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Method and device for imaging tomography

Technical field

The present invention relates to a method for imaging an ob-
ject being irradiated with at least one energy input beam
along a plurality of projection directions, in particular to
a method for imaging an object on the basis of reconstructing
an image function from Radon data comprising a plurality of
projection functions measured corresponding to the plurality
of projection directions. Furthermore, the present invention
relates to a device for imaging an object on the basis of the

imaging method.

Technical Background

The non-destructive investigation of samples is an important
task in various technical fields like material sciences,

medical examinations, archaeology, construction technique,

‘techniques concerning security matters etc.. One approach for

obtaining an image of a sample e.g. by computer tomography
(CT) is based on an irradiation trough an object plane from
different projection directions with X-rays, followed by a
reconstruction of the object plane on the basis of attenua-
tion data measured at different directions. The entirety of
the measured attenuation data can be described in terms of

so-called Radon data in a Radon space.

The most relevant conventional reconstruction methods known
today can be summarized as methods based on the iterative re-
construction or those based on the so-called filtered back-

projection. The iterative reconstruction methods have essen-
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tial disadvantages in terms of extremely long calculation
times. On the other hand, the filtered back-projection
method, which relies on the so-called Fourier-slice theorem,
has a general disadvantage dﬁe to an interpolation step in
the reconstruction, which results in errors and artifacts
that have a tendency to increase with increasing space fre-
quency. Another problem of the filtered back-projection
method is related to the discretization of the Radon data
from which the image data have to be reconstructed. To get an
optimal filtered back-projection reconstruction it would be
necessary to exactly match the projected irradiation rays
with detector elements of a detector. This is in general not
the case. For this reason, uncertainties or smoothing effects
from the reconstruction of Radon data by means of filtered

back-projection algorithms are introduced.

T. Bortfeld et al. have described an algorithm for the recon-
struction of two-dimensional images from a plurality of pro-
jections along the projection directions (”Phys. Med. Biol.”,
Vol. 44, 1999, p. 1105-1120). With this algorithm, the pro-
jections are represented as decompositions, which are sub-
jected to the above filtered back-projection reconstruction.
The projections are measured e.g. with a fan beam geometry,
wherein attenuation values according to distinct projection
lines with even ahgular intervals relative to each other are
measured. The single projection lines measured with different
projection directions of the fan beam can be resorted for
providing parallel projections to be used for the image re-
construction. The algorithm of T. Bortfeld et al. has not
yielded a practical implementation. The algorithm assumes an
ideal fan beam geometry, which is not available in practice.
Therefore, the T. Bortfeld et al. algorithm requires an in-
terpolation step like the conventional filtered back-=

projection. Furthermore, the T. Bortfeld et al. algorithm has



10

15

20

25

30

WO 2006/125570 PCT/EP2006/004781

an essential disadvantage in terms of artifacts occurring in

the reconstructed images.

The disadvantages of the filtered back-projection procedures
and the method of T. Bortfeld et al. can be avoided with an
image reconstruction method, which is described in the non-
published European patent application EP 04031043.5. With
this method, the image function is determined from Radon data
comprising a plurality of projection functions measured cor-
responding to the plurality of predetermined projection di-
rections. The image function is determined as a sum of poly-
nomials multiplied with values of the projection functions.
In practical implementations, this image reconstruction is
based on the measurement of attenuation values corresponding
to discrete irradiation beam components having equal angles

relative to each other; According to non-published EP

'04031043.5, the discrete beam components can be generated

with a fan beam geometry by using a radiation source 210°'
equipped with a source mask 211' as schematically illustrated
in Figure 12. The source mask 211' comprises a shielding
plate 212' for example made by tungsten with through holes
213'. The shielding plate 212' of the source mask 211' can
have a planar shape as shown in Figure 12 or a cylindrical
shape. The through holes 213' are arranged such that projec-
tion lines starting at the radiation source cross a circle

with detector elements with an equal arc length spacing.

In contrast to the T. Bortfeld et al. algorithm, the image
reconstruction of unpublished EP 04031043.5 can be used to
replace the conventional filtered back-projection algorithm.
Therefore, the artifacts introduced by the interpolation in
filtered back-projection could be avoided. Nevertheless, it
has been found that the image reconstruction according to EP

04031043.5 in practice may have disadvantages in terms of ar-
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tifacts in the reconstructed image (so-called aliasing arti-

facts).

Current developments in computed tomography have provided so-
called multi-slice-CT and CT-systems based on flat panel
technology. These developments are suffering from three fur-
ther major problems. First of all, the amount of data is very
large, the reconstruction time for such an amount of data is
too long or the computers needed to handle such data are too
expensive. The second problem results from the planar geome-
try of the detector, which generally is not adapted to the
circle geometry of conventional CT devices. Finally, resolu-
tion of low contrast details is restricted due to scattered

radiation.
The above disadvantages are associated not only with the con-
ventional CT imaging, but also with all available reconstruc-

tion methods related to Radon data.

Objective of the invention

The objective of the invention is to provide improved methods
for imaging an object, which avoid the disadvantages of the
above conventional techniques and which in particular are ca-
pable of reducing artifacts in image reconstruction. Further-
more, the imaging method is to be improved so that it can use
an application of flat panel detectors. Furthermore, the ob-
jective of the invention is to provide an improved imaging
device, which is capable of improved imaging a region of in-

vestigation in particular with reduced aliasing artifacts.

The above objectives are achieved with methods or devices

comprising the features of patent claims 1 and 19. Advanta-
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geous embodiments and applications of the invention are de-

fined in the dependent claims.

Summary of the invention

According to a first general aspect of the invention, an en-
ergy input beam for irradiating a region of investigation is
provided with a plurality of individual, discrete energy in-
put beam components at least two of which having different
cross-sections. The energy input beam components are travel-
ing trough the region of investigation. Groups of parallel
energy input beam components belonging to one or different
energy input beams provide a step-less irradiation through
the region of investigation. The energy input beam is formed
such that the parallel energy input beam components are ar-
ranged with an abutting fashion so that the region of inves-
tigation is completely covered with the irradiation according

to the respective projection direction.

The inventors have found that artifacts (in particular alias-
ing artifacts) can be generated by the conventional tech-
niques. If the projection lines are spaced from each other
with equal angles as required, the corresponding energy beam
components intersect a reference plane perpendicular to the
current projection direction of the energy beam at non-
equidistant intersection points. Accordingly, the image re-
construction algorithm described in unpublished EP 04031043.5
and the conventional algorithm of T. Bortfeld et al. are
characterized by a non-uniform sampling. With the conven-
tional energy beam components having equal cross-sections,
this non-uniform sampling yields in most cases either an
overlap or gaps between neighboring parallel energy beam com-

ponents. The inventors have found that these overlaps or gaps
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are responsible for the aliasing artifacts obtained with the

conventional imaging methods.

Contrary to the above techniques with non-uniform sampling,
the imaging method of the invention provides for a continuous
irradiation of the region of investigation. As the energy
beam components being parallel to a current projection direc-
tion have different cross-sections, the non-uniform sampling
can be compensated. Accordingly, the parallel energy beam
components are abutting relative to each other. Any double
irradiation or unintended shadowing is avoided so that the

aliasing artifacts are suppressed.

The energy input beam shaping according to the invention has
a further important advantage with regard to the design of
the detector device for measuring attenuation values obtained
with the irradiation of the region of investigation. For pro-
viding the continuous irradiation of the region of investiga-
tion, the cross-sections of energy beam components are de-
creasing with increasing distance from a central energy input
beam component. The larger an angle between a particular en-
ergy input beam component and the centrél energy input beam
component is, the smaller is the cross-section of the par-
ticular energy input beam component. This cross-section re-
duction from the center towards the boundaries of a group of
parallel energy input beam components even yields equal
cross-sections of the projections of the energy input beam
components on a straight, linear (l-dimensional) or a planar
(2-dimensional) detector device oriented perpendicular to the
projection direction of the considered group of energy input
beam components. As a result, each energy input beam compo-
nent is sensed with the same number of detector elements of
the detector device so that a further calibration or re-

sizing of groups of the detector elements can be avoided.
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While the conventional computer tomography is defined as be-
ing based on irradiating the region of investigation with
beams having equal cross-sections, the inventors have de-
parted from this concept. Nevertheless, the term "computer
tomography" is maintained in the following for describing em-

bodiments of the imaging method according to the invention.

The term "region of investigation" (ROI) used herein gener-
ally refers to an object under investigation or a part
thereof. The ROI can be described as a 2~ or 3-dimensional
entity. The term "projection direction" used herein generally
refers to the linear course of an energy input through the
ROI. The projection direction can be defined by angles rela-
tive to a coordinate system used. If fan or cone beams.are
considered, the term "projection direction" indicates the
orientation of a central (or: main) beam component in the fan

or cone beam.

Radon data measured at the ROI are obtained from a set of
projection functions which have been determined corresponding
to a plurality of predetermined projection directions running
through the ROI. The data are collected with a certain number
of "projections". These projections are characterized by in-
tegrating the interesting effect along strips covered by the
beam components. By measuring a sufficient number of these
integrated “projections”, the features of the object can be

reconstructed from the Radon data.

The values of the projection functions generally are deter-
mined by the interaction (in particular attenuation, e.g. by
absorption, scattering or reflection) of an energy input beam
travelling through the ROI along the respective projection

direction. While the projection function is a one-dimensional
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function, the entirety of projection functions corresponding
to all available projection directions spans a space (Radon

space) of higher dimensions.

The term "energy input beam" (or: "radiation beam") used
herein refers to all types of a physical quantity, which
travels along a straight line (or an essentially straight
line) through the ROI while the energy carried is changed due
to an interaction with the ROI. In particular, the term "en-
ergy input beam" covers electromagnetic radiation, in par-

ticular X-rays, particle radiation or sound waves.

According to a preferred embodiment of the invention, the en-
ergy input beam components, which belong to different energy
input beams or to one particular energy input beam, provide
groups of parallel energy input beam components irradiating
the ROI without gaps and without overlap between neighboring
energy input beam components. The essential advantage of this
embodiment of the invention is given by the fact that the
aliasing artifacts can be suppressed in a particular effi-
cient manner. In practice, the boundaries of the energy input
beam components are not jumps in a function, but rather a
continuous function depending on the particular beam shaping
technique. Therefore, the feature of gap-free and overlap-
free irradiation (or: complete irradiation) is fulfilled, if
the physical quantity (e.g. electromagnetic field strength)
between two energy beam components is not higher than 50%
compared with the respective physical quantity in the center

of the adjacent energy beam components.

The present invention represents a further important advan-
tage as the energy input beam shaping can be implemented with
conventional imaging techniques, e.g. conventional computer

tomography imaging techniques. Therefore, the energy input
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beam shaped according to the invention preferably is a fan
beam or a cone beam created with at least one beam source and
having a particular beam angle describing the divergence of

the fan or cone beam.

If the energy input beam is shaped with a beam mask, particu-
lar advantages can be obtained with regard to a precise and
reproducible input method that provide the energy input beam
components within a predetermined beam angle and with prede-
termined cross-sections. The beam mask includes through
holes, which transmit the energy input beam components while
remaining parts of the energy input beam are shielded. The
beam mask can be arranged near a beam source and may even
move as a source mask with the beam source, e.g. an X-ray
source. In this case, the beam mask is called source mask.
Otherwise, a beam mask fixed to at the imaging device is
called frame mask. Due to the geometrical size of beam
sources typically used for Radon data based imaging methods,
the beam mask allows a sharp profiling of the energy input
beam. The inventors have found that the continuous irradia-
tion of the ROI can be provided even at a distance from the
beam source (combined with the beam mask) up to the range of

1 meter or more.

According to a preferred embodiment of the invention, the
beam mask (as a movable source mask or as a fixed frame mask)
comprises a planar solid plate made of a shielding material
including the through holes. The solid plate is arranged with
a distance s from the X-ray emitter. The through holes all
have an equal size. They are arranged at positions s;=s cotf;
(with §; describing the orientation of the individual beam
components) . With the planar beam mask arranged perpendicular
to the central projection direction of a fan or cone beam,

the through holes with equal sizes automatically provide en-
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ergy input beam components with decreasing cross-section at
the boundaries of the energy input beam. The planar beam mask
has particular advantages in terms of a simple construction
and broad application range. Alternatively, the beam mask may
be formed by a curved, e.g. a cylindrical member of shielding
material including the through holes. In this case, the
through holes have different sizes for providing the differ-
ent cross-sections of the energy input beam components. The
cylindrical beam mask has particular advantages with regard
to a precise definition of the cross-sections independently

on the adjustment relative to the beam source.

The curved geometry of the beam mask and the diameters of the
through holes can be modified such that any projection of
beam components on a plane perpendicular to the current prd—

jection direction have the same size.

If the imaging method of the invention includes an adjustment
of the beam mask relative to the energy input beam source,
the imaging and reconstruction results can be improved by a

fine adjustment of the beam mask.

According to a further advantageous embodiment of the inven-
tion, the energy input beam is shaped not only with regard to
the profiling of the energy input beam components, but also
with regard to the outer boundary of the energy input beam.
To this end, the imaging method of the invention comprises a
further step of setting the beam angle of the energy input
beam. This embodiment has particular advantages with regard
to an adaptation of the beam source (possibly in combination
with the beam mask) to a particular object to be investi-
gated. For irradiating a small object, the beam angle can be
decreased so that the overall irradiation dose can be re-

duced.
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Preferably, the beam angle is set with an aperture serving as
a diaphragm or shutter. Advantageously, the aperture has a
simple construction. Furthermore, it can be simply mounted on
a conventional imaging device, like e.g. a conventional CT
device for an adaptation to the present invention. Further
advantages of the aperture arise from the availability of two
degrees of freedom for adjusting the beam angle. With a first
alternative, the beam angle is adjusted by setting a diameter
of the aperture. This allows a flexible adaptation of the ap-
erture to the object under investigation. According to a sec-
ond alternative, the beam angle is adjusted by setting a dis-
tance between the aperture and the beam source. With the de-
creasing distance, the beam angle is increased. Both alterna-—

tives can be combined.

According to a second preferred embodiment of the invention
the at least one energy input beam comprises a distribution
of parallel pencil beams providing the energy input beam com-
ponents. In this case, each group of parallel energy input
beam components belongs to one energy input beam only. This
energy input beam is created with a linear beam source as it

is known e.g. in conventional CT imaging devices.

Shaping the energy input beam for providing the at least two
pencil beams with different cross-sections is obtained by
modulating the output of the linear beam source or by a beam

mask with adapted geometry.

The above reconstruction algorithms based on discrete projec-
tion lines inquire the measurement of attenuation values ac-
cording to projection lines intersecting a reference plane
perpendicular to the actual projection direction at non-

equidistant intersection points. Therefore, the above consid-
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eration concerning the effect of energy beam components with
equal cross-sections is valid for parallel pencil beams as
well. With this embodiment of the invention, the parallel
pencil beams represent the energy input beam components of a
particular energy input beam. While it is possible to adjust
the cross-sections of the pencil beams with a beam mask as
outlined above, preferably, the different cross-sections of
the parallel pencil beams are adjusted by modulating the beam

source output.

With an X-ray beam source, the parallel pencil beams are
preferably created subsequently with a moving beam source
emitter. In this case, the electron current for generating
the X-rays is modulated for adjusting the cross-section of

the pencil beams.

For taking a complete set of Radon data of the object under
investigation, the ROI has to be irradiated aloﬁg a plurality
of projection directions. This irradiation can be obtained
with a plurality of energy input beams created with a plural-
ity of beam sources. With this embodiment, beam sources are
distributed around the object to be imaged. However, accord-
ing to a preferred embodiment of the -invention, the projec-
tion directions are set subsequently by moving the energy
beam source relative to the object. Preferably, the energy
beam source is moved on a circle around the object. Advanta-
geously, this embodiment 1is completely compatible with con-
ventional imaging techniques, in particular with conventional

computer tomography.

The imaging method of the invention can be implemented with
any type of detector that is capable of measuring attenuation
values of the energy beam transmitted through the ROI. If ac-

cording to a preferred embodiment of the invention, at least
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one straight or planar detector is used for measuring the at-
tenuation values, particular advantages arise in terms of
compatibility with conventional detection techniques and
availability of detectors with simple (planar) geometry. Fur-
thermore, if the energy input beam comprises a group of par-
allel pencil beams, the attenuation values of all pencil
beams can be measured simultaneously with one detector only.
With fan beams or cone beams, a plurality of detectors or one
detector only can be used. In the latter case, the detector

is moveable corresponding to the moving energy beam source.

The present invention provides another essential advantage in
terms of data handling. Due to the adjustment of the cross-
sections of the energy input beam components, attenuation
values can be measured with predetermined groups of detector
elements of the detector device. The groups of detector ele-
ments have equal sizes for all beam components. Only these
predetermined groups are to be read out without resizing so

that the amount of data to be processed is reduced.

For completing the image reconstruction, the imaging method
of the invention preferably comprises a step of subjecting
the measured attenuation values to an image reconstruction
procedure. For compensating the dose reduction effect of the
inclined projections, the attenuation values are scaled by
dividing them by the ray thickness of the beam components
contributing to the respective attenuation values. Prefera-
bly, the image reconstruction procedure comprises one of the
algorithms mentioned above. EP 04031043.5 and the publication
of T. Bortfeld et al. are introduced into the present speci-
fication by reference. This introduction comprises in par-
ticular the features concerning the implementation of the im-

age reconstruction algorithms.
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It is an essential advantage of the invention, that the imag-
ing method and device can be used in various applications in
medical imaging, for example CT, etc.. However, there are a
lot more possible applications like light tomography, any
multidimensional imaging for industrial testing or biological
research and so on. Preferably, the image functionis deter-
mined from Radon data measured in an X-ray computer tomogra-
phy (CT) device, or a neutron based transmission detection

system.

According to a second general aspect of the invention, the
above objective is solved by an imaging device including a
measuring device, which comprises at least one energy input
beam source for creating the above energy input beam with in-
dividual energy input beam components, wherein the measuring
device further comprises a shaping device for adjusting the
cross-sections of the energy input beam components. According
to a preferred embodiment of the invention, the shaping de-
vice comprises a beam mask with through holes arranged be-
tween the energy beam source and the ROI, preferably in front
of the energy beam source. Alternatively, the shaping device
comprises a control device for modulated operation of the en-
ergy beam source, like e.g. a current control device for

modulating the electron current of an X-ray source.

According to further preferred embodiments of the invention,
the imaging device comprises at least one of a first adjust-
ment device for adjusting a distance between the source mask
and the energy input beam source and a second adjustment de-
vice for adjusting a diameter of an beam angle aperture
and/or a distance between the aperture and the energy input

beam source.
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Brief description of the drawings

Further details and advantages of the invention are described
in the following with reference to the attached drawings,

which show:

Figure 1 a schematic illustration of an embodiment of

beam shaping according to the invention;

Figures 2 and 3 illustrations of directing fan beams through

an object under investigation;

Figure 4 an illustration of the effect of conventional
irradiation with beam components having equal

cross—-sections;

Figure 5 a schematic illustration of the effect of ir-
radiation with beam components having differ-

ent cross-sections according to the invention;

Figures 6 and 7 schematic illustrations of possible embodi-
ments of beam shaping masks used according to

the invention;

Figure 8 a schematic representation of an embodiment of

an imaging device according to the invention;

Figure 9 a further illustration of directing fan beams

through an object under investigation;

Figure 10 a schematic illustration of the combination of
a beam source with a beam angle aperture and a

source mask according to the invention;
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Figure 11 a further illustration of directing pencil
beams through an object under investigation;

and

Figures 12 a schematic illustration of a beam shaping

mask according to unpublished EP 04031043.5.

Embodiments of the invention

The invention is described in the following with reference to
the application in computer tomography. It is emphasized that
the invention can be implemented in an analogous way with the
other applications mentioned above. Furthermore, the follow-

ing description of the preferred embodiments mainly refers to
the step of energy beam shaping. Details of CT or other imag—
ing devices or image reconstruction algorithms used for im-

plementing the invention are not described as far as they are

known from conventional techniques or from EP 04031043.5.

Beam shaping according to the invention is schematically il-
lustrated in Figure 1, which shows the 2-dimensional case of
imaging a plane intersecting an object. With the circle 2
representing the ROI to be reconstructed, black dots 21 on
the circle 2 are positions of an X-ray source for creating
radiation beams each including one of the illustrated X-ray
radiation beam components (arrows). White dots 31 represent
the distribution of e. g. nine discrete beam components 5.1
to 5.9 (or: projection lines), which form a group 5 of paral-
lel energy input beam components as required for the above
algorithms based on a discrete sampling. Simultaneously, the
white dots 31 are virtual representations of the positions of

bins of the detector device. With the real arrangement, the
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source and detector devices are positioned outside the ROI

(see below, Figures 3, 12).

The above reconstruction algorithms with discrete sampling
require the measurement of projection functions (see Figure
2) comprising a plurality of attenuation values each measured
according to one of the radiation beam components. A plural-
ity of projection functions is measured along a plurality of
projection directions. As an example, the projection direc-
tion "x" (see arrow) is illustrated. According to the posi-
tions of the source and detector devices arranged for provid-
ing the beam 5, the beam components 5.1 to 5.9 are illus-
trated with opposite directions (+x/-x). For 3-dimensional
imaging in helical computer tomography, all radiation beam

components can be oriented with the same direction.

The required irradiation of the ROI with equi-angle geometry
of energy input beam components is associated with an.inter—
secting of a reference plane (y-z) perpendicular to the cur-
rent projection direction at non equidistant intersection
points (see below, Figures 6, 7). After resorting energy in-
put beam components into groups of parallel components ac-
cording to a particular projection direction, these parallel
components still have intersection points with the reference
plane, which are not evenly distributed. This feature is
shown in Figure 1. The intersecting points (white dots 31)
form decreasing intervals with increasing distance from the

central beam component 5.5.

According to the invention, the cross-sections of the energy
input beam components (here: X-ray beam components) are se-
lected to have a decreasing cross-section with increasing
distance from the central beam component 5.5. Furthermore,

the cross-sections are selected such that the ROI is totally
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covered by the irradiation and the white dots 31 are in the

middle of the respective beam component.

The diameter d; of one given beam component is defined by

z . .
df:z”m(EZZZiijJ”n@bﬂm) Jj=0,1..2m

or dj=dsin Gy

wherein 0L2m corresponds to the equi-angle geometry of data

collection and depends on geometry chosen and d is a measure

for the resolution of imaging.

Further details of the provision of energy input beam compo-

nents are illustrated below.

If the invention is applied in computer tomography, the imag-
ing device is structured like a current medical CT-system.
Directing a continuous fan or cone beam 3 through ROI in a CT
system for collecting projection data is schematically illus-
trated in Figure 2. The CT-system (not completely illus-
trated) includes the ring-shaped source carrier 220 in which
the X-ray tube (radiation source 210) and the planar detector
device 310 are rotating in a way that the whole system can
finish a complete turn within e.g. 0.3 to 0.5 s. The detector
device 310 consists e. g. of 1 to 64 rows (or up to 256 rows
or more) of detector elements (if it is more than one row it
would be called a multi-slice-CT) and approximately 700 and
1000 detector elements per row. Within each single turn the
data are read according to the number of required projec-
tions, e. g. about 1000 times. The object under investiga-
tion, e.g. a patient, is moving through this CT-ring, lying

on a patient table, that is moving continuously. By this
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method a so-called helical or spiral CT data set can be gath-
ered, because the data that are collected are located on a
spiral net. The detector device 310 is a straight (1-
dimensional) or a planar (2-dimensional) arrangement of de-
tector elements being arranged on a plane reference surface
perpendicular to the projection direction from the radiation

source.

The selection of parallel beam components e.g. for a complete
covering of the ROI can be done with a conventional CT-system
as outlined in the following. Reference is made to fan beams,
while cone beams are handled in an analogue way. Each fan
beam 3 as illustrated in Figures 2 and 3 represents a bundle
of fan beam components 4.1. 4.2, 4.3 .... Each of the fan
beam components 4.1, 4.2, 4.3 ... can be considered as a
straight pencil beam. While these pencil beams as such do not
have the same projection directions, the determination of the
discrete projection profiles according each required projec-
tion direction follows a concept, which is illustrated in

Figure 3.

Figure 3 illustrates a plurality of fan beams (e.g. fan beam
3) each of which comprising the fan beam components 4.1 to
4.7. Black dots 21 are positions of the X-ray source creating
the illustrated X-ray radiation fan beams. For a first main
projection direction corresponding to the illustrated posi-
tion of the radiation source 210, the fan beam component 4.5
runs through ROI 2 as a straight pencil beam being detected
at the detector element 311 (or a group of detector elements)
of the detector device (detector array). For obtaining an at-
tenuation value of another projection line parallel to the
fan beam component 4.5, e. g. the fan beam components 4.3'" or
4.1'"" of the fan beams 3’ or 3'' radiated at changed posi-

tions of the radiation source 210 are detected at the detec-
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tor element 312 or 313, resp.. With an appropriate selection
of the detector element positions and the radiation source
positions, in particular with an arrangement of these posi-
tions spaced with equal arc lengths, attenuation values meas-
ured with fan beam components having the same projection and
in particular being parallel can be used for constructing the
discrete projection profile. The fan beam components 4.5,
4.3" and 4.1'' have different relative positions within the
fan beams 3, 3' and 3''. With the use of beam masks described
below, the fan beam components 4.5, 4.3' and 4.1'' have dif-
ferent cross-sections (decreasing from the centre to the
boundary of the beam), so that a distribution of cross-
sections as illustrated in Figure 1 can be obtained in the

group of parallel beam components.

This concept can be used for the reconstruction of image
functions from projection data collected with a CT device e.
g. according to Figure 8. As the positions of the radiation
source 210 and the detector device and the positions of the
detector elements 311, 312, 313,... within the detector de-
vice are known from each selected central projection direc-
tion of the fan beam, the integrated attenuation values for
constructing discrete projection profiles corresponding to
groups of parallel beam components can be simply obtained
from the collection of raw data obtained with the CT device

and resorting the sensed integrated attenuation values.

The effect of providing shaped beam components having differ-
ent cross-sections according to the invention is illustrated
with further details in Figures 4 and 5. Figure 4 shows the
effect of a source mask according to Figure 12 as described
in EP 04031043.5. For providing beam components with equal

cross-sections, this source mask has through holes with vary-

ing diameters d;. With increasing distance from the central
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through hole, the diameters d; are increasing. As a conse-
quence, the projections of the beam components in the detec-
tor plane are increasing, e.g. the projection 7.1' is larger
than the projection 7.2'. This effect is compensated with the
beam shaping according to the invention as shown in. Figure 6.
All projections 7.1, 7.2 and 7.3 onto the detector plane have

the same size.

Figures 6 and 7 illustrate embodiments of beam shaping with
beam masks 211 used according to the invention. The seven
discrete beam components 4.1 to 4.7 are generated with a fan
beam geometry by using a radiation source 210 equipped with
the source mask 211. According to Figure 6, the source mask
211 comprises a shielding plate 212 of e.g. tungsten with
through holes 213. The through holes 213 are arranged such
that the projection lines starting at the radiation source
210 cross the circle in line with the detector elements at
predetermined positions, in particular, they are arranged
with an equal arc length spacing. In contrast to the shield-
ing plate 212' shown in Figure 12, the through holes 213 in
the planar plate have identical diameters d. The thickness of
the shielding plate 212 is with the use of tungsten in the
range of about 100 pm to about 5 mm. Figure 6 illustrates
seven beam components for clarity reasons only. In practice,
the shielding plate 212 includes e. g. about 200 holes with a
diameter of approximately 100 pm. The size of the holes is
selected in dependence on the imaging resolution to be ob-

tained.

The central beam component 4.4 perpendicularly intersects the
mask plate and correspondingly the detector plane (not
shown) . Accordingly, the cross-section of the central beam
component 4.4 is equal to the diameter d. On the other hand,

the beam component 4.1 at the boundary is tilted relative to
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the mask plate. Therefore, the cross-section of the beam com-
ponent 4.1 is reduced. Generally, with a numbering starting
from a central through hole to the boundary (up to the m-th
through hole), the cross-section of the corresponding m-th
beam component is

d =2tan (—E—J
2(2m+1)

According to Figure 7, the source mask 211 comprises a
(half-)cylindrical shielding member 212 of e. g. tungsten
with through holes 213. The cylindrical shielding member 212
is oriented with the cylinder axis parallel to the axis of
the CT ring. The through holes 213 in the cylindrical member
have different diameters for exactly providing the different

cross-sections of the beam components.

Figure 8 schematically illustrates an embodiment of the imag-
ing device 100. The imaging device 100 comprises the measur-
ing device with an energy generator 200 and the detector de-
vice 300 and the reconstruction device 400 being connected
with the measuring device. Furthermore, a holding device 500
is provided, which is e.g. a carrier table as it is known
from CT systems or any other carrier or substrate holder for
arranging an object 1 under investigation in the measuring
device and for adjusting the geometry of the object relative
to the energy generator 200 and the detector device 300. Fur-
ther components like a control device, a display device etc.
(not shown) are provided for as they are known per se from

prior art devices.

The energy generator 200 comprises an energy input source
210, like e.g. a movable X-ray source arranged on a source
carrier 220 (e.g. a guide rail or gantry) as it is known from

conventional CT devices. The detector device comprises a de-
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tector array 310 which is movably arranged on the source car-
rier 220 opposite of the energy input source 210. With this
structure, the projection direction through the ROI (parallel
in the plane of drawing) can be set by rotating the combina-
tion of components 210, 310 around the holding device 500.
Alternatively, a detector device with a distribution of de-
tector arrays around the object 1 is fixed relative to the

source carrier 220.

Figure 9 shows further details of various embodiments of the
source carrier 220. Firstly, the discrete fan beam 3 compris-
ing fan beam components 4.1, 4.2, ... is generated with a ra-
diation source combined with the source mask 211. The source
mask 211 is adapted for shaping the energy distribution func-
tion of the radiation source as outlined above. The source
mask is fixed to the radiation source (e.g. X-ray tube), in
particular to a frame 214 of an output window 215 of the ra-
diation source 210 by a detachable fixing element, like e.g.
a clip element, a snap connection or an adjustable carrier
(see Figure 10). Secondly, the shielding function can be ful-
filled by a ring-shaped shield 222 which is schematically il-
lustrated with a plurality of radiation windows 223. The
ring-shaped shield 222 can be detachably fixed to the source
carrier 220 for adapting the geometric properties of the
shield 222 to the practical application and in particular to
the mask used. As an example, the ring-shaped shield 222 com-
prises 201 radiation windows 223 each having a diameter of 6

mm (with a diameter of the CT-ring: 80 cm).

The source masks 211 described above can be omitted if each
radiation windows 223 of the ring-shaped shield 222 is pro-
vided with a frame mask 224 which is illustrated in Figure 9
as one example only. In fact, the source and frame masks 211,

224 need not be provided simultaneously.
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With the discrete fan beam generated by the mask illustrated
above, the signals from the detector elements of the detector
device detecting the integrated values of e.g. attenuation
along the corresponding projection lines are read-out at cer-
tain positions of the radiation source and the detector de-
vice only. The read out positions are those arc length posi-
tions on the ring-shaped source carrier, which fulfil the
condition of selecting fan beam components with the same pro-

jection directions as illustrated in Figure 3.

Figure 10 shows an embodiment of combining the radiation
source 210 with the source mask 211 and a beam angle aperture
216. The adjustable carrier 217 is arranged on the frame 214
of the output window 215 for holding at least one of the com-
ponents 211 and 216. Generally, the adjustable carrier 217
serves as at least one adjustment device. The beam angle ap-
erture 216 is made of a shielding plate with a central hole.
The diameter and/or the perpendicular distance between the
beam angle aperture 216 and the radiation emitter 210.1 of
the radiation source 210 can be adjusted with the adjustable
carrier 217 for defining the beam angle o of the radiation
beam 3. The source mask 211 is shaped as outlined above for
defining the beam components 4.1, 4.2.. The distance between
the source mask 211 and the radiation emitter 210.1 can be
varied for obtaining a required imaging resolution. The ad-
justable carrier 217 can be operated manually or electri-

cally, e. g. with piezo-electric drive units.

According to a further embodiment to the invention, the ob-
ject under investigation can be irradiated with straight,

parallel pencil beams 6.1, 6.2, 6.3, ... emitted simultane-
ously at each position of the radiation source 210 as shown

in Figure 10. The beam 5 comprising the straight parallel
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pencil beams 6.1, 6.2, 6.3, ... is distributed on a radiation
field, the extension of which is determined by a linear,
elongated radiation source. The parallel pencil beams 6.1,
6.2, 6.3, ... are shaped with a mask provided on the radia-
tion source as described above. Alternatively, a moving ra-
diation source emitting one pencil beam can be used as it is
known from the CT-systems of the first generation. In this
case, the cross-section of the pencil beam is controlled with
the current control 218 of the source 210. The embodiment of
Figure 10 has the particular advantage that discrete projec-
tion profiles can be directly measured with the detector de-
vice 310 without'the resorting component selection as shown

in Figure 3.
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CLAIMS

1. Imaging method for imaging a region of investigation (2)
of an object (1), comprising the step of:

- irradiating the region of investigation (2) with at least
one energy input beam (3) along a plurality of projection di-
rections, wherein the at least one energy input beam (3) com-
prises a plurality of individual energy input beam components
(4.1, 4.2, 4.3, ..., 6.1, 6.2, 6.3, ...),

characterized by the step of

- shaping the energy input beam (3) such that at least two of
the energy input beam components (4.1, 4.2, 4.3, ..., 6.1,
6.2, 6.3, ...) are provided for irradiating the region of in-
vestigation (2), wherein the at least two of the energy input
beam components (4.1, 4.2, 4.3, ..., 6.1, 6.2, 6.3, ...) have
different cross-sections and groups (5) of parallel energy
input beam components (5.1, 5.2, 5.3, ...) being parallel to
one of the projection directions provide a continuous irra-

diation of the region of investigation (2).

2. Method according to claim 1, wherein the groups (5) of
parallel energy input beam components (5.1, 5.2,-5.3, ...)
provide a complete irradiation of the region of investigation
(2) without the energy input beam components (5.1, 5.2, 5.3,

.) belonging to the respective group (5) overlapping.

3. Method according to claim 1 or 2, wherein the energy in-

put beam (3) is a fan beam or a cone beam.

4. Method according to at least one of the foregoing
claims, wherein the step of shaping the energy input beam (3)

comprises transmitting the energy input beam through a beam
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mask (211) made of an energy input shielding material with

through holes (213).

5. Method according to claim 4, wherein the step of shaping
the energy input beam (3) comprises transmitting the energy

input beam through a plane beam mask (211) with through holes
(213) all having an equal size or through a curved beam mask

(211) with through holes (213) having different sizes.

6. Method according to at least one of the claims 4 or 5,
further comprising the step of adjusting a distance between

the beam mask (211) and an energy input beam source (210).

7. Method according to at least one of the foregoing
claims, wherein the step of shaping the energy input beam (3)
comprises a further step of setting a beam angle (a) of the

energy input beam (3).

8. Method according to claim 7, wherein the beam angle (a)

is set with an aperture (216).

9. Method according to claim 8, further comprising the step
of adjusting at least one of the diameter the aperture (216)
and the distance between the aperture (216) and the enerqgy

input beam source (210).

10. Method according to claim 1 or 2, wherein the energy in-
put beam components of the energy input beam (3) comprise a

distribution of parallel pencil beams (6.1, 6.2, 6.3, ...).

11. Method according to claim 10, wherein the step of shap-
ing the energy input beam (3) comprises a source modulation
for providing the different cross-sections of the parallel

pencil beams (6.1, 6.2, 6.3, ...).
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12. Method according to at least one of the foregoing
claims, wherein the projection directions are set subse-
quently by moving the energy input beam source relative to

the object (1).

13. Method according to at least one of the foregoing
claims, wherein a plurality of integrated attenuation values
are measured by at least one l-dimensional linear detector or

by at least one 2-dimensional planar. detector.

14. Method according to claim 13, wherein the energy input
beam components comprise the parallel pencil beams (6.1, 6.2,
6.3, ...) and the integrated attenuation values of all energy
input beam components having the same projection direction

are simultaneously measured with the detector.

15. Method according to claim 13 or 14, wherein exclusively
predetermined groups of detector elements of the detector are

read out for obtaining the integrated attenuation values.

16. Method according to at least one of the foregoing
claims, comprising the step of determining a plurality of
projection functions corresponding to the plurality of pro-
jection directions, wherein each of the projection functions
comprises integrated attenuation values measured with energy
input beam components being parallel to the current projec-
tion direction and intersecting a reference plane, which is
perpendicular to this projection direction at non-equidistant

intersection points.

17. Method according to at least one of the foregoing

claims, comprising the steps of
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- subjecting the plurality of integrated attenuation values
to a scaling by dividing them by the cross-sections of the
respective beam components, and

- subjecting the plurality of scaled attenuation values to an

image reconstruction procedure.

18. Method according to at least one of the foregoing
claims, wherein the integrated attenuation values are meas-
ured for providing Radon data measured in:

- an X-ray computer tomography (CT) device,

- light tomography, or

- a neutron based transmission detection system.

19. Imaging device (100) for imaging a region of investiga-
tion (2) of an object (1), comprising:

~ a measuring device (200, 300) for measuring projection
functions corresponding to a plurality of projection direc-
tions, the measuring device (200, 300) including at least one
energy input beam source (200, 210) for creating at least one
energy input beam (3) with a plurality of individual energy
input beam components (4.1, 4.2, 4.3, ..., 6.1, 6.2, 6.3,

.) and a detector device (300),
characterized by further comprising:

- a shaping device (211, 218) being adapted for shaping the
energy input beam (3) such that at least two of the energy
input beam components (4.1, 4.2, 4.3, ..., 6.1, 6.2, 6.3,

.) being provided for irradiating the region of investiga-
tion (2) have different cross-sections and groups (5) of par-
allel energy input beam components (5.1, 5.2, 5.3, ...) being
parallel to one of the projection directions provide a con-

tinuous irradiation of the region of investigation (2).
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20. Imaging device according to claim 19, wherein the shap-
ing device comprises a beam mask (211, 224) made of an energy

input shielding material with through holes (213).

21. Imaging device according to claim 20, wherein the beam
mask (211, 224) is arranged between the at least one energy

input beam source (200, 210) and the region of investigation

(2) .

22. Imaging device according to claim 20 or 21, wherein the
shaping device comprises a plane beam mask (211, 224) with
through holes (213) all having an equal size or a curved
source mask (211) with through holes (213) having different

s

sizes.

23. Imaging device according to at least one of the claims
20 to 22, further comprising a first adjustment device (217)
for adjusting a distance between the beam mask (211) and the

energy input beam source (200, 210).

24. Imaging device according to at least one of the claims
19 to 23, wherein the energy input beam source (200, 210) is

adapted for creating a fan beam or a cone beam.

25. Imaging device according to at least one of the claims

19 or 24, further comprising an aperture (216) for setting a

beam angle (a) of the energy input beam (3).

26. Imaging device according to claim 25, further comprising
a second adjustment device (217) for adjusting at least one
of the diameter of the aperture (216) and the distance be-
tween the aperture (216) and the energy input beam source

(200, 210).
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27. 1Imaging device according to at least one of the claims
19 to 26, wherein the detector device (310) comprises at
least one l-dimensional linear detector or at least one 2-

dimensional planar detector.

28. Imaging device according to at least one of the claims
19 to 27, wherein the energy input beam source (200, 210) is

movable relative to the object (1).

29. Imaging device according to at least one of the claims
19 to 23, wherein the energy input beam source (200, 210) is

adapted for creating parallel pencil beams (6.1, 6.2, ...).

30. Imaging device according to claim 29, wherein the energy
input beam source (200, 210) includes a movable radiation
emitter (210.1) and the shaping device comprises a current

control (218) for controlling the radiation emitter (210.1).

31. Imaging device according to at least one of the claims
19 to 30, further comprising a reconstruction circuit (400)
for reconstructing an image function on the basis of measured

projection functions.
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