value of the intensity over
the pixels 105p of these detector strips 105a generate the absorption contrast one

position of the image.

[0066] Fig. 3b shows a portion of the detector 105 similar to that of Fig. 3a, and
a systematic displacement of the analyzer gratings 162 of two consecutive detector
strips 105a with associated analyzer gratings 162, where at least one detector strip
1054q, is arranged between two consecutive detector strips 105a upon which no
analyzer grating 162 has been arranged. Hence, the analyzer gratings 162 does
not have to be arranged on every detector strip 105a in the detector 105, i.e. on
adjacent detector strips 105a, and the displacement d can thus be measured
between two consecutive detector strips 105a upon which an analyzer grating 162
is arranged. Further, the order of consecutive detector strips 105a with analyzer
gratings 162 may be random. However, the total number of detector strips 105a
with analyzer grating 162 must be sufficient to cover an entire fringe period 163d

of interference fringes 163. According to one embodiment, wherein the

displacement is set to 2£, at least three detector strips 105a would be required.
P - P q

[0067] Fig. 3¢ shows a portion similar to that of Fig. 3a of the detector 105, but
wherein the displacement d between two consecutive detector strips 105a with
analyzer gratings 162s, in this case adjacent detector strips 105a, are displaced
relative to each other in the second direction in an arbitrary manner, wherein the
arbitrary manner comprises a random displacement. The only restriction on the
randomness of the displacement is that when the summarizing all strips with
analyzer gratings 162 they sample an entire fringe period 163d of interference
fringes 163 generated by a phase grating and displaced by a phase gradient in
the object 108 when the object 108 is scanned. That is, the random displacement

needs to be uniformly distributed and range over the entire fringe period. In order
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for phase grating 161 imaging to function for a detector 105 with a random
displacement of analyzer gratings 162, the system needs to be calibrated
accordingly such that the exact positioning of the analyzer gratings is known by a
processing device (not shown) which generates the data necessary for displaying an
image. Such calibration may for instance be implemented by the placing of a test
object with known phase shift in the x-ray beam. According to one embodiment,
any type of placement of analyzer gratings, systematic or random, may preferably
be calibrated according to this or other methods. In a similar manner to that of Fig
3b, the random displacement of analyzer gratings 162 may occur on a random or
arbitrary order of consecutive detector strips 105a with analyzer gratings 162 as

well.

[0068] Fig. 3d shows a portion of the detector 105, wherein only two detector
strips are shown. Analyzer gratings 162 have been arranged in a crosswise
manner over the entire length of the detector strips 105a2 as seen in the figure,
such as the grating lines are arranged in the x-direction to cover the entire image
field in this direction. The grating lines between two detector strips 105a2 with
crosswise arranged analyzer gratings 162 are displaced a distance d, (not shown)
over a plurality of detector strips 105a in the scan direction, such that an entire
fringe period 163d in the y-direction is covered by the openings 162b of the
crosswise analyzer grating 162ds. Preferably, the displacement d, is a fraction of
the fringe period 163d Py,, in the y-direction similar to the displacement d
previously described, wherein the fraction varies essentially between 1 and the

number of detector strips 105a2 with crosswise analyzer gratings 162d, i.e. such
that % < d < P;, where N is the number of detector strips 105a with analyzer
gratings 162. According to one preferred embodiment, the displacement d is in the
range P—f < d < Py, , preferably %. In order to generate the interference fringes

163 in a y-direction for a detector strip with analyzer gratings in this direction, a
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corresponding second phase grating 161 needs to be arranged with grating lines
in a y-direction. Hence, the direction of the phase grating(s) need to vary with
respect to the direction of the analyzer gratings. According to one embodiment,
such second phase grating 161 may be arranged in the proximity to the phase
grating 161 as previously described, in a crosswise manner together with a first
phase grating wherein a cross pattern of interference fringes are generated (not
shown). Thus, by the aid of this set up, in one single scan, phase contrast detection
is now possible in two dimensions along with the absorption contrast detection, to
further enhance the ability to detect risk areas and abnormalities in a scanned

object.

[0069] In Fig. 4a a detector 105 arrangement according to one embodiment of

the invention is illustrated for enhancing phase contrast information. As has

previously been described, the so-called Talbot distances can be described as:
D,L np.?

,where D, = ——=,n=1,3,5,

=10, 221

[0070] The photon energy is inversely proportional to the x-ray wave length ().
The relationship between A and d,, thus implicates that there is an optimal energy E,
for a given distance between a phase grating 161 and the analyzer grating 162. In
a fix system according to one alternative embodiment of the invention, wherein the
relative distance between the phase grating 161 and the analyzer gratings 162 is
not adjustable, the efficiency of the phase contrast detection varies with the energy
spectrum of the photons impinging on the detector 105 due to the varying visibility
of the fringe function with the energy. The energy spectrum varies for instance with
the setting of the acceleration voltage of the x-ray source 104 by an operator prior
to a scan or gradients in breast thickness. Further, variations may also be caused by
a so-called automatic exposure control (AEC) when implemented in the system,

wherein the x-ray flux is optimized based on the breast thickness, sensed by the
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detector 105 during the beginning of scan by adaptively changing the x-ray source
104 acceleration voltage. An AEC is important when acquiring high quality
absorption images and must therefore function parallel to a phase contrast detection
functionality. The detector 105 assembly according to Fig. 4a proposes a detector
105 with energy weighting capabilities to overcome this limitation. According to a
simplified arrangement, the pixels 105p of each detector strip 105a in the detector
105 is connected to an amplification block 164a, a comparator block 164b, and a
counter block 164c. As an x-ray source 104 irradiates an object 108and the
detector 105 with an x-ray beam 122. The x-ray beam 122, containing photons
with a certain energy spectrum is filtered by the object, and phase shifts of the
photons may further occur. Thus, the photons carry relevant information when
incident onto the detector 105. A signal is created based on the energy of the
photon in the detector pixels. The pixel 105p signals are readout by first being
amplified by an amplifier. After amplification the signal may be altered by a band
pass filter or shaper, wherein signal to noise ratio is improved by suppressing high
frequencies. After being amplified, the amplitude of the signal is compared to
threshold levels in a comparator block, whereupon the comparator outputs 1 if the
signal is above a threshold, and O if the signal is below the threshold. A photon
pulse counter then increases its number every time the input changes from O to 1.
With the aid of comparators, it is possible to count each photon having an energy

within a certain energy interval.

[0071] In Fig. 4b a shows the energy spectrum of incident photons on a detector
according to one embodiment of the x-ray imaging apparatus. The optimal energy
is denoted E, a lower threshold is denoted E,, a higher threshold is denoted E,.
Preferably, the photons having an energy within the energy interval E; to E, relevant
for phase contrast is assigned a higher weight for the phase contrast image effect,
by either reading out or by using only photons within this energy interval. The

setting of the energy interval in the may be adjustable to comply with non-fix systems
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wherein the distance d,, is adjustable. However, the width of the energy interval
may also depend on the setting of the x-ray source, wherein a higher acceleration
leading to a larger flux or intensity of photons, adjusts he energy interval to be more
narrow and closer to the optimal energy E,. Hence, as the flux increases, a higher
amount of photons with energy close to E,will impinge the detector such that the
quality of the image may increase. If the flux of photons is low, however, photons

within a wider energy interval will have to be included to enhance the image

quality.

[0072] According to another embodiment, the content of the photon pulse
counters may be readout to a control unit 121 for optimally weighting the photons,
for image processing and presentation. Preferably, the photons having an energy
within the energy interval relevant for phase contrast is assigned a higher weight for
the phase contrast image effect, wherein the photons having an energy within the
energy interval extra relevant for absorption contrast is assigned a higher weight for
the absorption contrast image effect. The weighting is based on pre set criteria in
the control unit, for phase contrast photons may be assigned a 1 if inside the
interval, and O if outside, and for absorption contrast, the photons having energies
within the energy interval of extra importance to absorption contrast, are assigned a
value higher than O according to one embodiment. The setting of the energy
intervals may be adjustable to comply with non-fix systems wherein the distance d,,
is adjustable. This requires a set up of comparators and counters adapted to count
photons within two energy intervals, a first energy interval defined by first lower
threshold and a second higher threshold, and a second interval defined by a first
lower threshold and a second, higher threshold. Assigning a higher weight, may,

especially for the case of phase contrast photons comprise weighting by the factor

1.
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[0073] According to another embodiment, three energy levels are used to count
and weight photons according to increase phase contrast and absorption contrast
effects, essentially dividing the energy spectra into three energy intervals, wherein
the upper and lower limits are defined by infinitely high energies and O
respectively. Preferably, photon with energies within the lower energy interval is
filtered out and used for phase contrast. Photons with energies within the middle
energy interval is counted and/or weighted positive, i.e. assigned a higher weight
for absorption contrast and photons within the upper energy interval is counted and
assigned a higher weight for phase contrast. The weighting of phase contrast

photons may include weighting with a factor 1.

[0074] Fig. 5 shows a scan arm 103 with an x-ray source 104 and a detector
105 arranged at two positions, 107a1 and 10702 respectively, essentially in each
end of the scan arm 103. As known from previous figures, e.g. Fig. 2a, a phase
grating 161 and pre-collimator 106a is arranged between the x-ray source 104
and the detector 105. Further, between the x-ray source 104 and the detector 105
a compression paddle 107a, 107b is arranged to move and/or compress the
object 108 such as a breast in a vertical direction. In imaging arrangements fo the
present date, a compression paddle 107a, 107b is used for pressing the breast
towards downwards towards a second compression paddle 107a, 107b, also
known as the object 108 table. However, in order to increase the effect of the
phase contrast in the x-ray image, the breast needs to be placed as far away from
the detector 105. As described, For small a, the refraction causes a fringe
displacement

A
Apr =~ Ady, X a = Adnﬁ @'

at a distance Ad,, from the object, where A ranges from O for an object 108 placed

in contact with the detector 105 to 1 for an object 108 at or upstream of the phase
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grating 161. Thus, the farther away from the detector 105, the larger the fringe
displacement detectable by the detector 105. There is a trade-off between the
absorption effect and the phase contrast effect depending on the vertical distance of
the scanned object 108 from the analyzer grating 162. An increased distance from
the detector 105 will diminish the absorption contrast effect due to scattering effects
wherein valuable radiation that has passed the object 108 is lost. Therefore, the
height of the compression paddles 107a, 107b should be adjusted based on and
prior to the preferred type of scan to be performed. This could be implemented such
that the height is automatically adjusted based on the setting by an operator of the

x-ray imaging system 101.

In the field of mammography, there is an increasing demand for three-dimensional
(3D) information which can reduce distraction by anatomical structures and provide
3D localization. The proposed embodiments disclosed in this application could
readily be implemented in known tomosynthesis solutions, wherein projection angles
are generated with the purpose to create projection images when the x-ray source

104 irradiates each point in an object 108 from various angles.

The present invention should not be limited to extracting phase-contrast information
from the detected signals of the interference fringes. One example of other
information that may be available is information about the object scattering ability,
so-called dark-field imaging, such as in. In dark-field imaging, the visibility of the

detected periodic function, defined as

I — I
V: max min

Imax + Imin

where Imax and Iminare the intensity maxima and minima respectively, may be
compared to the visibility of a reference scan and used to obtain the dark-field

image.
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CLAIMS

1. An x-ray imaging system (101) comprising:
an x-ray source (104);

an x-ray detector (105) comprising a plurality of detector strips (105a) arranged in
a first direction of the x-ray detector (105), each detector strip (105a) further
comprising a plurality of detector {105) pixels (105p) arranged in a second

direction of the x-ray detector (105);

a phase grating (161); and

a plurality of analyzer gratings (162) comprising grating slits;
characterized in that

the (1)x-ray source (104) and the x-ray detector (105) are adapted to perform a
scanning movement in relation to an object (108) in the first direction, in order to

scan the object;

wherein the analyzer gratings (162) are arranged between the x-ray source (104)
and the x-ray detector (105), wherein each of the plurality of analyzer gratings
(162) is arranged in association with a respective detector strip (105a) with the

grating slits arranged in the second direction

and wherein the grating slits of the analyzer gratings (162) of the detector strips

(1050a) are displaced relative to each other in the second direction.

2. An x-ray imaging system (101) according to claim 1, characterized in
that the displacement of grating slits of the analyzer gratings (162) along a plurality

of detector strips (105a) samples an entire fringe period (163d) of interference
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fringes (163) generated by a phase grating and displaced by a phase gradient in
the object (108) when the object (108) is scanned.

3. An x-ray imaging system (101) according to claim 1 or 2, characterized
in that the grating slits of analyzer gratings (162) of two consecutive detector strips
(105a) with analyzer gratings (162) in a first direction are displaced relative to
each other in the second direction in a systematic manner, wherein the systematic

manner comprises a defined displacement distance (d).

4, An x-ray imaging system (101) according to claim 3, characterized in

that the displacement distance (d) is a fraction of the fringe period p, such that
% < d < py, where N is the number of detector strips such that the entire fringe

period 163d is covered.

5. An x-ray imaging system (101) according to claim 3 or 4, characterized

in that the displacement distance (d) is between, p—gf <d < py, preferably p—gf.

6. An x-ray imaging system (101) according to any of claims 1-5,
characterized in that the grating slits of analyzer gratings (162) of two consecutive
detector strips (105a) are displaced relative to each other in the second direction in
an arbitrary manner, wherein the arbitrary manner comprises a random

displacement.

7. An x-ray imaging system (101) according to claim 6, characterized in
that the grating slits of the randomly displaced analyzer gratings (162), when

summarized, are uniformly distributed over an entire fringe period.

8. An x-ray imaging system (101) according to any of claims 1-7,
characterized in that two consecutive detector strips (105a) with analyzer gratings

(162) in a first direction are two adjacent detector strips (105a).
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9. An x-ray imaging system (101according to any of claims 1-8,
characterized in that two consecutive detector strips (105a) with analyzer gratings
(162) in a first direction are randomly or arbitrarily displaced among the detector

strips (105a) in a first direction.

10. An x-ray imaging system (101) according to claim 6 or 9, characterized
in that the system is adapted to be calibrated such that the exact positions of the

analyzer gratings is established.

11. An x-ray imaging system (101) according to any of claims 1-10,
characterized in that analyzer gratings (162) are arranged on all detector strips

(105)a.

12. An x-ray imaging system (101) according to any of claims 1-11,
characterized in that the system further comprises a pre-collimator (106a) and a
post-collimator (106b), wherein the pre<ollimator {106a) is arranged between the
analyzer grating (162) and the phase grating (161) and the post-collimator (106b)
is arranged between the analyzer grating (162) and the x-ray detector (105).

13. An x-ray imaging system (101) according to any of claims 1-12,
characterized in that the system further comprises a source grating (160) arranged

between the x-ray source (104) and the phase grating (161).

14. An x-ray imaging system (101) according to any of claims 1-13,
characterized in that that the detector (105) is adapted to count photons impinging
on the detector strips (105a) and generate a signal corresponding to the energy of
impinging photons, and wherein a control unit (121) is adapted to receive said
signals and assign a weight to the phase-contrast image effect in relation to the
efficiency at each energy and/or wherein the control unit 121 is adapted to assign
a weight to the phase-contrast image effect in relation to the efficiency at each

energy.
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15. An x-ray imaging system (101) according to any of claim 14,
characterized in that that the control unit (121) is adapted to assign a higher
weight of photons within a first energy interval to the phase-contrast image effect
wherein phase contrast is more optimal, and/or wherein the control unit is adapted
to assign a higher weight of photons within a second energy interval to the

absorption contrast effect, wherein absorption contrast is more optimal.

16. An x-ray imaging system (101) according to claim 15, characterized in
that each of the first and second energy intervals are defined by a first, lower
threshold value of the photon energy, and a second, higher threshold value of the
photon energy, wherein each detector pixel (105p) of each detector strip (105a) is
connected to a comparator and counter comprising at least two threshold values for
comparing the signal with said threshold values and counting said photons within

the first and second energy intervals.

17. An x-ray imaging system (101) according to any of claims 1-13,
characterized in that that the detector (105) is adapted to count each photon
impinging on the detector strips ({105a) and generate a signal corresponding to the
energy of each impinging photon, and wherein photons within an energy interval
comprising a lower energy threshold (E,), a higher energy threshold (E,), wherein
the interval comprises an optimal energy (E,) for phase contrast are readout to

enhance the phase contrast image effect

18. An x-ray imaging system (101) according to claim 17, characterized in
that that the energy distribution depends on the set voltage of the x-ray source (104)
or on the thickness of the object (108), wherein the control unit (121) is adapted to
receive signals comprising information regarding the set voltage and/or receive
signals comprising information regarding the breast thickness, for instance from an

automated exposure control (AEC) which optimizes the voltage based on the



WO 2013/004574 PCT/EP2012/062489

29

thickness of the object (108), and adapts the lower energy threshold (E;) and the

higher energy threshold (E,) based on this information.

19. An x-ray imaging system (101) according to claim 15, characterized in
that first energy interval contains higher photon energies than the second energy

interval.

20. An x-ray imaging system (101) according to any of claims 1-19,
characterized in that at least one analyzer grating (162) is arranged in a first

crosswise direction over the entire detector (105).

21. An x-ray imaging system (101) according to any of claims 1-20,
characterized in that the system further comprises at least one movable
compression paddle (107a, 107b), wherein the compression paddle is adapted to
move an object (108), such as a breast, further away from the analyzer grating

(162) to increase the phase contrast image effect.

22. An x-ray imaging system (101) according to claim 21, characterized in
that the compression paddle (107a, 107b) is adapted to move the object (108)
within a range between the analyzer grating (162) and the pre-collimator (106a) or

the phase grating (161).

23. An x-ray imaging system (101) according to claim 21 or 22,
characterized in that the system further comprises a control unit {121) adapted to
move the compression paddle (107a, 107b) into a position wherein the ratio of the

phase contrast and absorption contrast is optimized.

24. An x-ray imaging system (101) according to any of claims 20-22,
characterized in that the compression paddle (107a, 107b) is adapted to be
arranged below the object (108).
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25. An x-ray imaging system (101) according to any of claims 1-23,
characterized by a scan arm (103), wherein the x-ray source (104) is arranged in
a first position of the scan arm and the x-ray detector (105) is arranged in a second

position of the scan arm.

26. An x-ray imaging system (101) according to claim 25, characterized in
that the phase grating (161) is arranged on the scan arm {103) in order to follow
the scan arm (103) during the scanning movement in relation to the object (108) in

the first direction.

27. An x-ray imaging system (101) according to claim 25, characterized in
that the phase grating (161) is arranged to be stationary when the scan arm (103),
during the scanning movement, is moved in relation to the object (108) and the

phase grating (161) in the first direction.

28. An x-ray imaging system (101) according to any of claims 1-27,
characterized in that the analyzer grating (162) is arranged on each of the

plurality of detector strips {105a).

29. An x-ray imaging system (101) according to any of claims 1-28,
characterized in that the analyzer grating (162) is connected to each of the

plurality of detector strips (105a) by a snap-fit like connection.

30. An x-ray imaging system (101) according to any of claims 1-29,
characterized in that the analyzer gratings (162) are arranged directed towards
the x-ray source (104), wherein the tilting direction of the analyzer gratings (162)
are essentially equal to the tilting angle(s) of the plurality of detector strips (105a) in

relation to the x-ray source (104).

31. An x-ray imaging system (101) according to any of the previous claims,

characterized in that each analyzer grating (162) comprises several smaller units,
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adapted to be connected to each other during the manufacturing of the analyzer

gratings (162).
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