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1
METHOD FOR PRODUCING PROJECTIVE
AND TOMOGRAPHIC IMAGES USING AN
X-RAY SYSTEM

PRIORITY STATEMENT

This application is the national phase under 35 U.S.C. §371
of PCT International Application No. PCT/DE2007/000160
which has an International filing date of Jan. 30, 2007, which
designated the United States of America, and which claims
priority on German patent publication DE 10 2006 004 976 .4,
filed Feb. 1, 2006, the entire contents of which are hereby
incorporated herein by reference.

FIELD

At least one embodiment of the invention generally relates
to a method for producing projective and tomographic images
of an examination object, preferably a patient, having an
X-ray system. In at least one embodiment, the examination
object is scanned statically or circularly or spirally in rotary
fashion with the aid of an X-ray tube having a focus, and the
received radiation intensity is measured with the aid of a
detector after passage through the examination object. Use
may be made here of a set of X-ray optical gratings by which
the phase shift of the X-radiation can be determined upon
passage through the examination object.

BACKGROUND

In general computed tomography, tomographic images of
an examination object, in particular of a patient, are taken
with the aid of absorption measurements of X-rays that pen-
etrate the examination object, a radiation source generally
being moved circularly or spirally about the examination
object, and a detector, for the most part a multirow detector
with a multiplicity of detector elements, measuring the
absorption of the radiation upon passage through the exami-
nation object on the side opposite the radiation source. For the
purpose of tomographic imaging, tomographic slice images
or volume data are reconstructed from the measured absorp-
tion data of all the measured spatial rays. Very fine absorption
differences in objects can be displayed with the aid of these
computed tomography images, but zones of similar chemical
composition that naturally also have a similar absorption
behavior are displayed only with unsatisfactory detail.

It is known, furthermore, that the effect of the phase shift
upon passage of a ray through an examination object is sub-
stantially stronger than the absorption effect of the material
penetrated by the radiation. Such phase shifts are known to be
measured by the use of two interferometric gratings. These
interferometric measuring methods are referred to, for
example, in “X-ray phase imaging with a grating interferom-
eter, T. Weitkamp et al., Aug. 8,2005/Vol. 12, No. 16/OPTICS
EXPRESS”. Inthe case of this method, an examination object
is trans-irradiated by a coherent X-radiation and subsequently
guided through a pair of gratings, and the radiation intensity
is measured directly after the second grating.

The first grating produces an interference pattern that
images a Moiré pattern onto the detector lying therebehind
with the aid of the second grating. If the second grating is
slightly displaced, this likewise results in a displacement of
the Moiré pattern, that is to say a change in the spatial inten-
sity in the detector lying therebehind, which can be deter-
mined relative to the displacement of the second grating. If
the change in intensity is plotted for each detector element of
this grating, that is to say for each ray, as a function of the
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displacement path of the second grating, the phase shift of the
respective ray can be determined. The fact that this method
requires a very small radiation source is a problem, and there-
fore cannot be applied in practising computed tomography of
relatively large objects, since formation of the interference
pattern requires a coherent radiation.

The method shown in the abovenamed document requires
a radiation source with an extremely small focus such that a
sufficient degree of spatial coherence is present in the radia-
tion used. However, when such a small focus is used there is
then, in turn, an insufficient dose rate for examining a rela-
tively large object. However, there is also the possibility of
using a monochromatically coherent radiation, for example a
synchrotron radiation, as radiation source, but the construc-
tion of the CT system is thereby rendered very expensive and
so a widespread application is impossible.

This problem can be circumvented by arranging a first
absorption grating inside the focus/detector combination in
the beam path, directly following the focus. The alignment of
the grating lines is in this case parallel to the grating lines of
the interference grating following the examination object.

The slits of the first grating produce a field of individually
coherent rays that suffices for producing the interference pat-
tern known per se with the aid of the phase grating arranged
downstream of the object in the ray direction.

It is possible in this way to use radiation sources that have
dimensions corresponding to the normal X-ray tubes in CT
systems or transmitted light X-ray systems, although the
image resolution continues to be determined by the extent of
the focus.

SUMMARY

At least one embodiment of the invention specifies a
method for graphically displaying an object scanned by way
of X-rays, which method displays in an improved way and
with greater differentiation object regions with similar
absorption, but at the same time also sufficiently differenti-
ates differently absorbing regions. This method is intended to
be capable of use both for tomographic and for projective
images. A corresponding CT system and a corresponding
X-ray system are also to be specified.

The inventors have realized, in at least one embodiment,
that it can be particularly advantageous to combine the prop-
erties of X-ray phase contrast images and X-ray absorption
images, this being applicable with reference both to tomo-
graphic images and to projective or transmitted light images.
The absorption images can be used with particular advantage
to display bone structures or the interfaces between bones and
tissue, while it is possible additionally to use contrast agents
and, if appropriate, previous segmentation also to obtain a
vessel display with the aid of absorption images in a very
accurate and richly detailed fashion. On the other hand, with
such absorption images the structure of soft parts is scarcely
discernible, and so this type of imaging is relatively unsuit-
able for displaying soft-part tissues or cartilage and sinew
components. The phase contrast method is particularly suit-
able for this, since minimal changes already occur in the
tissue composition in relation to relatively strong alterations
upon passage of X-rays. It will therefore be particularly easy
to detect structures in soft parts with the aid of phase contrast
images.

However, it is disadvantageous of these images that the
transitions between, for example, bones and soft parts come
out relatively poorly. According to at least one embodiment of
the invention, the advantages of both types of imaging are
now combined with one another by virtue of the fact that
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appropriate superpositions of the two types of display are
produced such that the richness of detail in the different types
of imaging is stressed in each case. It can be particularly
advantageous to this end when image processing is addition-
ally performed either before the two images are merged or
subsequently, such that, as the case may be, mutually disrup-
tive influences are remote, a particularly viable weighting is
selected, or, if appropriate, segmentations are carried out in
advance. Such superposed images can either be produced
only in black and white, or it is possible firstly to color the
respective types of image and to display the pixels of the
superposed images by way of appropriate mixed colors of the
two types of image.
On the basis of the above-named considerations, the inven-
tors, in at least one embodiment, propose in the field of
computed tomography a method for producing tomographic
images of an examination object, preferably a patient, having
an X-ray CT system, at least the following method steps being
carried out:
the examination object is scanned circularly or spirally
with the aid of at least one X-ray tube having a focus,

the received radiation intensity is measured with the aid of
at least one detector, there being arranged between the at
least one X-ray tube and the at least one detector a set of
X-ray optical gratings that are trans-irradiated by the
X-radiation and enable a phase contrast measurement,
and a first grating being arranged between the focus and
an examination object, and two gratings being arranged
between the examination object and detector,

for each ray lying in space between the focus and detector

and that penetrates the examination object, at least three
intensity measurements are determined with the aid of
detector-side gratings respectively arranged offset from
one another for the phase shift from this ray upon pas-
sage through the object,

tomographic phase contrast images are reconstructed from

the measured phase shifts of the rays,

the absorption of each ray is determined upon passage

through the examination object,

tomographic absorption images are reconstructed from the

absorption measurements, and

subsequently, the tomographic absorption images and the

tomographic phase contrast images are superposed and
displayed.

As already mentioned above, it is particularly advanta-
geous when the tomographic phase contrast images and/or
the absorption images are subjected to image processing
before superposition. It is thereby possible, for example, to
carry out segmentations, to emphasize contrasts more effec-
tively, or else to select a multicolor display or similar variants
of the image processing.

During the subsequent superposition, the latter can be car-
ried out either with equal weighting or different weighting, it
being possible for this weighting to be set, for example, by the
viewer individually, depending on subjective feeling. Alter-
natively, there is also the possibility that the images are
weighted differently locally, it appearing to be sensible if in
this case specific criteria referring to the image quality or
image properties are used as a basis for the different weight-
ing of the two images.

In accordance with the different type of configuration of
the computed tomography system used, with the aid of which
the phase contrast images and absorption images are carried
out, itis also possible to select diftferent variants for producing
the phase contrast and absorption images. For example, the
images can be produced with the aid of a simple computed
tomography system having a single focus/detector system,
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the set of gratings being permanently integrated in the focus/
detector system. It is thereby possible, on the one hand, to
perform the phase shift per spatial ray between focus and
detector by a number of measurements with a simultaneously
displaced analysis grating (last grating upstream of the detec-
tor), the measurement of the absorption of the ray subse-
quently being carried out by summing up or by forming the
average of all the measured values of this ray with the aid of
a differently displaced grating.

Another possibility resides in that a computed tomography
system is used which has at least two focus/detector systems,
in which case a first focus/detector system that has a corre-
sponding set of X-ray optical gratings is used to carry out the
phase contrast measurement exclusively, or at least addition-
ally, while at least one other focus/detector system which is
arranged on the gantry with an angular offset and is free from
X-ray optical gratings is used exclusively to carry out the
absorption measurement.

In an additional and advantageous variant of at least one
embodiment, it is also proposed that, when two different
focus/detector systems are available-each of the two focus/
detector systems is operated with a different accelerating
voltage, that is to say with a different energy spectrum. It is
possible as a result to obtain additional knowledge relating to
the composition of the trans-irradiated matter on the basis of
the different energy-dependent absorption relationships. At
the same time, it is also possible to operate with different
energies not only with reference to the absorption measure-
ment, but also with reference to the measurement of the phase
shift. Thus, in the first focus/detector system it is possible to
use an anode material that produces a preferred X-ray line in
afirst energy range, the grating system used being required to
be set to this energy, while in the second focus/detector sys-
tem use is made of another anode material with an X-ray line
arranged different in terms of energy, and in this way differ-
ent, energy-dependent phase shifts can be measured and con-
clusions can be drawn relating to the composition of the
scanned examination object. It may be pointed out in addition
that although it is sufficient in principle to measure three
values per ray for measuring the phase shift, doing so with an
offset analysis grating, in order to determine the phase shift, it
can nevertheless be advantageous to carry out a larger number
of measurements (at least six measurements would be advan-
tageous), in order to compensate possible errors, produced by
quantum noise, for example.

In addition to the above-described method, the inventors
also propose a computed tomography system in at least one
embodiment for producing tomographic images that has the
following features:

at least one focus/detector system that is arranged on a

gantry in a fashion rotatable about an examination object
is provided, with

a set of three trans-irradiated X-ray optical gratings of

parallel alignment between focus and detector, by which

the phase shift of the radiation during penetration of the

examination object can be measured in a ray-wise

resolved fashion, in which case

a first grating is arranged between the at least one focus
and the examination object,

a second grating is arranged between the examination
object and the detector,

a third grating is arranged between the second grating
and the detector,

an apparatus is provided for displacing the third grating

relative to the second grating in a fashion perpendicular
to the ray direction and perpendicular to the longitudinal
direction of the grating lines,
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means for reconstructing tomographic absorption images
and phase contrast images, and

means for superposing and for displaying the superposed
tomographic absorption images and phase contrast
images.

As already described above, it can be advantageous here to
provide the CT system, in at least one embodiment, with at
least one further focus/detector system that is arranged with
an angular offset on the gantry. This can either be free from
X-ray optical gratings and serve exclusively for measuring
absorption, or it is also possible to use a further focus/detector
system that has a set of X-ray optical gratings that is set to an
energy range other than that of the set of X-ray optical grat-
ings of the first focus/detector system. It is to be assumed in
this case that the energy range to which the respective grating
system is set corresponds to a characteristic line in the energy
spectrum of the respective X-ray tubes used and to the anode
material thereof.

In accordance with the basic idea of at least one embodi-
ment of the invention, the inventors also propose a focus/
detector system having an X-ray apparatus, comprising at
least:

a radiation source with a focus and an opposing planar

detector with a multiplicity of detector elements,

a set of three trans-irradiated X-ray optical gratings of
parallel alignment between focus and detector, by which
the phase shift of the radiation during penetration of the
examination object can be measured in a fashion
resolved into rays, in which case

afirst grating is arranged between the at least one focus and
the examination object,

a second grating is arranged between the examination
object and the detector,

a third grating is arranged between the second grating and
the detector,

an apparatus is provided for displacing the third grating
relative to the second grating in a fashion perpendicular
to the ray direction and perpendicular to the longitudinal
direction of the grating lines.

Such an X-ray system need not necessarily be used only to
produce computed tomography images; there is also the pos-
sibility of using such a system to produce projection images,
it being possible in each case to apply the measured phase
shift of the respective X-ray as individual pixel value.

Such an X-ray system should also have at least one device,
this preferably being an arithmetic logic unit having at least
one corresponding computer program and which is designed
for calculating the phase shift from a number of intensity
measurements of the same ray with the aid, of a differently
offset third grating.

It is also possible to provide at least one device, preferably
likewise an arithmetic logic unit with an appropriate com-
puter program, that is equipped for calculating the absorption
by summing or forming the average of a number of intensity
measurements of the same ray with the aid of a differently
offset third grating. It is likewise possible to provide at least
one device that is suitable for superposing and displaying the
superposed absorption images and phase contrast images.

The inventors also claim, furthermore in at least one
embodiment, a method for producing projective X-ray
images of an examination object, preferably a patient, having
an X-ray system, at least the following method steps being
carried out:

the examination object is trans-irradiated by a beam ema-
nating from the focus of an X-ray tube,

the received radiation intensity is measured with the aid of
at least one detector, there being arranged between the at
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least one X-ray tube and the at least one detector a set of
X-ray optical gratings that are trans-irradiated by the
X-radiation and enable a phase contrast measurement,
and a first grating is arranged between the focus and an
examination object, and two gratings are arranged
between the examination object and detector,

for each ray lying in space between the focus and detector
and that penetrates the examination object, at least three
intensity measurements are determined with the aid of
detector-side gratings respectively arranged offset from
one another for the phase shift from this ray upon pas-
sage through the object,

phase contrast images whose pixel values represent the
phase shift per ray are produced from the measured
phase shifts of the rays,

the absorption of each ray is determined upon passage
through the examination object,

projective absorption images are produced from the
absorption measurements, and

subsequently, the projective absorption images and the
projective phase contrast images are superposed and
displayed.
Before the superposition of the projective images, the latter
can likewise first be subjected to image processing just like
the CT images.

Moreover, a weighted superposition of the projective phase
contrast images and the projective absorption images can be
carried out, in which case it is on the one hand Possible for the
viewer or operator to set the weighting manually in accor-
dance with his visual impression, or it is possible to undertake
the weighting in accordance with predetermined properties of
the images to be superposed, doing so individually, if appro-
priate differently locally.

In a preferred way, the measurement of the absorption of a
ray is also carried out in the case of the projective images by
summing up or forming the average of all the measured values
with the aid of a differently displaced grating.

It is, furthermore, to be noted that in the case of the above-
described focus/detector system, the grating arrangement is
to satisfy the following geometric conditions in the case of
use bothina CT and in an X-ray system for producing simple
projective images:

PoXp2
Pot+ p2

p1=2%

P0=P2><E,
Ixd™
Tl-d=

where

in which case:
p,—grating period of the grating G,,
I=distance of the source grating G,, from the phase grating,

d=distance of the phase grating GG, from the analysis grating
G, in fan beam geometry,
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d =distance of the phase grating G, from the analysis grating

G, in parallel geometry,

A=wavelength of the radiation yield,
h,=height of the grating G, in the radiation direction, and
n=refractive index of the grating material.

It may, furthermore, be pointed out that in the practical
execution with the gratings used for contrast improvement the
gaps between the grating lines can be filled with a highly
absorbing material. Gold may be used for this, for example. In
principle, at least the source and analysis gratings functioning
as absorption gratings should be designed such that they reach
a contrast factor of at least e7*.

Thus, overall, a method is described in at least one embodi-
ment for producing projective and tomographic images in
X-radiation, which method can image structures of similar
composition particularly well by combined evaluation of the
behavior of the examination object with reference to the
phase shift upon passage of the X-radiation and the absorp-
tion thereof. Moreover, at least one embodiment of the inven-
tion also exhibits an X-ray system and a CT system which is
suitable for carrying out this method and is equipped in each
case with a source grating, a phase grating and an analysis
grating.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is described in more detail below with ref-
erence to the example embodiment and with the aid of the
figures, only the features necessary for understanding the
invention being illustrated. The following reference symbols
are used in this case: 1: CT system; 2: first X-ray tube; 3: first
detector; 4: second X-ray tube; 5: second detector; 6: gantry
housing; 7: patient; 8: patient couch; 9: system axis; 10:
control and arithmetic logic unit; 11: memory; 12: schematic
of'the inventive method; A: path A; B: path B; D, : detector; d:
distance; dN/N: relative photon flux; E,: detector elements;
F,: focus; G,: source grating; G,: phase grating; G,: analysis
grating; h,, h;, h,: height of the grating webs; I: radiation
intensity; 1, phase contrast image; 1,: absorptionimage; K ,,
K,: characteristic X-ray peaks; 1: distance; P: patient; p,, p;,
p,: period of the grating lines; Prg : programmes; S: system
axis; S, S,, S;: X-rays; w: extent of the focus; x: offset of the
grating in the x-direction; X, y, z: Cartesian coordinates; ¢:
phase shift.

In detail:

FIG. 1 shows a 3D schematic of a focus/detector system
with grating set for determining phase shifts;

FIG. 2 shows a longitudinal section through a focus/detec-
tor system, including an illustration of source grating, phase
grating and analysis grating and their grating structure;

FIG. 3 shows a longitudinal section through a focus/detec-
tor system of a CT, including phase grating, analysis grating
and detector for displaying the interference phenomenon;

FIG. 4 shows the Brems spectrum of a tungsten anode with
characteristic lines for different accelerating voltages and the
use of a hardening filter;

FIG. 5 shows a flow diagram of an embodiment of the
inventive method with the use of an X-ray spectrum;

FIG. 6 shows the X-ray CT in a 3D view; and

FIG. 7 shows a flow diagram of an embodiment of the
inventive method with the use of different X-ray spectra with
the aid of two focus/detector systems.

DETAILED DESCRIPTION OF EXAMPLE
EMBODIMENTS

FIG. 1 shows a 3D schematic of a focus/detector system of
an X-ray CT having, as examination object, a patient P lying
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in the beam path. The focus F, and the detector D, are
arranged on a gantry (not illustrated in more detail here) and
move circularly about the system axis S. If a linear movement
of'the patient P in the direction of the system axis is addition-
ally carried out during the rotation of the focus/detector sys-
tem, this results in a spiral scanning, known per se, of the
patient P. Three X-ray optical gratings G,, G, and G, are
arranged in the beam path of the focus/detector system, the
first grating G, which is also termed source grating, being
fitted in the immediate vicinity of the focus F, and being
trans-irradiated by the X-radiation.

Following thereafter in the propagation direction of the
X-radiation is the actual examination object or the patient P.
The second grating G|, termed phase grating, firstly follows
upstream of the detector D, lying on the other side of the
system axis S. Following thereafter in the direction of radia-
tion is the third grating G,, termed analysis grating, that is
advantageously arranged immediately upstream of the detec-
tor D, . The detector D, has at least one row with a multiplicity
of detector elements, the detector D, preferably being
designed as a multirow detector that is equipped with a mul-
tiplicity of detector rows that are arranged in parallel and each
have a multiplicity of detector elements. The connecting lines
between the focus F, and the individual detector elements
represent in each case during scanning an X-ray beam that is
arranged in space and whose change in intensity is measured
by the respective detector element.

It is pointed out that in the case of so-called C-arc units,
which also belong to the class of the CT systems mentioned
here, the detector D, is not, as shown, designed as a cylindri-
cal segment about the focus F |, but has a planar shape. In the
case of projective X-ray systems which do not move about the
examination object during scanning, the detector D, is gen-
erally likewise of planar design.

The line orientation of the gratings G, to G, is so regular
that the grating lines of all three gratings run parallel to one
another. Furthermore, it is advantageous, though not neces-
sary, when the grating lines are oriented parallel or perpen-
dicular to the system axis S, the gratings G, to G, mostly
being of planar design and being aligned perpendicular to the
center line between the focal point and detector midpoint.
However, there is also the possibility in principle of adapting
the surface of the gratings to the optical path of the light cone
such that at each location the gratings are intersected perpen-
dicularly by the ray connection between the focus and the
respective detector element, the result being a corresponding
curvature of the gratings.

An inventive focus/detector system with a grating set G, to
G, is illustrated schematically once again in FIG. 2. Located
upstream of the first grating G, is the focus F |, whose greatest
extent is denoted by w. The first grating G, has a period p, of
the grating line and a height h, of the grating webs. The
gratings G, and G, are correspondingly also equipped with a
height h; orh,, and a period p, or p,. The functioning of the
inventive method requires that the distance 1 between the
grating G, and the grating G|, and the distance d between the
grating G, and the grating G, have a specific ratio to one
another. It holds here that

Po=p2X—~-

The distance of the detector D, with its detector elements
E, to E,, from the last grating G, is unimportant. The height h,
of'the webs of the phase grating should be selected in this case
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such that the following formula holds in accordance with the
wavelengths considered, that is to say the energy considered
for the X-radiation, and with reference to the respective grat-
ing material:

R
T2n-1)

Here n denotes the refractive index of the grating material,
and A the wavelengths ofthe X-ray beams for which the phase
shift is to be measured. This grating is, for example, set to an
energy that corresponds to a characteristic line in the X-ray
spectrum of the anode used. With the currently customary
tungsten anodes, it is, for example, possible to use the K line.
However, it is also possible to use the K line lying close
thereto. When other anode materials are selected, other ener-
gies, and thus other dimensions of the phase grating, corre-
spondingly become necessary.

The height h, of the analysis grating must be sufficient to
produce effective absorption differences between the webs
trans-irradiated by the X-radiation and the largely free sites of
the grating, in order to produce an appropriate Moiré pattern
on the rear side.

For the purpose of better understanding, FIG. 3 once again
shows the individually coherent radiation that is arriving from
the grating G, and penetrates the patient P, phase shift phe-
nomena coming about after the penetration of the patient P. As
a result, when the grating G, is penetrated there is produced
an interference pattern, illustrated by the gray shading, that,
with the aid of the grating G, on the adjoining detector D, and
the detector elements thereof, leads to different radiation
intensities per detector element, a so-called Moiré pattern
being formed there. If, for example, the detector element E, is
considered as a function of an offset x ; of the analysis grating
G,, and if the intensity I(E,(x;)) is plotted as a function of the
offset x; against the intensity I, the result is a sinusoidal rise
and fall of the intensity I at this detector element E,. If these
measured radiation intensities I are plotted for each detector
element E, or E; as a function of the offset x;, it is possible to
approximate the function I(E,(x5)) or I(E,(x5)) for the various
detector elements, which after all form the spatial X-ray beam
between the focus and the respective detector element. The
phase shift ¢ relative to one another can be determined for
each detector element from the functions. It holds that:

. v
¢ = ”X,

v corresponding to the size of a voxel or pixel in the examined
object, nbeing the refractive index thereof, and A representing
the wavelength of the X-radiation.

This means that for each ray in space it is possible by means
of at least three measurements with an offset analysis grating
in each case to determine the phase shift per ray, from which
either it is possible in the case of projective X-ray images to
calculate the pixel values of a projective image directly or, in
the case of a CT examination, projections are prepared whose
pixel values correspond to the phase shift, so that it is possible
therefrom with the aid of reconstruction methods known per
se to calculate which volume element in the examination
object is to be ascribed to which part of the measured phase
shift. It follows that what is calculated are either sectional
images or volume data that reflect the spatial effect of the
examined object on the phase shift of an X-radiation. Since
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even slight differences in composition exert a strong effect on
the phase shift, it is possible thereby to reproduce very richly
detailed and contrasting volume data of materials that are
relatively similar to one another, in particular of soft-part
tissue.

Ifthe aim is now additionally also to prepare an absorption
image by using the sum of the intensity measurements at the
individual detector elements of a detector in order to deter-
mine the phase shift, it is possible by summing up the indi-
vidual measurements for differently offset analysis gratings
to average the effect of the analysis grating therefrom, and
thus to obtain a direct measure of the absorption values of the
respective ray, that is to say it is possible on the basis of the
measured data for the phase shift also to calculate a data
record that reproduces an absorption value for each ray such
that these absorption values can, in a way known per se, either
be converted to direct projection absorption images or, with
the aid of known reconstructions, be converted into tomo-
graphic absorption images.

Since the above-described method for determining the
phase shift of X-ray beams traversing an object is very
energy-selective, the phase grating should be set with refer-
ence to its dimensions to energy ranges of the radiation used
in which there is a photon number that is as high as possible.

If, for example, a tungsten anode is being used, energy
spectra result as a function of the accelerating voltage, as is
illustrated in FIG. 4. Here, a strong respective peak is shown
on the left and right in the energy spectra; it represents the
characteristic radiation of the tungsten material used here.
The K, line of the tungsten is shown on the left, and the K
line on the right. It is particularly advantageous according to
the invention when the phase grating is oriented exactly with
one such characteristic line with reference to its web height
h,.
FIG. 5 shows, once again, in a schematic flow diagram,
how the phase contrast measurement is carried out with the
aid of an energy spectrum (represented on the left) that has a
characteristic X-ray line, this being done in a first path A by
using this characteristic line and the large number of photons
occurring there in this region, and by using this characteristic
radiation, while the absorption measurement is carried out in
the lower path by using the entire radiation energy region in
path B. Projective or tomographic phase contrast images I,
are determined via the path A, and projective or tomographic
absorption images 1, are determined via the path B, said
images subsequently being used by superposition to form
image data [, , that respectively contain informative image
information from the two regions.

A complete computer CT system for carrying out an
embodiment of the inventive method is demonstrated in FIG.
6. This shows the CT system 1, which has a first focus/
detector system with an X-ray tube 2 and opposing detector 3,
which are arranged on a gantry (not illustrated in greater
detail) in a gantry housing 6. A grating system in accordance
with FIGS. 1 to 3 is arranged in the beam path of the first
focus/detector system 2, 3, such that the patient 7, who is
located on a patient couch 8 that can be displaced along the
system axis 9, can be pushed into the beam path of the first
focus/detector system and scanned there. The control of the
CT system is carried out by means of an arithmetic logic and
control unit 10 in which there are stored in a memory 11
programs Prg, to Prg,, that carry out the previously described
inventive methods, and reconstruct corresponding tomo-
graphic images from the measured ray-dependent phase
shifts and absorptions. The carrying out of embodiments of
these inventive methods is indicated, in accordance with FIG.
5, in the box 12 illustrated with dashes.



US 7,945,018 B2

11

Instead of the single focus/detector system, a second focus/
detector system can optionally be arranged in the gantry
housing. This is illustrated in FIG. 6 by the X-ray tube 4
shown with dashes, and by the detector 5 illustrated by
dashes.
If such a CT system with two focus/detector systems is
used, a method such as is illustrated in FIG. 7 can, for
example, be carried out. The situation of the two focus/detec-
tor systems is described by the paths I and II. By way of
example, the two detector systems use here the same anode
material, specifically tungsten, the set of X-ray optical grat-
ings being adapted in the first detector system I to the K, line
of tungsten, such that here the phase shift of X-radiation is
measured in this energy region, and a phase contrast image
Lpner 18 produced, via the path A, At the same time, an
absorption image I, 4, is produced by summing up over the
various measurements for determining the phase contrast in
path B,. It is to be noticed here that in this case “image” is
understood to mean tomographic image data that, of course,
represent the entire scanned volume.
In accordance with the other energy adaptation of the set of
X-ray optical gratings in the second focus/detector system 11
and the energy spectrums differing there, the phase shift of the
X-radiation with energies of the Ky line of tungsten is
detected there, and a corresponding phase contrast image
gy e is produced, and at the same time an absorption image
Lz, is also produced here via the second path By,
Subsequently, the phase contrast image data and the
absorption image data obtained in this way can be processed
and mixed taking account of appropriate weightings, such,
that a very richly detailed image data record Ly, s, zr1), 4,
Em results.
It also remains to be noted here that, in the last-named
example of an embodiment of the inventive method, other
combinations of different or identical accelerating voltage are
also possible, as is adaptation of the gratings to different or
identical characteristic radiation energies.
It goes without saying that the above-named features of
embodiments of the invention can be used not only in the
combination respectively specified, but also in other combi-
nations or on their own, without departing from the scope of
the invention.
Overall, it has thus been shown by embodiments of the
invention that it is possible by measuring the phase shift of
X-radiation to produce both projective and tomographic dis-
plays of an examination object which in the case of a similar
tissue display structural differences in a clearly structural
fashion and that, in particular, such images can show struc-
tures in particularly rich detail by using the phase contrast and
absorption methods.
Example embodiments being thus described, it will be
obvious that the same may be varied in many ways. Such
variations are not to be regarded as a departure from the spirit
and scope of the present invention, and all such modifications
as would be obvious to one skilled in the art are intended to be
included within the scope of the following claims.
The invention claimed is:
1. A method for producing tomographic images of an
examination object, using an X-ray CT system, the method
comprising:
scanning the examination object at least one of circularly
and spirally with the aid of at least one X-ray tube having
a focus;

measuring received radiation intensity with the aid of at
least one detector, there being arranged, between the at
least one X-ray tube and the at least one detector, a set of
X-ray optical gratings that are trans-irradiated by the
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X-radiation and enable a phase contrast measurement, a
first grating being arranged between the focus and an
examination object, and two gratings being arranged
between the examination object and detector;

determining, for each ray lying in space between the focus
and detector and that penetrates the examination object,
at least three intensity measurements with the aid of
detector-side gratings respectively arranged offset from
one another for the phase shift from this ray upon pas-
sage through the object;

reconstructing tomographic phase contrast images from

the measured phase shifts of the rays;

determining the absorption of each ray upon passage

through the examination object;

reconstructing tomographic absorption images from the

absorption measurements; and

subsequently superposing and displaying the tomographic

absorption images and the tomographic phase contrast
images.

2. The method as claimed in claim 1, wherein at least one of
the tomographic phase contrast images and the tomographic
absorption images are subjected to image processing before
superposition.

3. The method as claimed in claim 2, wherein a weighted
superposition of the tomographic phase contrast images and
the tomographic absorption images is carried out.

4. The method as claimed in claim 1, wherein a weighted
superposition of the tomographic phase contrast images and
the tomographic absorption images is carried out.

5.The method as claimed in claim 4, wherein the weighting
of the two images is settable by the viewer.

6. The method as claimed in claim 4, wherein the weighting
of'the two images is undertaken at different locations.

7. The method as claimed in claim 1, wherein the measure-
ment of the absorption of aray is carried out by at least one of
summing up and forming the average of all the measured
values with the aid of a differently displaced grating.

8. The method as claimed in claim 1, wherein a phase
contrast measurement with the aid of at least a first focus/
detector system having trans-irradiated X-ray optical grat-
ings, and at least one absorption measurement is carried out
by at least a second focus/detector system, arranged with an
angular offset, without an X-ray optical grating.

9. The method as claimed in claim 7, wherein the X-ray
tubes of the at least two focus/detector systems are operated
with a different accelerating voltage.

10. The method as claimed in claim 1, wherein the grating
geometry of at least one focus/detector system is tuned to a
characteristic X-ray line of the anode material.

11. The method as claimed in claim 1, wherein, depending
on the ray and focus/detector system, at least six measure-
ments are carried out with a different grating offset in order to
determine the phase shift.

12. A CT system for producing tomographic images, com-
prising:

at least one focus/detector system, arranged on a gantry in

a fashion rotatable about an examination object, includ-
ing a set of three trans-irradiated X-ray optical gratings
of parallel alignment between focus and detector, by
which the phase shift of the radiation during penetration
of the examination object is measurable in a ray-wise
resolved fashion, a first grating being arranged between
the at least one focus and the examination object, a
second grating being arranged between the examination
object and the detector and a third grating being
arranged between the second grating and the detector,
the at least one focus/detector system further including
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an apparatus for displacing the third grating relative to
the second grating in a fashion perpendicular to the ray
direction and perpendicular to the longitudinal direction
of the grating lines,

means for reconstructing tomographic absorption images

and phase contrast images; and

means for superposing the tomographic absorption images

and phase contrast images, and for displaying the super-
posed images.

13. The CT system as claimed in claim 12, wherein there is
arranged, on the gantry with an angular offset, at least one
further focus/detector system that is free from X-ray optical
gratings and serves exclusively for measuring absorption.

14. The CT system as claimed in claim 13, wherein the
grating arrangement satisfies the following geometric condi-
tions:

wherein:
P =grating period of the grating G,
I=distance of the source grating G, from the phase grating,
d=distance of the phase grating G, from the analysis grat-
ing G, in fan beam geometry,
d™=distance of the phase grating G, from the analysis grat-
ing G, in parallel geometry,
A=wavelength of the radiation yield,
h,=height of the grating G, in the radiation direction, and
n=refractive index of the grating material.
15. The CT system as claimed in claim 12, further com-
prising an arithmetic logic and control unit.
16. The CT system as claimed in claim 12, wherein the
grating arrangement satisfies the following geometric condi-
tions:

PoXp2
po+p2

!
P0=P2><E,

p1=2%

Ixd~
Tl-d=

where

_ 1 (p
d_ﬁx(ﬁ’
2
T 2n-1)

d
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wherein:
p,=grating period of the grating G,
I=distance of the source grating G, from the phase grating,
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d=distance of the phase grating GG, from the analysis grat-

ing G, in fan beam geometry,

d™=distance of the phase grating GG, from the analysis grat-

ing G, in parallel geometry,

A=wavelength of the radiation yield,

h,=height of the grating G, in the radiation direction, and

n=refractive index of the grating material.

17. A non-transitory computer readable storage medium of
or for a CT system, wherein the storage medium contains a
program code to perform the method of claim 1 when
executed during operation of the CT system.

18. A focus/detector system of an X-ray apparatus, com-
prising:

a radiation source with a focus and an opposing planar

detector with a multiplicity of detector elements; and

a set of three trans-irradiated X-ray optical gratings of

parallel alignment between focus and detector, by which
the phase shift of the radiation during penetration of the
examination object is measurable in a fashion resolved
into rays, a first grating being arranged between the at
least one focus and the examination object, a second
grating being arranged between the examination object
and the detector, a third grating being arranged between
the second grating and the detector, and an apparatus
being provided for displacing the third grating relative to
the second grating in a fashion perpendicular to the ray
direction and perpendicular to the longitudinal direction
of the grating lines.

19. The focus/detector system as claimed in claim 18,
wherein the grating arrangement satisfies the following geo-
metric conditions:

wherein:

P =grating period of the grating G,

I=distance of the source grating G, from the phase grating,

d=distance of the phase grating GG, from the analysis grat-

ing G, in fan beam geometry,

d =distance of the phase grating GG, from the analysis grat-

ing G, in parallel geometry,

A=wavelength of the radiation yield,

h,=height of the grating G, in the radiation direction, and

n=refractive index of the grating material.

20. An X-ray system comprising at least one focus/detector
system as claimed in claim 19.

21. An X-ray system comprising at least one focus/detector
system as claimed in claim 18.

22. The X-ray system as claimed in claim 21, further com-
prising means for calculating the phase shift from a number of
intensity measurements of the same ray with the aid of a
differently offset third grating.

23. The X-ray system as claimed in claim 22, further com-
prising means for calculating the absorption by summing or
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forming the average of a number of intensity measurements
of the same ray with the aid of a differently offset third
grating.

24. The X-ray system as claimed in claim 23, further com-
prising means for superposing and displaying the superposed
absorption images and phase contrast images.

25. A method for producing projective X-ray images of an
examination object having an X-ray system, the method com-
prising:

trans-irradiating the examination object by a beam ema-

nating from the focus of an X-ray tube,
measuring the received radiation intensity with the aid ofat
least one detector, there being arranged between the at
least one X-ray tube and the at least one detector a set of
X-ray optical gratings that are trans-irradiated by the
X-radiation and enable a phase contrast measurement,
and a first grating being arranged between the focus and
an examination object and two gratings being arranged
between the examination object and detector;

determining, for each ray lying in space between the focus
and detector and that penetrates the examination object,
at least three intensity measurements with the aid of
detector-side gratings respectively arranged offset from
one another for the phase shift from the respective ray
upon passage through the object;

producing phase contrast images, whose pixel values rep-

resent the phase shift per ray, from the measured phase
shifts of the rays;
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determining the absorption of each ray upon passage

through the examination object;

producing projective absorption images from the absorp-

tion measurements; and

subsequently superposing and displaying the projective

absorption images and the projective phase contrast
images.

26. The method as claimed in claim 25, wherein at least one
of the projective phase contrast images and the projective
absorption images are subjected to image processing before
superposition.

27. The method as claimed in claim 25, wherein a weighted
superposition of the projective phase contrast images and the
projective absorption images is carried out.

28. The method as claimed in claim 27, wherein the
weighting of the superposed images is settable by the viewer.

29. The method as claimed in claim 28, wherein the
weighting of the superposed images is undertaken at different
locations.

30. The method as claimed in claim 25, wherein the mea-
surement of the absorption of a ray is carried out by summing
up or forming the average of all the measured values with the
aid of a differently displaced grating.
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