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57 ABSTRACT
. ] The present invention relates to differential phase-contrast
(73)  Assignee: KONINKLIJKE PHILIPS imaging of an object. For increasing spatial resolution of an
ELECTRONICS N.V., EINDHOVEN X-ray imaging system (2) the size of a detector pixel element
(NL) (8) may be considered a limiting factor. Accordingly, it may
be beneficial to increase the resolution of an apparatus (38
pp
(21)  Appl. No.: 13/819,764 for phase-contrast imaging without further reducing the area
. of'an individual pixel element (8). Accordingly, an apparatus
(22) PCT Filed: Aug. 26,2011 (38) for phase-contrast imaging with improved sampling is
provided, comprising an X-ray source (4), a first grating
(86) PCT No.: PCT/IB2011/053750 element G, (24), a second grating element G, (26) and an
§371 (o)1), X-ray detector element (6) comprising a plurality of detector
9. (4) Date:  Feb. 28. 2013 pixel elements (8), each detector pixel element (8) having a
2), (4) Date ¢ ’ pixel area A. An object to be imagined (14) is arrangeable
; f ot - between the X-ray source (4) and the X-ray detector element
30 F Application Priority Dat Y Y
(30) orelgn Application Triotily Data (6). The first grating element G, (24) as well as the second
Sep.3,2010  (EP) wooormreececrcnn 10175176.6 ~ grating element G, (26) are arrangeable between the X.-ray
p- 2 (EP) source (4) and the X-ray detector element (6). The X-ray
source (4), the first grating element G, (24), the second grat-
ing element G, (26) and the X-ray detector (6) are operatively
Publication Classification coupled for acquisition of a phase-contrast image of the
object (14). At least one of the first grating element G, (24)
(51) Int.CL and the second grating element G, (26) comprise a first area
G21K 1/06 (2006.01) A, having a first grating pitch p, and a second area A, having
GOIN 23/04 (2006.01) a second grating pitch p, different from the first grating pitch.
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DIFFERENTIAL PHASE-CONTRAST
IMAGING WITH IMPROVED SAMPLING

FIELD OF THE INVENTION

[0001] The present invention relates to X-ray imaging tech-
nology in general.

[0002] More particularly, the present invention relates to
differential phase-contrast imaging.

[0003] In particular, the present invention relates to an
apparatus for phase-contrast imaging with improved sam-
pling, an X-ray system comprising an apparatus according to
the present invention as well as the use of an apparatus
according to the present invention in one of an X-ray system
and a CT system.

BACKGROUND OF THE INVENTION

[0004] When acquiring an X-ray image, an object to be
examined, e.g. a patient, is arranged between an X-ray gen-
erating device and an X-ray detector. X-ray radiation emanat-
ing 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.

[0005] 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.

[0006] 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.

[0007] In phase-contrast imaging, at least partly spatially
coherent X-ray radiation is employed, e.g., generated by a
source grating arranged adjacent to, in the vicinity of an X-ray
source, e.g. an X-ray tube. Coherent X-rays penetrating the
object may allow for subsequent retrieval of phase informa-
tion.

[0008] 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.

[0009] 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
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.

[0010] 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.

[0011] 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
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and the X-ray detector element by a fraction of its grating
pitch, e.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.

[0012] The spatial resolution of a grating based differential
phase-contrast imaging system is typically limited by the size
of the focal spot of the X-ray source and the size of a single
detector pixel element.

[0013] While differential phase-contrast imaging may pro-
vide enhanced image information over transmission X-ray
imaging taking into account attenuation only, the spatial reso-
Iution of the so obtained image information may be consid-
ered to still be limited by the individual detector pixel ele-
ments and their respective size.

[0014] Thus, for obtaining image information with
increased detail, an improved or enhanced spatial resolution
of'acquired image information of a differential phase-contrast
projection may be beneficial.

[0015] X-ray phase-contrast imaging is described in both
Weitkamp T., Diaz A., David C. et al.: “X-ray phase imaging
with a grating interferometer”; Optics Express 6296, 8.
August 2005, Vol. 13, No. 16 as well as Bartl P., Durst J., Haas
W. et al. “Simulation of X-ray phase-contrast computed
tomography of a medical phantom comprising particle and
wave contributions”, Proc of SPIE, Volume 7622, 76220Q-1.

SUMMARY OF THE INVENTION

[0016] An aspect of the present invention may be seen as
providing means for overcoming the limit of spatial resolu-
tion directly depending on the physical size of a detector pixel
element, thus increasing spatial resolution beyond the actual
size of the detector pixel element. This may allow improving
the spatial resolution of the differential phase-contrast pro-
jection while employing a current X-ray detector or while
maintaining the spatial resolution of the differential phase-
contrast projection relaxing the requirements of the spatial
resolution of the detector, e.g., by increasing the individual
pixel area of an individual detector pixel element.

[0017] Accordingly, an apparatus for phase-contrast imag-
ing with improved sampling, an X-ray system comprising an
apparatus according to the present invention as well as the use
of an apparatus according to the present invention in at least
one of an X-ray system and a CT system according to the
independent claims is provided.

[0018] Preferred embodiments may be taken from the
dependent claims.

[0019] In particular, it may be beneficial to increase the
resolution of an apparatus for phase-contrast imaging without
further reducing the area of an individual pixel element.

[0020] These and other aspects of the present invention will
become apparent from and elucidated with reference to the
embodiments described hereinafter.

[0021] Exemplary embodiments of the present invention
will be described below with reference to the following draw-
ings.

[0022] The illustration in the drawings is schematic. In
different drawings, similar or identical elements are provided
with similar or identical reference numerals.

[0023] The figures are not drawn to scale, however may
depict qualitative proportions.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIG.1shows an exemplary embodiment of an X-ray
system according to the present invention;

[0025] FIG. 2 shows an exemplary detail of an arrangement
for phase contrast imaging according to the present invention;
and

[0026] FIG. 3 shows an exemplary detail of a grating
arrangement according to the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

[0027] One aspect of the present invention may be seen as
employing a phase grating and an analyzer grating having a
non-uniform or varying pitch structure with regard to each
detector pixel. In particular, each of the phase grating and the
analyzer grating may be seen as being divided in two indi-
vidual areas with each individual area corresponding to the
area and/or size of a single detector pixel element ofthe X-ray
detector.

[0028] Within each area corresponding to a single detector
pixel element, the grating structure of the phase grating and
the analyzer grating may be a non-uniform grating structure.
The non-uniform grating structure may be seen as employing
at least two individual grating pitches for each detector pixel
element.

[0029] The grating structure of each grating element may
be seen as comprising individual barrier elements, each form-
ing a barrier region, spaced apart from one another, thus
forming a trench region between the barrier elements. Pref-
erably, the trench region and the barrier region both comprise
the same width, thus the trench region and the barrier region
or barrier element are substantially of the same dimension.
[0030] Thedistance between two barrier elements arranged
adjacent to each other may be referred to as the pitch of the
grating. Thus, the pitch of a grating structure is either the
width of a trench region plus the width of a barrier region or,
since barrier region and trench region preferably comprise the
same width, the pitch of the grating structure equals also two
times either the width of a trench region or a barrier region.
[0031] A pitch of the grating may also be referred to as the
periodicity of the grating.

[0032] Preferably, the area or size of the gratings corre-
sponding to the area or size of a single detector pixel element
may be halved with each half of the area corresponding to a
single detector pixel element comprising an individual grat-
ing structure having an individual grating pitch. In other
words, a first half of the area of one detector pixel element is
covered by a grating structure having a first grating pitch and
a second half of the area of one detector pixel element is
covered by a grating structure having a second grating pitch,
different from the first grating pitch.

[0033] In a particular embodiment, two different grating
pitches p, and p, for phase grating G, may be employed each
covering the respective areas A, A, i.e., half of the pixel area
A of a single detector pixel element. A distance d between a
first grating element, a phase grating G,, and a second grating
element, an analyzer grating G,, may be exemplarily selected
as the first fractional Talbot distance related to a pitch, e.g.,
pitch p,.

[0034] The n-th fractional Talbot distance may be deter-
mined by employing the equation

pf Equation 1
d,=2n-1)- —
b= n-1) g
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[0035] where A isthe wavelength at a defined design energy
of the X-ray source and n is a positive integer. If a spherical
wave is employed, a further correction may be required,
which is known in the art. Thus, the first fractional Talbot
distance equals

p I Equation 2
T8
[0036] In case the precise wavelength A is employed, a

sharply defined interference pattern without blurring may be
obtained at a fractional Talbot distance.
[0037] A second grating pitch p, may be selected to be

1 .
pr=02rn-12-p Equation 3

[0038] Employing such a second grating pitch results in a
further fractional Talbot distance relating to pitch p, to equal
distance d as well. In other words, distance d is a fractional
Talbot distance for pitch p, as well as a further, different
fractional Talbot distance for p,.

[0039] In case of equation 2 and equation 3 with n=2,
distance d constitutes the first fractional Talbot distance for
pitch p, as well as the third fractional Talbot distance for pitch
p» at the same design energy.

[0040] Analyzer grating G, also comprises areas A, and A,
having individual pitches q, and q,. The respective pitches of
p; and q, as well as p, and q, may be preferably related by
equation 4.

I+d . Equation 4
‘1i=Pi'7;l=1,2

[0041] Each individual area A,, A, may be considered to
create an individual virtual pixel on the physical detector
pixel element.

[0042] If now phase stepping is conducted, the intensity
variation on the first virtual pixel may be considered to com-
prise the period of pitch p,, whereas the intensity variation of
the second virtual pixel comprise the period of pitch p,. Thus,
the phase gradients of the respective two virtual pixels may be
seen as being coded at different frequencies and thus they
may both be retrieved from phase stepping. However, the
minimum number of projections acquired during the phase
stepping phase may have to be increased for allowing obtain-
ing the independent parameters required for both virtual pix-
els.

[0043] E.g., with two different grating pitches p, and p, the
minimum number of projections may to be required to be
increased from three different phase stepping states to five
phase stepping states. In other words, when employing a
single pitch only, three individual alignment positions of the
phase grating G, and the analyzer grating G, relative to one
another may be considered sufficient for obtaining image
information, while, when employing two different grating
pitches five independent projections may have to be acquired.

[0044] Exemplarily, the intensity modulation in area A,
may be modeled by the following equation.
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n-x Equation 5
L =C+V, -cos(
P1

+501]

[0045] where x is the displacement of phase grating G, and
the phase ¢, is related to the mean gradient 3®/3x(A,) of the
x-ray wave front in the area A, according to the following
equation. Furthermore, C, is related to the mean intensity
during the phase stepping, which quantity relates to a con-
ventional X-ray transmission image. V| is related to the so-
called visibility function, which is affected by the bandwidth
of'the X-ray source, the spatial coherence of the X-ray beam,
the scattering in the object and other effects.

l-d

Equation 6
o= ()0 soxtan

[0046] Correspondingly, the intensity modulation in the
area A, can be modeled by the following equation

Equation 7

2-m-x
h=0C +V2-COS( 7 +502]

with

I-d
¢ = (—]-m/axmz)
q2

[0047] Subsequently, the total intensity measured by the
individual detector pixel element may be taken from the fol-
lowing equation.

I=L+1 Equation 8

2-m-x
=(C1+C)+V; -COS( 7
1

2-m-x
+gol] + Vz-cos( E +302]

[0048] The two phase gradients of interest 3D/3x(A)),
3®/3x(A,) may thus be obtained during phase stepping
because they are coded in different frequencies 1/p, and 1/p,.
In order to retrieve the two phase gradients from the phase
stepping, the grating G, should be moved now at least over the
larger length of p, and p,.

[0049] The concept of the present invention may not be
restricted to the partitioning of the physical pixel element into
two virtual pixels only. Rather by employing further different
grating pitches, e.g., three different grating pitches within the
area of a single detector pixel element, e.g., three virtual
pixels may be generated. In such a case, seven individual
projections may be required to be acquired. Accordingly, it
may be beneficial that distance d equals a distance of a certain
fractional Talbot distance or all grating pitches p,, p,, Pss - - -
p,, employed, while the number of individual images required
to be acquired for reconstructing the plurality of virtual pixels
it may be 2n+1.

[0050] Furthermore, itis also conceivable to select different
fractional Talbot distances for the virtual pixels. In particular,
distance d may also be for example the third fractional Talbot
distance for pitch p, and e.g., the fifth fractional Talbot dis-
tance for pitch p,. However, the sensitivity of the system to
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phase gradients may be seen as increasing linearly with the
fractional Talbot order. In order to achieve a similar sensitiv-
ity for the different virtual pixels, it may be beneficial to
employ similar fractional Talbot orders for different virtual
pixels.

[0051] Now referring to FIG. 1, an exemplary embodiment
of an X-ray system according to the present invention is
depicted.

[0052] InFIG.1, X-ray system 2 exemplarily is depicted as
a CT system 2 comprising an X-ray source 4 and an X-ray
detector 6 mounted on a gantry 10 to allow rotation of both the
X-ray detector 6 and the X-ray source 4 about an axis.
[0053] X-ray source 4 generates X-ray radiation 20 ema-
nating from X-ray source 4 and subsequently arriving at
X-ray detector 6.

[0054] A support 12 is arranged within the gantry 10 of the
CT system 2 for supporting an object 14 to be examined.
Object 14 is arrangeable in the path of X-ray radiation 20 to
allow acquisition of X-ray image information by X-ray detec-
tor 6 by its individual detector pixel elements 8. X-ray detec-
tor 6 is displayed exemplarily as a two-dimensional array of
detector pixel elements 8.

[0055] A control system 16 comprising a display 18 is
communicatively coupled to X-ray system 2 for controlling
the image acquisition process and also for providing means
for a subsequent display of acquired and reconstructed image
information on display 18.

[0056] Individual grating elements for differential phase-
contrast imaging acquisition are not depicted in FIG. 1. How-
ever, a detailed illustration of the path of X-ray radiation 20
from X-ray tube 4 to detector element 6 may be taken from
FIG. 2.

[0057] Now referring to FIG. 2, an exemplary embodiment
of'an arrangement for phase contrast imaging according to the
present invention is depicted.

[0058] Inarrangement 38, X-ray source 4 is arranged in the
vicinity of a source grating 22 for generating at least partially
spatial coherent X-ray radiation 20. Source grating 22 is
spaced apart from phase grating G, 24 by distance 1. Object
14 is arranged in the path of X-ray radiation 20 between X-ray
source 4 and phase grating G, 24. Wave front 284 having a
uniform phase is depicted as arriving at object 14 while a
further phase front 285 having a changed phase relationship
within the wave front due to a phase shift imposed on the wave
front while penetrating the object 14 is depicted.

[0059] Subsequently, wave fronts arrive at phase grating G,
24, which is arranged spaced apart by distance d from ana-
lyzer grating 26. Distance d may be a fractional Talbot dis-
tance for grating pitch p.

[0060] Analyzer grating G, 26 is displaceable 32 relative to
phase grating G, 24 for acquisition of phase-contrast images.
However it is also conceivable to displace the source grating
G, 22 or phase grating G, 24 instead of analyzer grating G,
26.

[0061] X-rayradiation 20 passing through phase grating G,
24 and analyzer grating G, 26 subsequently generates an
interference pattern on X-ray detector element 6 which is
detectably by detector pixel elements 8.

[0062] For sake of clarity in FIG. 2, phase grating G, 24 is
depicted having a uniform pitch p and analyzer grating G, 26
is depicted having a uniform pitch q. However, the detailed
illustration regarding the individual pitch arrangements of
boththe phase grating G, 24 as well as the analyzer grating G,
26 may be taken from FIG. 3.
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[0063] Now referring to FIG. 3, an exemplary detail of a
grating arrangement according to the present invention is
depicted.

[0064] In FIG. 3 in grating arrangement 40, arca A of a
single detector pixel element 8 as well as correspondingly
sized phase grating G, 24 as well as analyzer grating G, 26 are
depicted. It is to be understood that the depicted arrangement
of FIG. 3 may in particular be repeated for every single
detector pixel element 8 of X-ray detector 6.

[0065] Area A of detector pixel element 8 is divided into
two similarly sized areas A, and A, corresponding to areas of
different pitch with regard to phase grating G, 24 as well as
analyzer grating G, 26. In particular, A=A  +A,.

[0066] Inarea A,, phase grating G, 24 comprises pitch p,
and analyzer grating G, 26 comprises pitch q; while in area
A, phase grating G, 24 comprises pitch p, and analyzer grat-
ing G, 26 comprises pitch q,.

[0067] The size and dimension of the respective pitches p,,
P> 915 9> may be determined and set according to the forego-
ing description. E.g., p; and p, may be related by

1
p2=372-p

while p, and q; may be related by

I+d
gi = Pi+ T
[0068] Each grating comprises barrier elements or barrier
regions 34 with intermediate trench regions 36, which may be
considered to constitute gaps between the barrier elements or
barrier regions 34. Each barrier region 24 and trench region
36 comprises half of the respective pitch p,, p,. 9, Do»
depending on which area the respective barrier region 24 and
trench region 36 is arranged in.

[0069] While with regard to phase grating G, 24, the trench
regions 36 may be substantially a space or gap between adja-
cent barrier regions 34, the trench regions 36 of the analyzer
grating G, 26 may be filled with a material, e.g., gold by
electroplating.

[0070] Barrierregion 34 as well as trench region 36 may be
of'equal width, both constituting and adding up to the respec-
tive pitch of the respective area A |, A, of the phase grating G,
24 and the analyzer grating G, 26.

[0071] Exemplarily, the analyzer grating 26 may be dis-
placeable 32 parallel to the phase grating G, 24 for conduct-
ing phase stepping. Depending on the current phase stepping
state, an interference pattern may be projected onto detector
pixel element 8 either in the area of virtual pixel 1 30a or
virtual pixel 2 305. Since both virtual pixels 30a,b are
arranged on the same detector pixel element 8, both virtual
pixels are also read out via the same physical detector pixel
element 8. The detector element 6 may thus not be required to
be altered.

[0072] Subsequently, the acquired image information may
be sorted with regard to an individual phase stepping state,
i.e., with regard to whether an acquired image information is
considered to belong to virtual pixel 1 30a or virtual pixel 2
304. Thus, image information that is to be reconstructed by
the plurality of readout values of the individual detector pixel
elements 8 taken into account virtual pixels 30a,5 may have a
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spatial resolution, at least in the direction perpendicular to the
grating structure, i.e., perpendicular to the barrier regions 34
and trench regions 36, that is double the spatial resolution of
the detector element 6 itself.

[0073] It should be noted that the term “comprising” does
not exclude other elements or steps and that “a” or “an” does
not exclude a plurality. Also, elements described in associa-
tion with different embodiments may be combined.

[0074] It should also be noted, that reference numerals in
the claims shall not be construed as limiting the scope of the
claims.

LIST OF REFERENCE SIGNS
[0075] 2 X-ray system
[0076] 4 X-ray source
[0077] 6 X-ray detector element
[0078] 8 Detector pixel element
[0079] 10 Gantry
[0080] 12 Support
[0081] 14 Object
[0082] 16 Control system
[0083] 18 Display
[0084] 20 X-ray radiation
[0085] 22 Source grating
[0086] 24 Phase grating G,
[0087] 26 Analyzer grating G,
[0088] 284, Wave front
[0089] 304,b Virtual pixel
[0090] 32 Displacement/phase stepping
[0091] 34 Barrier element/barrier region
[0092] 36 Trench region
[0093] 38 Apparatus for phase contrast imaging
[0094] 40 Grating arrangement

1. Grating arrangement for phase contrast imaging, com-
prising

a first grating element G ;

a second grating element G,; and

wherein at least one of the first grating element and the

second grating element comprises a first area A, having
a first grating pitch p,, q; and a second area A, having a
second grating pitch p,, q, different from the first grating
pitchpy, q;.
wherein the sum of the first area A, and the second area A,
correspond to the area A of a single detector pixel element.

2. Grating arrangement according to claim 1, further com-
prising

an X-ray detector element, comprising a plurality of detec-

tor pixel elements, each detector pixel element having a
pixel area A;

wherein the first area A, and the second area A, are

arranged adjacently; and

wherein the size of the first area A, and the second area A,

correspond to the pixel area A of a single detector pixel
element.

3. Grating arrangement according to claim 1,

wherein the first area and the second area are of similar

size.

4. Grating arrangement according to claim 1, wherein at
least one of the first grating element and the second grating
element comprises the first area having the first grating pitch
P1» q; and the second area having the second grating pitch p,,
q, different from the first grating pitch p,, q, for each pixel
element.
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5. Apparatus for phase contrast imaging, comprising

an X-ray source; and

a grating arrangement according to claim 1;

wherein an object to be imaged is arrangeable between the
X-ray source and the X-ray detector element;

wherein the first grating element and the second grating
element are arrangeable between the X-ray source and
the X-ray detector element;

wherein the X-ray source, the first grating element, the
second grating element and the X-ray detector element
are operatively coupled for acquisition of a phase con-
trast image of the object.

6. Apparatus according to claim 5,

wherein the X-ray source is adapted to emit X-ray radiation
having a design energy level with a defined wave length;

wherein the first grating element and the second grating
element are spaced apart by a distance d;

wherein distance d corresponds to a fractional Talbot dis-
tance of one of the first grating pitch p, and the second
grating pitch p, of the defined wave length.

7. Apparatus according to claim 6;

wherein the distance d corresponds to a fractional Talbot
distance for both the first grating pitch p, and the second
grating pitch p,.

8. Apparatus according to claim 5;

wherein the first grating pitch p, and the second grating
pitch p, relate by
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-1y
Pz—(zn_l] *P1

wherein distance d is the (2m-1)th fractional Talbot dis-
tance for the pitch p,, and
wherein distance d is the (2n-1)th fractional Talbot dis-
tance for the pitch p,.
9. Apparatus according to claim 5;
wherein the distance d is one of the first and third fractional
Talbot distance of the first grating pitch p, and the third
and firth fractional Talbot distance of the second grating
pitch p..
10. Apparatus according to claim 5;
wherein the first grating element and the second grating
element are arranged substantially parallel; and
wherein the first grating element and the second grating
element are adapted to be movable relative to one
another for providing phase stepping.
11. X-ray system, comprising an apparatus according to
claim 5.
12. Use of an apparatus according to claim 5 in at least one
of'an X-ray system and a CT system.
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