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Technical field

The present invention relates to a method of reconstructing
an (n+l)-dimensional image function from n-dimensional or
less dimensional Radon data comprising a plurality of projec-
tion functions measured corresponding to a plurality of pre-
determined projection directions. Furthermore, the present
invention relates to a method and a device for imaging a re-
gion of investigation on the basis of the above reconstruct-

ing method.

Technical Background

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

medical examinations, archaeology, construction technique,



10

15

20

25

30

WO 2006/069708 PCT/EP2005/013801
2

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 a sample plane from
different projection directions with X-rays, followed by the
reconstruction of the sample 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.

Different reconstruction methods for Radon data are known to-
day. For an introduction to the mathematical and physical
principles of conventional image reconstruction, reference is
made to the textbooks "Computed Tomography - Fundamentals,
System Technology, Image Quality, Applications" by W. A. Kal-
ender (1°%. edition, ISBN 3-89578-081-2); "Image Reconstruc-
tion from Projections: The Fundamentals of Computerized Tomo-
graphy" by G. T. Herman, Academic Press, 1980; and "Ein-
fihrung in die Computertomographie” by Thorsten M. Buzug
(Springer-Verlag, Berlin 2004). The conventional reconstruc-
tion methods can be summarized as methods based on the itera-
tive reconstruction or those based on the so-called filtered

back-projection.

The iterative reconstruction is an approximation method based
on a plurality of iteration steps. Each point in a projection
corresponds to a line in the reconstructed image. The projec-
tions are thus back-projected. This leads as a first sﬁep to
a very crude approximation. Subsequently, the imaging process
of transforming the Radon data is simulated for this approxi-
mation and then differences are calculated to do a back-
projection again. For an optimization of the reconstructed
picture, this iteration is repeaﬁed many times. The essential
disadvantage of the iterative reconstruction is that the

above iteration leads to extremely long calculation times.
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The filtered back-projection method relies in principle on
the Fourier-slice theorem describing a relationship of the
Fourier transform of the Radon data and Fourier transformed
image data. A general disadvantage of using the Fourier-slice
theorem lies in the fact that an interpolation step in the
reconstruction results in errors and artifacts which have a
tendency even to increase with increasing space frequency.
The capability of reconstructing images with fine details is
limited. This disadvantage could be avoided by using detec-
tors with high resolution only. However, the application of
these detectors is limited in terms of dose burden, costs and
data processing time. Another problem is related to the dis-
cretization 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 the sensor elements
of the detectors. This is in general not the case. For this
reason, uncertainties or smoothing effects from the recon-
struction of Radon data by means of filtered back-projection
algorithms are introduced. This drawback can in general not
be overcome by filtered back-projection algorithms. It could
be avoided by using the above mentioned iterative reconstruc-
tion but these are so computational expensive that they are

not widely used in practical computed tomography.

The so-called Feldkamp algorithm or the advanced single slice
reconstruction are methods that try to adapt the filtered
back-projection algorithm to the case where the data are col-
lected in helical computed tomography with fan or cone beam
geometry which results in data points not evenly spread
within the z-axis direction and the rays\along which the pro-
jection and integrations take place are tilted against each

other. According to the Fourier-slice theorem all possible
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rays have to be evaluated, because otherwise the error for
high space frequencies would be larger. This leads to further

uncertainties and unsharpness.

Generally, the conventional techniques allow that the un-
sharpness of the structure reconstruction can be reduced, but
not avoided, by using algorithms with a higher need of compu-

tational power.

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 two further
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 is scatter radiation. Scatter
radiation becomes a bigger problem for larger radiated areas
of the object. Conventional séatter reduction methods like
grids do not have enough effect and the signal-to-noise ra-
tios are anyhow already very small, which means that a fur-
ther reduction of signal as resulting from inserting a grid
would produce more artifacts and worse images. Additionally,
assuming an oscillation of the grid relative to the detector
to avoid grid lines, the rotation of the grid with the de-
tector is very difficult in consideration of the rotation

time of 0.5 s or less.

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. As an example, a practi-

cal reconstruction technique for neutron transmission imaging
is not available at present. As a further example, the appli-
cation of conventional ultrasound tomography e.g. in medicine

is restricted to small or soft tissue objects since, the con-
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ventional reconstruction techniques require integrated pro-
jection data from the centre of the object to be investi-

gated.

Objective of the invention

The objective of the invention is to provide improved methods
of reconstructing image functions from Radon data, leading to
an increased range of applications in non-destructive inves-
tigations and avoiding the disadvantages of the conventional
reconstructing techniques. In particular, the objective of
the invention is to provide reconstruction methods yielding
image functions with reduced unsharpness and reduced arti-
facts even at high space frequencies. A further aspect of the
objective of the invention is to provide an improved imaging
method avoiding the disadvantages of the conventional imaging
methods based on the collection of Radon data. Another objec-
tive of the invention is to provide improvéd devices for im-
aging a region of investigation by reconstructing measured
Radon data. According to a particular aspect, the objective
of the invention is to provide an imaging device which allows
a reduction of an amount of energy input( e. g. radiation
dose) and scattering effects within the region of investiga;

tion.

The above objectives are achieved with methods or devices
comprising the features of patent claims 1, 16 and 27. Advan-
tageous 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

(n+l) -dimensional image function f representing a region of
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investigation (in the following: ROI) is determined from n-

dimensional or less dimensional Radon data as a sum of poly
nomials multiplied with values of projection functions Po(t)
measured corresponding to a plurality of predetermined pro-

jection directions (®) through the ROI.

In contrast to conventional reconstruction techniques using
complex transformations or iterative calculations, the pre-
sent invention provides the image function f as an approxima-
tion of polynomial functions. The inventors have found that
this approximation is determined just by the projection func-
tions coming from the Radon data. As the result of an ap-
proximation (details see below, section 3.), the image func-
tion can be calculated using much less computational time
than normally used by iterative reconstruction and compara-
ble at least to that used by filtered back-projection algo-

rithms.

The invention allows a fast reconstruction with very few ar-
tifacts and with resolution and noise properties directly
combined to the number of measured energy quanta or the
strength of the measured projection signals. Additionally the
reconstruction does not use any interpolation to construct
parallel data from fan beam data. The (n+l)-dimensional image
reconstructed according to the invention does not suffer from
resolution decrease due to the reconstruction itself and has

less artifacts introduced by the reconstruction.

According to the present first aspect, the subject of the in-
vention is a method of reconstructing the image function f as
such. The image function f is a representation of the region

of investigation (ROI). The values of the image function are

determined by the local parameters or features of the ROI.

The dimension of the image function depends on the dimension
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of the ROI, in particular on the number of parameters neces-
sary for completely describing each point in the ROI. In the
general case, the image function has (n+l) dimensions (n:
natural number, n>1). Accordingly, the term “image function”
used herein does not necessarily refer to a visualized pic-
ture, but rather to a representation of the features of the
real ROI or parts therecf, wherein the representation may be
e.g. a numerical representation, a graphical representation
or the like. The “image function” represents an approximation
whose quality depends on the amount of data processed, but
not on any interpolation. The approximation of the image
function on a circle-shaped unit disc extending in the region
of investigation is described in the following. The approxi-
mation on an ellipse-shaped disc can be done in an analogue

way as outlined below.

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 higher dimen-
sional entity as described above with reference to the image
function. The ROI can be described by a smooth, continuous
function without discontinuities like e.g. steps. It is an
important advantage of the invention, however, that this con-
dition of reconstructing a smooth ROI is fulfilled in all
practical applications of the invention. Even a crack in a
material under investigation does not represent an ideal dis-
continuity but rather a blurred step which can be recon-

structed with the method of the invention.

The term “projection direction” used herein generally refers
to the linear course of an energy input through the ROI in
the (n+l)-dimensional space. In the 2- or 3-dimensional case,
the projection direction can be defined by angles relative to

a coordinate system used. If fan or cone beams are consid-
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ered, the term “main projection direction” indicates the ori-
entation of the central beam component in the fan or cone

beamnm.

The Radon data measured at the ROI comprise a set of projec-
tion functions which have been determined corresponding to a
plurality of predetermined projection directions running
through the ROI. The n-dimensional data are collected with a
certain number, which might in theory be infinite large, of
“projections”. These projections are characterized by inte-
grating the interesting effect over one-dimensional lines. By
measuring a sufficient number of these integrated “projec-
tions”, important 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
function, the entirety of projection functions corresponding
to all available projection directions spans a space (Radon
space) of higher dimensions. Generally, for reconstructing
the (n+l)-dimensional image function, Radon data with n-
dimensions are required. However, the reconstruction with Ra-

don data having less dimensions is also possible.

The term "energy input 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 "energy input beam" covers electro-
magnetic radiation, particle radiation, sound waves or elec-

trical current.
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The term “Radon data” used herein refers not only to the data
obtained by the above projections through the ROI, but also
to data obtained by measuring an energy output obtained by
reflection within the object investigated. These Radon data
(or: Radon-like data) are obtained e.g. with the investiga-
tion of objects by the use of ultrasound waves. It is an es-
sential advantage of the invention that the reconstruction of

the image function can be implemented for Radon-like data.

According to a preferred embodiment of the invention, the im-
age function f has two, three or four dimensions with n being
selected from 1, 2 or 3. The reconstruction of a 2-
dimensional image function f has the particular advantage in
that the multiplication of the polynomials with values of the
projection functions can be done with low computational
power. The 2-dimensional image function represents e.g. an
image of a disc section in an object under investigation. The
reconstruction of a 3-dimensional image function has an ad-
vantage in that the calculation for reconstructing the image
function can be obtained by a simple adaptation of the 2-
dimensional case. The invention-based calculation for the 2D
and the 3D case are based on mathematical operations which
can be implemented in a very simple way, and with the possi-
bility of precalculating a lot of values and store them
within a computer or another data cﬁrrier, like e.g. a memory
chip or chips. This means the number of operations will be
greatly reduced as matrix elements (see equation 2.3 in sec-

tion 3) can be precalculated.

Furthermore, the invention can be adapted with advantage to
the 4-dimensional case wherein the ROI comprises three dimen-
sions in space and time as the fourth dimension. As an exam-

ple, the 4-dimensional image function is represented by a
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time sequence of a three-dimensional representation of an ob-
ject under investigation e.g. a runnigg motor engine, Or an
organ of a living organism, e.g. the heart. With regard to
the reconstruction of 4-dimensional image functions, the in-
vention offers essentially new applications of non-
destructive imaging, e.g. with computer tomography. The high
accuracy of reconstruction by the invention allows the reduc-
tion of energy input, e.g. X-rays which leads to a computing
time reduction. Due to this computing time reduction obtained
with invention, processes with relative high frequencies,

e.g. the function of the beating heart, can be investigated

in real time by an online imaging process.

According to a preferred embodiment of the invention, the im-
age function f is determined on the basis of sums of orthogo-
nal ridge polynomials. With this embodiment, the convergence
of the approximation of the image function is improved, so
that the projection functions can be measured with a reduced
number of samples allowing an advantageous reduction of en-

ergy input dose.

A measurement of projection functions is always associated
with a discretization in practice. Due to the discretization
of e.g. radiation sensor elements, any projection functions
measured are composed of attenuation values according to sin-
gle rays of energy or particle radiation. On the one hénd,
this discretization is advantageous for the sum calculation
according to the invention. Furthermore, the method of the
invention can be applied for reconstructing raw data obtained
with conventional devices e.g. CT devices. On the other hand,
the reconstruction method of the invention allows to achieve
the above objective by using only certain discrete rays along
which the integrated projection takes place. This is possible

as the image function on a compact set can be approximated by
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the polynomials. The reconstructed image function is even an
exact replica if the ROI is represented by a polynomial of

degree less than the number of projection directions. The ba-
sic idea behind this is that continuous functions can be ap-

proximated accurately by polynomials.

Therefore, according to a particularly preferred embodiment
of the invention the projection functions pPo(t) comprise dis-
crete projection profiles, wherein each discrete projection
profile comprises projection values y(v,3j) corresponding to a
plurality of projection lines (j) with the same projection
direction (v). An essential advantage compared with all con-
ventional algorithms is that the invention-based method does
not need all information gathered for conventional systems
working with filtered back-projection. This leads immediately
to the possibility of reducing the energy input, like e.g.
the dose in CT-systems, or making imaging modalities like ul-

trasound useful for 3D-reconstructions.

The number and geometric features of the integrated projec-
tions for reconstructing the object properties to be investi-
gated is selected in dependence on the particular applica-
tion. In particular, the selection of the number and dis-
tances of the projection lines and the projection directions
is done in dependence on the spatial resolution to be ob-

tained, as an example by way of test measurements.

Generally, the polynomials used for reconstructing the image
function are expressed with integrals on the ROI, e.g. on a
disc section of ROI. The integrals can be calculated numeri-
cally as known in the art. However, according to a preferred
feature of the invention, the integrals in the definition of
the polynomials are discretized by a quadrature sum I. The

quadrature sum I represents a discrete approximation of the
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integrals as outlined in the discussion of the mathematical
background (see section 3.). The implementation of guadrature
sums facilitates a direct processing of the measured data
without any intermediate adjustment steps. Particularly pre-
ferred is the discretization of the integrals by the Gaussian
quadrature sum, which has the important advantage in that the
approximation of the integrals is more precise as a larger
amount of polynomials is preserved despite of the discretiza-

tion.

A feature of the reconstruction method is that the discrete
projection values obtained with the same projection direction
are measured such that the circumference of the unit disc in
the ROI is divided by the projection lines into equal arc
lengths. In this case, a polynomial matrix T can be con-
structed, the elements of which are sums of polynomials (see
section 3). With this embodiment, the image function is ap-
proximated as a sum 4 of the discrete projection values mul-
tiplied by the corresponding elements of the polynomial ma-

trix T added for all projections directions:

2m n
Ay (fﬂ'x:.}’) = Z ZYV,tTj,V(xJ’)

v=0j=1

The elements of the polynomial matrix T are calculated as

given by equation 2.1 given below (section 3.2).

The essential advantage of this embodiment consists in that
the image function reconstruction is reduced to a simple dou-
ble sum calculation which allows a reduction of calculation

time.

The number of calculations and its type allows fast evalua-

tion of the above mentioned double sum due to the fact that
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no re-binning is needed and a lot of calculations can be done
beforehand, because the matrix used is in general only de-
pending on the geometric conditions of the data collection.
This means it can be precalculated and stored within the re-

construction computer or another data carrier.

Another important advantage of approximating the image func-
tion on the basis of the above matrix multiplication consists
in that the polynomial matrix T allows an adaptation to par-
ticular conditions of measuring the projection values. The
inventors have found that the conditions of measuring the
projection functions directly influence the elements of the
polynomial matrix. In particular, a system calibration due to
non-homogenous radiation of the tube or non-linear response
of the detector elements can be used as calibration proper-
ties and put into the polynomial matrix T to improve the im-
age quaiity by online calibration. The improvement comes from
the fact that various interpolations for conventional recon-
struction schemes are no longer needed. Therefore, with a
preferred feature of the invention, a calibration of the
polynomial matrix T is introduced for providing an adjusted
polynomial matrix T%. As long as the conditions of measure-
ment are not amended, the adjusted polynomial matrix T* can
be used for reconstructing the image function of different

objects.

Preferably, at least one of an energy distribution function
of an energy generator device, a sensitivity distribution
function of a detector device used for measuring the projec-
tion functions, and a scattering function of the object is
used for constructing a calibration matrix A. The adjusted
polynomial matrix T* can be obtained from the polynomial ma-

trix simply by multiplication by the calibration matrix.
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T*=p8+T

The above functions illustrating the energy and sensitivity
distributions and the scattering properties of the object are
obtained from a calibration measurement and possibly by theo-

retical considerations.

A calibration measurement can be implemented e.g. in CT de-
vices with a homogenous sphere made of PMMA for measuring the
energy distribution of the X-ray source (Heel-effect) and the
sensitivity distribution of the sensor elements. The theo-
retical estimation of the scattering function as it is known
from conventional techniques can be used for calibration.
However, a strong disturbance due to scattering can be
“avoided by the invention if the projections are measured with
straight pencil or needle beams having a reduced scattering

effect (see below).

The polynomial matrix T used for approximating the image
function has an essential advantage in that the elements of
the polynomial matrix depend on measurement geometry only. In
particular, the elements of the polynomial matrix T depend

on the number and distances of the projection lines and the
election of projection directions only. Therefore, the poly-

nomial matrix needs to be calculated one time only for a pre-

- determined set of geometric measurement conditions. The same

is true for the adjusted polynomial matrix T* which can be
used for multiple measurements as long as the measurement
conditions as e.g. the energy or the sensitivity distribu-

tions are not changed.

Preferably, at least one of the polynomial matrix T and the
calibrated polynomial matrix T* is stored in a storage con-

nected with or contained in a measuring device for measuring
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the projection functions. Particularly breferred is the stor-
age of the polynomial matrix T and/or the adjusted polynomial
matrix T* or a plurality of matrices corresponding to differ-
ent conditions of measurement before a process of measuring

the projection functions.

According to a preferred embodiment of the invention, the re-
construction method is connected with the measurement of the
projection functions, wherein the process of measuring the
projection functions firstly comprises the step of arranging
an object to be investigated in the measuring device for ad-
justing the geometrical conditions of the measurement. Subse-
quently, the object is subjected to an energy input directed
along the plurality of predetermined projection directions

(®). For each of the energy inputs, the projection functions

Po{t) are measured.

The combination of the measurement with the reconstruction as
provided by this embodiment represents an essential develop-
ment compared to conventional techniques. Due to the high re-
construction speed, the image function can be determined im-
mediately after the measurement along a full circle of pro-
Jection directions. The measurement of the data and the ar-
rangement of the object in the measuring device can be opti-

mized during the scanning to achieve better result.

According to a further modification of the invention, helical
projection data can be processed for obtaining 2- or 3-
dimensional image functions. The inventors have found that
the conventional algorithms for adapting a reconstruction
method to measurements with inclined disc sections can be ap-
plied to the reconstruction method of the invention. Accord-
ingly, with a further embodiment of the invention, at least

one of the object and the measuring device is translated in a
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predetermined direction, e.g. perpendicular to the projection
directions (®) during the step of subjecting the object to

the energy input for obtaining the helical projection data.

According to a further preferred embodiment of the invention,
the sum of polynomials is subjected to a predetermined multi-
plier function which reduces the contributions of polynomials
of higher degrees according to the multiplier function. Ad-
vantageously, this multiplier function allows a reduction of
artifacts and improves the approximation of the image func-
tion. The multiplier function has the effect of a filter with
a smooth transfer function filtering polynomials of the
higher degrees in the orthogonal basis considered. In con-
trast to conventional techniques, this filter is not a tradi-

tional filter in the Fourier domain.

Generally, the invention can be used for reconstructing
(n+l)-dimensional data from Radon data or Radon-like data in
n or less dimensions. It is an essential advantage of the in-
vention, that this reconstruction can be used in various ap-
plications like many applications in medical imaging, for ex-
ample CT, PET, SPECT, gamma-camera imaging etc.. However,
there are a lot more possible applications like ultrasound
tomographic imaging, light tomography,vany multidimensional
imaging for industrial testing or biological research and so
on. Preferably, the image function f is determined from Radon

data measured in an X-ray computer tomography (CT) device, an

ultrasound tomography device, a PET imaging device, a Gamma-

ray imaging device, a SPECT imaging device, a neutron based
transmission detection system, or an electrical impedance to-

mography device.

According to a second general aspect of the invention, an im-

aging method for imaging the ROI is provided, wherein a plu-
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rality of straight energy input beams is directed at prede-
termined projection directions through the ROI and associated
projection functions pg(t) are determined comprising attenua-
tion values measured along the projection directions. Accord-
ing to the ihvention, the projection functions pg(t) are sub-
jected to a reconstructing method according to the above
first aspect of the invention. In contrast to any comparable
conventional tomography imaging method, the imaging method of
the present invention allows the direct processing of the
measured projection data without re-binning. The image func-
tion can be calculated directly from the raw data obtained

with an imaging device.

Depending on the application of the imaging method, further
procedural steps for providing the requested image informa-
tion in an appropriate format may follow. Preferably, an ap-
proximation of the image function is represented as a visual-

ized image, e.g. with at least one 2- or 3-dimensional pic-

ture or a corresponding video representation (motion pic-

ture). Alternatively, the image function can be subjected to
further image processing, e.g. for automatically detecting
predetermined features. Advantageously, prior art image proc-
essing methods can be applied on the image function deter-
mined according to the invention. The provision of the visu-
alized image comprises the step of calculating visualizations
of the object, e.g. by converting the values of the image

function into grey values.

The imaging method of the invention can be applied for any
collection of Radon data obtained from any type of energy in-
put acted on the object. In particular, there is no depend-
ency on the distribution function describing the shape of the
energy input generated by a particular energy generator. As

an example, the imaging method can be implemented with many
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types of radiation sources that generate electromagnetic or

particle radiation with a certain distribution.

According to a preferred embodiment of the invention, the en-
ergy input beams are fan beams or cone beams. The irradiation
of the ROI with a radiation source having a fan or cone beam
characteristic has the particular advantage in that conven-
tional imaging devices, like €.g. CT or SPECT devices can be

used for implementing the imaging method of the invention.

The terms "continuous fan beam" or "continuous cone beam"
used herein refers to fan or cone beams with a smooth radia-
tion field according to the distribution characteristic of
the radiation source. The terms "discrete fan beam” or "dis-
crete cone beam" used herein refers to fan or cone beams with
a discretized radiation field according to the distribution
characteristic of the radiation source shaped with a space

filter, e.g. a mask.

According to a preferred modification, only predetermined fan
Oor cone beam components are used for constructing the dis-
crete projection profiles mentioned above, wherein all fan or
cone beam components contributing to one discrete projection
profile have the same projection direction. The selection of
the fan or cone beam components facilitates the signal proc-

essing as outlined above.

According to an alternative embodiment of the imaging method,
the energy input beams are formed as pencil beams (or: needle
beams) . Advantageously, available particle beam sources, like
€.g. neutron sources can be used for implementing the imaging
method of the invention. Another advantage is the capability
of direct measurement of discrete projection profiles accord-

ing to the direction of the pencil beams.
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Alternatively, if a plurality of pencil beams having the same
projection direction is generated in a continuous mode by a
moving radiation source, discrete projection profiles can be
constructed by selecting certain beam components as outlined

above.

If a plurality of sets of discrete fan or cone beams are di-
rected through the ROI, discrete projection profiles can be
constructed comprising attenuation values of beam components
having the same projection direction but being contained in
different sets of discrete fan beams. This feature allows a
simple adaptation of conventional imaging devices to the re-

construction method of the invention.

Preferably, the fan beam components or the discrete pencil
beams are provided by combining a radiation source with a
source mask that shapes the initial radiation characteristic
of the source according to the requested straight beam compo-

nents.

According to a further preferred embodiment of the invention,
the projection directions (®) are set subsequently by using
a movable radiation source being rotated around the subject.
Advantageously, the rotatable radiation source allows a free
adjustment of projection directions in dependence on the par-
ticular practical application. If the projection directions
(®) are set in at least one common plane crossing the region
of investigation, the construction of the projection profiles
is facilitated. However, the inventors have found that the
projection directions (®) can be set in varying inclined
planes crossing the ROI for obtaining helical projection
data. In this case, 3-dimensional images of the ROI can be

obtained.
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An essential advantage of the imaging method of the invention
consists in that there is no restriction with regard to the
object to be investigated or the size thereof. As the inven-
tion allows an essential reduction of radiation dose, pref-
erably radiation sensitive objects like biological organisms
or parts thereof can be investigated. On the other hand, non-
destructive investigations in all fields of material science
or technology, in particular for imaging solid or fluid mate-
rials and in particular technical devices (e.g. engines or
mechanical components, like e.g. components in construction
technique) are possible. It is a particular advantage of the
invention that simply by selecting appropriate geometric con-
ditions of the energy input, in particular by selecting the |
projection directions and the distances of the projections
contributing to one projection profile, the imaging method
can be adapted to the object to be investigated. For particu-
lar purposes, like security checks at airports, a low resolu-
tion can be set. On the other hand, Radon data collected on
geological or even astronomical dimensions can be recon-
structed and further processed with the methods of the inven-

tion.

The invention-based method provides a reconstruction that is
superior to other reconstruction methods because the result-
ing resolution of the pixels of the object is oqu determined
by the number of rays used for the imaging process. That
means that one can reduce X-ray dose e.g. in CT by far if the
object to be investigated is small as for children or the
resolution needed is very low like for example the potential
use of CT-scanners at airports to avoid terrorist attacks.
This direct relation is not valid in conventional devices due
to the problems raised by interpolation. Because the inven-

tion-based technique would only need certain X-ray rays
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through a human body which would. result in a dose smaller
than. any dose gathered during even a short flight in a com-
mercial aircraft, so that weapons or explosive material even
within a body could be detected without too much X-ray expo-
sure. This might allow new and better quality of security ex-

aminations.

According to a third general aspect of the invention, an im-
aging device for imaging the region of investigation com-
prises a measuring device for measuring projection functions
Po(t) corresponding to a plurality of predetermined projec-
tion directions (®) through the ROI, wherein a reconstruc-
tion circuit connected with the measuring device is adapted
for reconstructing an image function fas a sum of polynomi-
als multiplied with values of the measured projection func-

tions pg(t).

Preferably, the reconstruction circuit is adapted for recon-
structing the image funétionufwith a method according to the
above embodiments of the invention. Accordingly, the recon-
struction circuit comprises a summation circuit for determin-
ing the image function f as the above sum of projection val-

ues.

Preferably, the imaging device according to the invention
comprises an energy generator device for directing an energy
input beam into or through the object under investigation and
a detector device for measuring the projection functions
Po(t) . The energy generator device comprises at least one en-
ergy input source and a source carrier, wherein the enerqgy
input source is movable on the source carrier relative to the

object.
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If the source carrier has a ring shape and the enerqgy input

source is able to be rotated around the object, the setting
of projection directions is facilitated. Furthermore, the en-
ergy input source can be made to be movable along a helical

path relative to the object.

Preferably, the detector device comprises at least one sensor
array with sensor elements for detecting attenuation values
representing the attenuation of énergy input corresponding to

the plurality of predetermined projection directions.

Advantageously, the invention can be implemented with conven-
tional energy or particle radiaton sources. As an example, a
fan or cone beam source can be used as the energy input
source for emission of electromagnetic radiation. Alterna-
tively, a pencil beam source for emission of electromagnetic

or particle radiation can be used.

According to a particularly preferred embodiment of the in-
vention, the radiation source of the imaging device carries a
source mask for shaping an energy distribution function of
the radiation source and for providing a plurality of
straight pencils beams within the radiation field of the ra-
diation source. Preferably, the source mask is movable with
the radiation source. If the source mask is detachable from
the radiation source, the geometric conditions of irradiation

can be adapted with advantage to various applications.

According to a further preferred embodiment of the invention,
the source mask comprises a plate made of a shielding mate-
rial and containing through holes allowing a transmission of

beams components with a predetermined orientation.



10

15

20

25

30

WO 2006/069708 PCT/EP2005/013801
23

As an alternative measure for orienting the beams components,
the energy generator device comprises a plurality of fixed
frame masks for shaping an energy distribution function of
the energy input source. The frame masks are fixed on the
source carrier at predetermined positions, preferably spaced

with equal arc lengths.

According to a further preferred embodiment of the invention,
the source carrier comprises a ring-shaped shield containing
the frame masks, the ring-shaped shield shielding the energy
input source at positions other than the positions of the
frame masks. This embodiment provides an essential advantage
in that the radiation dose and the scattering in the object

can both be reduced.

In contrast to conventional devices, the detector device can
comprise a plurality of fixed frame sensors for detecting at-
tenuation values representing the attenuation of energy input
corresponding to the plurality of predetermined projection
directions. The frame sensors are fixed on the source carrier
at predetermined positions, preferably adjacent to the frame

masks on radiation windows in the ring-shaped shield.

Further subjects of the invention are digital storage media
or computer program products with electronically readable
data comprising a sum of polynomials, in particular the poly-
nomial matrix 7. Such data are capable of interacting with a
calculation unit in the imaging device of the invention
and/or of conducting a method according to the invention, as
well as interacting and conducting a computer program with a
program code for conducting the method according to the in-

vention, when the program is running on a computer.
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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

Figure 2

Figure 3

Figure 4

Figure 5

Figures 6 to 8

Figures 9, 10

Figures 11, 12

a flow chart illustrating the basic steps of a
reconstruction method according to the inven-

tion;

a diagram illustrating the collection of Radon

data;

a flow chart illustrating further steps of the

reconstruction method of the invention:

a flow chart illustrating the setting of pro-
jection directions in an imaging method of the

invention;

a schematic representation of an embodiment of

an imaging device according to the invention;

further illustrations of directing fan beams
or pencil beams through an object under inves-

tigation;

schematic illustrations of an embodiment of
beam shaping masks used according to the in-

vention;

further illustrations of Radon data collection

used according to the invention;
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Figure 13 examples of reconstruction results;
Figure 14 a schematic illustration of the collection of

helical Radon data, and

Figures 15, 16 schematic illustrations of further embodiments

of imaging devices according to the invention.

Embodiments of the.invention

The invention is described in the following text with refer-
ence to the application in computer tomography (sections 1.,
2.1). It is emphasized that the invention can be implemented
in an analogous way with the other applications mentioned
above (examples in section 2.2). Furthermore, the following
description of the preferred embodiments mainly refers to the
data collection and the data processing. Details of the CT
devices used for implementing the invention are not described

as far as they are known from conventional CT devices.

The basic principles of reconstructing an image function rep-
resenting an ROI are described in the following text with
reference to Figures 1 and 2. The imaging method of the in-
vention as well as details of imaging devices used according
to the invention will be described with reference to Figures

3 to 14.

1. Basic principles of reconstruction and imaging

(1.1) According to Figure 1, the basic steps of a reconstruc-
tion method according to the invention comprise the provision
of projection functions representing Radon data (step 1000)

and the reconstruction of an image function as a sum of poly-

nomials multiplied with values of the projection functions
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(step 2000). The reconstruction is based on the remarkable

result of the inventors according to which a partial sum of
an expansion of a function in an orthogonal basis of polyno-
mials can be expressed in term of the Radon projections. De-
tails of this relationship are illustrated below (section
3.1).

The practical implementation of the reconstruction in par-
ticular depends on the field of the application and the de-
sired level of approximation. On the basis of quasi-
continuous projection functions (discretized by sensor ele-
ments only), the above partial.sums can be calculated di-
rectly. If discrete projectibn profiles are used for deter-
mining the image function, an approximation on the basis of
the Gaussian quadrature or in particular on the basis of the
polynomial matrix T is preferréd. In the following, refer-
eénce is made to the preferred embodiment using the polynomial
matrix T. The skilled person will implement the reconstruc-
tion on the basis of a qQuasi-continuous function in an ana-

logue way.

The following consideration refers to the reconstruction of a
2-dimensional image function from l-dimensional Radon data

(1-dimensional projection functions). This corresponds to the
simplest case of imaging based on data resulting from rays in
one single slice from which this particular slice is to be

reconstructed. The reconstruction of higher dimensional image
functions will be implemented in an analogue way as outlined

in section 3.

For the illustrated embodiment, the ROI is located within a
2-dimensional plane. The orthogonal x- and y-direction of a
Cartesian coordinate system are defined in this plane, while

the orthogonal z-direction is directed perpendicular relative
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to the x-y-plane. Directing energy input beams into the ROTI
means that the respective energy input (e.g. radiation) 1is
travelling along a projection line v in the ROI plane. If the
ROI plane is perpendicular relative to the z-direction, all
projection lines having the same projection direction (in the
2-dimensional case: projection angles) are parallel to each

other.

If the ROI plane is inclined as e.g. with helical measurement
gecmetry, the projection lines are not necessarily parallel
to each other. In this case, measured values according to
predetermined projection lines which are parallel to each

other can be selected from the raw data.

Figure 2 illustrates the collection of one particular projec-
tion function pg(t) corresponding to a certain projection di-

rection v. A plurality of parallel projection lines 1 (dashed
lines) run through the unit disc B? according to the current
projection direction, which represents a rotation by the pro-
jection angle © relative to a start condition (x', y'"). The
radiation from a radiation source 200 (1llustrated schemati-
cally) travels along the projection lines 1 through the ROI
containing the unit disc. Due to the integrated interaction
along the projection line, the radiation is attenuated. The
attenuation is measured with a detector device 300 (illus-
trated schematically) comprising a linear array of sensor
elements. The signals of the sensor elements represent the
projection function pg(t) illustrated in the right part of

Figure 2.

In the illustrated 2-dimensional case, the Radon data R¢,
comprise the plurality of l-dimensional projection functions

measured according to a plurality of different projection di-
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rections. The number of projection directions is selected in
dependence on the resolution requested. According to the in-
vention, any smooth function representing the features of a
structure in the ROI can be approximated by polynomial func-
tions. Using the invention based procedure this approximation
is done by orthogonal polynomials of several variables. The
details of the calculation are given in the section 3. Ac-
cording to the general expressions 1.4 and 1.5 in section
3.1, the image function can directly be calculated as a par-

tial sum S5, from the measured Radon data R4, based on projec-

tion functions po(t).

Sun(f352)= 3~ [ R, (1,000, (53, )

Discrete projection profiles y (illustrated with a dashed

line in Figure 2) are determined comprising the attenuation
values according to a plurality of projection lines 1. Ac-
cording to the general expression 2.1 in section 3.2, the ap-

proximation of the image function can be directly calculated

as a double sum 4,, from the measured projection values Y.

2m n .
Aom (f,'x,y)= Z Z}’v,tTj,v(x'y)

v=0j=1

As the result, the sums Som or A directly provide an ap-

proximation to the image function f to be obtained.

(1.2) The basic steps of an imaging method according to the
invention are illustrated in Figures 3 and 4. According to
Figure 3, the projection functions, in particular the dis-
crete projection profiles, are determined by the steps of di-

recting an energy input beam into or through the ROI (step



10

15

20

25

30

PCT/EP2005/013801

WO 2006/069708

29
1100) and the determination of the projection profiles (step

1200) . Subsequently, the image function f is reconstructed
(step 2000) and (if applicable) the image function f is rep-

resented as a visualized image (step 3000).

Step 1100 comprises the step of directing the energy input
beams into the ROI. This is implemented e.g. with an avail-
able radiation or particle source (see below) being directed
or focused to emit beams in the plane of the ROI. With step
1200, the projection profiles are determined. This comprises
a direct measurement, if all beams with the same projection
direction are directed through the ROI simultaneously, as
shown in Figure 12. Alternatively, the discrete projection
profiles are constructed from measurements with fan or cone
beam components as illustrated below with reference to Figure
7. In this case, attenuation values measured at different po-
sitions of the radiation source are arranged in discrete pro-
jection profiles such that all attenuation values being meas-
ured with the same projection direction contribute to the

same projection profile.

Further details of step 1110 are illustrated in Figure 4. At
the beginning of the measurement, a first projection direc-
tion ® is set (step 1110) and selected in dependence on the
operation condition of the imaging device used in practice.
Setting the projection direction means that the energy gen-
erator device (e.g. radiation source) and the detector device
are arranged such that a connecting line between both devices
runs through the ROI. In particular imaging devices, e.qg.
based on the measurement of ultrasound waves, both the ultra-
sound generator and the detector device are arranged on the
same side of ROI. With step 1120, the energy generator is ac-
tivated so that an energy input beam is travelling through or

at least into the ROI. Accordingly, with step 1130, the de-
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tection of attenuation values is conducted with the detector

device.

After step 1130, a decision is made whether the full circle
has been scanned. If not, the next projection direction is
set (step 1110). Otherwise, the projection profiles are de-

termined according to step 1200 in Figure 3.

2. Practical implementation of the invention

2.1 Computer tomography

Figure 5 schematically illustrates an embodiment of the imag-
ing device 100. The imaging device 100 comprises the measur-
ing device with the 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'under investigation in the measuring de-
vice and for adjusting the geometry of the object relative to
the energy generator 200 and the detector device 300. Further
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 tube arranged on a source car-
rier 220 (e.g. a guide rail) as it is known from conventional
CT devices. The detector device comprises a sensor array 310
which is movably arranged on the source carrier 220 in oppo-
site relationship relative to the energy input source 210.
With this structure, the projection direction through the ROI
(parallel to the plane of drawing) can be set by rotating the
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combination of components 210, 310 around the holding device

500.

The source carrier 220 is illustrated as a circle allowing a
rotation of the energy generator 200 and the detector device
300 around an object. According to a modification, the source
carrier can have an ellipse shape or another shape. This can
represent an advantage in terms of an adaptation to the ge-

ometry of the object to be investigated.

If the invention is applied in computer tomography, the imag-
ing device 10b is structured like a current medical CT-
system. Directing a continuous fan or cone beam 5 through ROI
2 in a CT system for collecting projection data is schemati-
cally illustrated in Figure 6. The CT-system (not completely
illustrated) includes the ring-shaped source carrier 220 in
which the X-ray tube (radiation source 210) and the 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 of sensor elements
(if it is more than one row it would be called a multi-slice-
CT) and approximately 700 and 1000 sensor elements per row.
Within each single turn the data are read about 1000 times.
The object under investigation, e.g. a patient, is moving
through this CT-ring, lying on a patient table, that is mov-
ing continuously. By this method a so-called helical or spi-
ral CT data set can be gathered, because the data that are

collected are located on a spiral net (see Figure 14).

The detector device 310 is a linear or 2—dimensiohal array of
sensor elemenﬁs being arranged on a spherical reference sur-
face adapted to the radius of the CT-ring. It is an essential
advantage of the invention that the provision of a spherical

detector device is not necessarily required. Alternatively, a
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plane detector device with a straight (l-dimensional) or a
plane (2-dimensional) arrangement of sensor elements can be
used. Although the sensor elements on a plane detector device
would not sense attenuation values according to the equally
spaced arc length positions mentioned below, this would not
influence the quality of the reconstruction according to the
invention. Due to the fixed geometrical relationship between
the arrangement of sensor elements on a plane detector device
compared with the arrangement on a spherical detector device
at the same position, the above approximation of the image
function can be adapted. Such a simple adaptation is impossi-
ble with the prior art reconstruction techniques which would
require an extra interpolation step for a plane detector de-

vice.

For the invention-based reconstruction method, not all possi-
ble rays resulting from the geometry of the tube and the de-
tector geometry (current detector elements have a size of 0.5
to 1.0 mm) are needed for the reconstruction. This is a major
difference to conventional filtered back-projection algo-
rithms for which as many detector elements as possible have
to be read out, because the more detectors are read out per
unit square meter, the smaller is the necessity of doing in-
terpolations and therefore the smaller is the blurring impli-
cated by the reconstruction. For the invention-based recon-
struction method only certain rays are needed. These rays are
adjusted in a way that the correct number of parallel beams
is achieved for the imaging conditions. By increasing the
number of rays and projections a higher resolution can be
achieved, that means the number of pixels which can be recon-
structed free of artifacts can be increased. There is no ad-

ditional blurring due to the reconstruction.
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The selection of parallel beam components can be done with a
conventional CT-system as outlined in the following. Refer-
ence 1s made to fan beams, while cone beams are handled in an
analogue way. Each fan beam 5 as illustrated in Figure 6
represents a bundle of fan beam compconents 5.1. 5.2, 5.3

Each of the fan beam components 5.1, 5.2, 5.3 ... can be con-
sidered as a straight pencil beam. While these pencil beams
as such do not have the same projection directions, the de-
termination of the discrete projection profiles according to
step 1200 in Figure 3 follows a concept which is illustrated

in Figure 7.

Figure 7 illustrates a plurality of fan beams (e.g. fan beam
5) each of which comprising the fan beam components 5.1 to
5.4. In practice, the number of beam components may be éssen—
tially higher than shown in Figure 7 (see below, description
of Figures 8 and 9). Furthermore, the geometry of the fan
beam can be modified so that fan beam components intersecting
the centre of ROI 2 are provided. Furthermore, fan beam com-
ponents which do not intersect the ROI 2 can be omitted, e.
g. by source geometry or masking. For a first main projection
direction corresponding to the illustrated position of the
radiation source 210, the fan beam component 5.3 runs through
ROI 2 as a straight pencil beam being detected at the sensor
element 311 of the detector device 310 (detector array). For
obtaining an attenuation value of another projection line
parallel to the fan beam component 5.3, the fan beam compo-
nent 5.2’ of the fan beam 5’ radiated at a changed position
of the radiation source 210 is detected at the sensor element
312. With an appropriate selection of the sensor element po-
sitions and the radiation source positions, in particular
with an arrangement of these positions spaced with equal arc

lengths, attenuation values measured with fan beam components
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having the same projection and in particular being parallel

can be used for constructing the discrete projection profile.

This concept can be used for the reconstruction of image
functions from projection data collected with a conventional
CT device according to Figure 6. As the positions of the ra-
diation source 210 and the detector device 310 and the posi-
tions of the sensor elements 311 within the detector device
310 are known from each selected projection direction, the
attenuation values for constructing the discrete projection
profiles can be simply selected from the collection of raw

data obtained with the CT device.

This selection of raw data can be automated by replacing the
continuous fan beam illustrated in Figure 6 by a discrete fan
beam illustrated in Figures 8 to 10. Generally, the discrete
fan beam can be generated with a radiation source emitting a
continuous fan (or cone) beam combined with a mask that allow
only certain components of the continuous fan beam being
transmitted through. These components can be considered as
straight pencil beams. The function of the mask can be ful-
filled by the source mask being positioned on the radiation
source and being movable therewith, or by a plurality of
fixed frame masks being arranged on the source carrier or a
ring-shaped shield attached thereto. The embodiment using the
source mask is preferred as the source mask can be detachable
and be positioned on the radiation source. In dependence on
the object under investigation, a source mask with the appro-
priate number and spacing of straight beam components can be
selected from a set of different source masks and attached to

the radiation source.

According to Figure 8, the discrete fan beam 6 comprising fan

beam components 6.1, 6.2, ... is generated with a radiation
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source 210 equipped with the source mask 211. The source mask
211 is adapted for shaping the energy distribution function
of the radiation source 210. To this end, the source mask 211
comprises a shielding plate 212 for example made by tungsten
with through holes 213 as schematically illustrated in Fig-
ures 9 and 10. The shielding plate 12 can have a spherical
shape (Figure 9) or a plane shape (Figure 10) or any other
appropriate shape adapted to the schematic conditions of the
imaging device. The through holes 213 are arranged such that
the projection lines starting at the radiation source cross
the circle in line with the detector elements on at predeter-
mined positions, in particular, they can be arranged with an

equal arc length spacing.

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 radiation source 210 by a detachable fixing element,
like e.g. a clip element or a snap connection. The discrete

fan beam 6 comprises e.g. 200 straight fan beam components.

With the discrete fan beam generated by the mask illustrated
above, the signals from the sensor elements of the detector
device detecting the attenuation along the corresponding pro-
jection lines are read-out at certain positions of the radia-
tion source and the detector device only. The read out posi-
tions are those arc length positions on the ring-shaped
source carrier, which fulfil the condition of selecting fan
beam components with the same projection directions as illus-

trated in Figure 7.

For reducing the radiation or particle exposure of the object
under investigation, it is preferred to direct the energy in-
put (e.g. radiation) into the object under investigation only

at the above read-out positions, namely the sensor element
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signals are read out only when the combination of a radiation

source and the detector device is oriented to the suitable
positions. During the movement of the radiation source, this
condition is fulfilled for certain times and/or for certain
arc length positions of the radiation source. As long as the
read-out condition is not fulfilled, the radiation source can
be shut off or shielded. Shielding the radiation source is

preferred for keeping radiation conditions stable.

The shielding function can be fulfilled by a ring-shaped
shield 222 which is schematically illustrated in Figure 8
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 comprises 201 ra-
diation 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 8

as an example only. In fact, the source frame masks 211, 224

need not be provided simultaneously.

An essential advantage of the reconstructing method of the
invention that influences the design of the imaging device is
illustrated in Figure 11. While the invention has been illus-
trated in Figures 6 to 10 with a rotating combination of a
radiation source and the detector device (which could be
fixed to each other or moved separately from each other), the
invention allows a data collection with a detector device be-
ing fixed in the imaging device. Due to the fact that the in-

vention does not need a continuously varying projection di-



10

15

20

25

30

WO 2006/069708 PCT/EP2005/013801
37

rection but only discrete radiation positions of the radia-
tion source, the spacing between the radiation windows 223
(see above) can be used for positioning sensor elements of
the detector device. This situation is shown with radiation
windows 223 (empty circles) and sensor elements 313 (full
circles) arranged adjacent to the radiation windows 223 (Fig-

ure 11).

With a slight tilt between the tube and the detectors this
can even be built in a ring within the CT-ring having holes
or slices on it. Such a ring would stay unmoved during the
investigation and can be used to shut down the radiation in
those areas where there is no ray needed according to the ge-
ometry. This allows a quite large reduction of X-ray dose in
the CT-system due to the fact that the tubes in the systems
being used currently are not switched on and off during the
turn. A construction like this would not be possible for con-
ventional systems working with filtered back-projection algo-
rithms because gquasi continuous data were needed to achieve
sufficient reconstruction results. The reduction to single
rays would also reduce the problem of scatter radiation, be-
cause there are only certain rays from which scatter radia-
tion could occur in the object and these have to be detected

by the smaller number of detectors needed.

According to a further embodiment to the invention, the ob-
ject under investigation can be irradiated with straight,
parallel pencil beams emitted simultaneously at each position
of the radiation source 210 as shown in Figure 12. The
straight parallel pencil beams 7 are distributed on a radia-
tion field, the extension of which is determined by a elon-
gated radiation source. The parallel pencil beams 7 are
shaped with a mask provided on the radiation source as de-

scribed above. Alternatively, a moving radiation source emit-
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ting one pencil beam can be used as it is known from the CT-

systems of the first generation. The embodiment of Figure 12
has the particular advantage that discrete projection pro-
files can be directly measured with the detector device 310

without the component selection as shown in Figure 7.

Figure 13 shows a comparison of an artificial object slice.
In part (a) the original object is shown, in part (b) the re-
construction with conventional filtered back-projection using
128 projections, with 32 rays per projection is shown,
whereas (c) shows the reconstruction out of 31 projedtions

and 31 rays according to the invention.

If the geometry shown in Figure 2 is extended to 3D imaging,
the helical CT currently used in practice can be easily
adopted by the invention. Figure 14 shows the geometric con-
ditions of a helical CT-system and how this can be used with
the invention-based reconstruction method. There is a slice
through the cylinder that is close to a disc in a plane,
which can be reconstructed in the same way as in the 2D case.
The steps between the radiation points should be spaced as it
is in the 2D case as seen in Figure 7. In particular, because
of the geometry of the CT-scanners with the patient moving
along the z-axis, the above mentioned inner ring of holes can

still be used (as in Figure 8).

If one is -assuming a multi-slice-CT with detector array 310
instead of a single slice CT, it might be easier to find and

select parallel rays through the object for 2D planes.

This is achieved, for example, if a tube with a slice like
focal spot (instead of a round spot) is used from which cer-
tain rays are chosen by another hole plate along the z-axis

or by a ring that has holes or slices on it as mentioned
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above. In this case one will get data on a cylinder which can
be adjusted to single slices. The achievable resolution in
the z-axis would again only depend on the number of rays per
turn of the machine and on the detector element size.

2.2 Further imaging technigues

The above features of imaging an object have been described
with reference to X-ray computer tomography. The invention
can be applied with other imaging techniques mentioned above

in an analogue way.

An example for ultrasound tomography of a sample is shown in
Figure 15. The imaging device 100 comprises a fixed arrange-
ment of combined energy generator and detector devices 200,
300 which comprise ultrasound oscillators 210 (converters),
ultrasound detectors 310. Figure 15 illustrates an arrange-
ment with a rectangular arrangement. A corresponding ring-
shaped arrangement is possible as well. Within the imaging
device 100, an object 1 is arranged on the holding device
500. Advantageously, the effect of the holding device 500 can
be introduced into the adjusted matrix with the calibration
mentioned above. Between the object 1 and the ultrasound con-
verters, a coupling fluid is arranged. The ultrasound oscil-
lators 210 generate straight ultrasound. fields which travel
into the object. The ultrasound waves are reflected within
the object. The back-reflection is detected with the ultra-
sound detector 310 and processed according to the principles

outlined above.

An.example for impedance tomography of an object 1 is shown
in Figure 16. The imaging device 100 comprises an arrangement
of electrodes 240, being electrically connected with an im-

pedance measurement device. The data being measured as in
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conventional impedance tomography are used for reconstructing

images on the basis of impedance values measured along paral-

lel current directions in the object.

3. Mathematical description

The method of the invention provides a direct approach for
reconstruction of images from Radon data, e.g. in CT. Instead
of using the Fourier transform technique as in the filtered
back-projection method, the present method is based on or-
thogonal expansions in terms of orthogonal polynomials of two
variables on a disk as outlined in the following. The mathe-
matical background is given in Section (3.1), while the pre-

ferred approximations are presented in Section (3.2).

The mathematical description below refers to a disk sur-
rounded by a circle. It is emphasized that an analogue con-
sideration can be done for a region surrounded by an ellipse.
With the equation of the ellipse Qz/a2}+02/b2)=1, a change
of variables x=au and y=0bv leads back to the case of the

2

disk u?+v =1. Further modified shapes are possible if cor-

responding changes of variables can be introduced.

For further details of mathematical tools used herein, refer-
ence is made to the publications of R. Marr: "On the recon-
struction of a function on a circular domain from a sampling
of its line integrals" in "J. Math. Anal. Appl." vol. 45,
1974, p. 357-374; F. Natterer: "The mathematics of computer-
ized tomography" Reprint of the 1986 original "Classics in
Applied Mathematics 32" SIAM, Philadelphia, PA, 2001; F. Nat-
terer and F. Wuebbeling by "Mathematical Methods in Image Re-
construction" SIAM, Philadelphia, PA, 2001; C. Dunkl and Yuan

Xu: "Orthogonal polynomials of several variables”, Cambridge
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University Press, 2001; Yuan Xu "Funk-Hecke formula for or-

thogonal polynomials on spheres and on balls" in "Bull. Lon-

don Math. Soc." vol. 32, 2000, p. 447-457; and Yuan Xu "Rep-

resentation of reproducing kernels and the Lebesgue constants
on the ball" in "J. Approximation Theory" vol. 112, 2001, p.

295-310.

3.1 Mathematical Background

Let Bz==«m)0:x2+y2£1} denote the unit disk on the plane.

The unit disc is a closed, bounded set with 0 in its inte-
rior; is symmetric with respect to 0 (i.e., if q belongs to

D, then so does -q); and is convex.

Let 6 be an angle measured counterclockwise from the positive

x-axis and l(&,t)={(x,y):xcos@+ysint9=t} be a line, where -1<¢<l1.

The notation

(1.1) 10,6)=10,:)NB?, 0<6<27, -1<t<l;

2
is used to denote the line segment inside B . The Radon pro-

Jection (X-ray) of a function fin the direction (cosé,siné)

with parameter te[—Lﬂ is denoted by Rg(fﬂ),

(1.2)  re(fit)= [, Sl yhixdy

(Rg(f}ﬂ corresponds to the above function pe(t).)

Let [ﬁ denote the space of polynomials of total degree n in
two variables, which has dimension

dmII?=(n+1)n+2)/2 .

2
Let v, (B) denote the space of orthogonal polynomials of de-
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2
gree n on B with respect to the unit weight function; that

is, PevyB?) if P is of degree n and
Lz P(x,»)0(x; )dxdy =0, for all Q eIl2,.

A set of polynomials ﬂ?k:OSjSk}in vk@V) is an orthonormal

basis of v (B') if

1 ..
— [ Bk P (o y)andy =5, 5, O, i<k

There are several orthogonal or orthonormal bases that are
2
known explicitly for vy, {(B) (see C. F. Dunkl and Yuan Xu in

"Orthogonal polynomials of several variables", Cambridge
Univ. Press, 2001). Here a basis given in terms of ridge

polynomials is used.

Ur denotes the Chebyshev polynomial of the second kind, with

Uk(x)= w . x=cosé

sind
For § = (cos 6,sin6) and X = (x,»), the ridge polynomial L&Qﬁ
is defined by

Uk (6%, y)= U, ((X,§>)= Uplxcos6 + ysiné)

Clearly Up is an element of 17%

The zeros of U are cosf;; 1<j<k, where 9j1k=j7r/(k+l).

The following result is illustrated by R. Marr in "On the re-
construction of a function on a circular domain from a sam-
pling of its line integrals"™ in "J. Math. Anal. Appl." vol.
45, 1974, p. 357-374 (see also Yuan Xu in "FunkHecke formula

for orthogonal polynomials on spheres and on balls" in "Bull.
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London Math. Soc.™ wvol. 32, 2000, p. 447-457).

Lemma 1.1.
2
An orthonormal basis of v, (B )is given by

]ﬂ'
k+1

5 Pi= {Uk(Hj’k;x,y):OSjSk} , ij
In particular, the set P;: &kskSn} is an orthonormal basis
for TIZ.

The standard Hilbert space theory shows that any function in
) .
L (B) can be expanded as a Fourier orthogonal series in

10 terms of the orthonormal basis Iﬁ:{kz(ﬁ. More precisely, if
feLz(BZ) then

w k R -
3 =2 fj,kUk(9j,k) , fj,k=%sz(x,y)Uk(@,k:‘x:y)dxdy-

k=0 j=0

The n-th partial sum of the expansion is denoted by S,/ that
15  1is,

k A
Snf (. y)= i >, ijk( k%, y) Sk =%fBzf(x,y71k(9j,k:x,y)dxdy

k=0 j=0

The reconstruction method according to the present invention

is based on the following remarkable result, which expresses

20 the partial sum S,f in terms of the Radon projections.

Theorem 1.2

For m > 0 , the partial sum operator Sy,f can be written as
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2m 1
(1.4) Sz,,.(f;x,y)=Z;LRW(f,t)@V(t;x,y)dt
v=0

where

1 2m
(1.5) @,(6xy)= m}g}(kﬂm(t)vk 8,:x.)
with ¢=2vz/2m+1)

A similar theorem works for the cylinder region BL=BZ><[O,L],

2
where L > 0. Let vy (B) be the space of orthogonal polyno-

mials of degree »n on B, with respect to the weight function

1/2
(z(L—z )T /7z%; that is, Pev,?;(BL) if

- [, PGy, 2)0(x, y, 2)dxdy—F ~

.4 z(L—z

for all polynomial Q of three variables such that

degO<n=degP.

Let ]N}C be the Chebyshev polynomials of the first kind.

Define T}C by
To(z)=1,  Ti(z)=21,(22/L~1) k21

The polynomials IN"k are orthonormal with respect to

(z(L—z)_l/z/ﬂ2 on [0, L]. Let Ui (6ki x,y) be defined as before.

Lemma 1.3

2
An orthonormal basis for v,% (B) is given by

P = {Pn,k’j 0<j<k< n},P,,,k,j (x,y, Z)= i—k(Z)Uk (gj,k;x’y)



10

15

20

PCT/EP2005/013801

WO 2006/069708

45

In particular, the set LB 0<i< } is an orthonormal basis for

I .

n

For .fel?Qg), the Fourier coefficients of f with respect to

the orthonormal system Qﬁ:nZO} are given by

dz

\ 1 _
Soes =7 LLf(x,y,Z)R,,k,j(X,y, Z)ﬁdy—m,OS J<k<n

Let §,f denote the Fourier partial sum operator,

k ~
zjﬂxJewmbl%Z)
=0

/

S,/ (x,,2)= ik

The notation of R¢(,1) for Radon projection of a function

g:B° >R is retained. For a fixed z in [0,L],
(1.6) R,(f(,z)t)= [ » £ (e y;2)dxay

The following is an analoque of Theorem 1.2 for the cylinder

B;.
Theorem 1.4

For m > 0,

(1.7) S, f(%,2)

ZmHZ [ J;LR” (Fwht)o, (thy,z)«/—?ﬂ)

where

anV(w,z,-x,y,z)::z’"<k+wk(rwk(m.-x,yfl’”z"%,<w)z<z>
=0 =0
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In order to make use of the parallel geometry of the Radon
data, a quadrature is preferably used according to the inven-
tion to get a discrete approximation to the integrals in
(1.4) and in (1.7).

If f is a polynomial then E;(ﬁ)/Vl—tz is also a polynomial.

Hence, a quadrature is chosen for the integral with respect

to Vl-x* on [—Lﬂ . Such a quadrature is denoted by I,g. Then
2 n
(1.8) = [ eeN1-7% ~ 3 aele )= 1,(2),
j=I

where f,...,# are distinct points in (-1,1) and A; are real num-

bers such that z:=1/lj=l

If equality holds in (1.8) for g being polynomials of degree
at most p, then the quadrature is said to have the degree of

exactness p.

Among all quadrature formulas, the Gaussian guadrature has

the highest degree of exactness. It is given by
l[g(t l—tzdt=LG:g cos L% =1%(g)
2R n+143° n+1 *

for all polynomials g of degree at most 2n-1; that is, its
degree of exactness is 2n - 1. Note that jm/(rn + 1) are zeros

of the Chebyshev polynomial U,.
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3.2 Reconstruction algorithm for the parallel geometry

3.2.1 Reconstruction Algorithm for 2D images

Using quadrature formula in (1.4) gives our reconstruction

algorithm, which produces a polynomial A4;,f defined below.

Algorithm 2.1.

Let 7’v,j=R¢v(f;l‘,). Form > 0 and (x,y)e B%,,

2m n
(2.1) Ay (frxy)= D Dopy T (%)
v=0j=1

where
A,

T. y)= J DNt x;
ey i)

and N; and t; are given in (1.8).

For a given f, the approximation process 4;,/ uses the Radon

data
{Rmiﬂg): OSVSZmJSan}

of f. The data consists of Radon projections on 2m + 1
equally spaced directions along the circumference of the disk
(specified by ¢,) and there are » parallel lines (specified
by ) in each direction. If these parallel Radon projections
are takén from an image f, then the algorithm produces a
polynomial A4,/ which gives an approximation to the original

image.

The polynomial A4p,f is particularly handy for numerical imple-
mentation, since one could save Tj,y e.g. on a hard disc drive
before measurement. This provides a very simple algorithm:

given the Radon data, one only has to perform addition and
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multiplication to evaluate A;,f(x) in (2.1) to get a recon-

struction of image.

A good choice of the quadrature is the Gaussian quadrature.
If in particular n = 2m is chosen, the nodes of the quadra-
ture (1.9) become 4 = cos O, = cosju/(2m + 1). In this case,
the algorithm of the invention takes a particular simple

form.
Algqrithm 2.2.

= . 2
Let 7v,j-R¢v(f:0059j,2m) For m > 0, (x,y)eB”,.

2m2m

(2.2) dyu(fix:y)= 227w (xy)

v=0;=1

where

(2.3)

7,,(x.) 1)2 e 3 e sinl(k+1)0,0,)0, (6,5

As a result of the definition, the following consequence is

obtained.

Theorem 2. 3.

The operator A4,/ in Algorithm 2.1 preserves polynomials of
degree o. More precisely, A.(f) = f whenever f is a polynomial
of degree at most ¢. In particular, the operator Aznf in Algo-

rithm 2.2 preserves polynomials of degree at most 2m - 1.
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3.2.2 Reconstruction algorithm for 2D images with a sampling

function (multiplier function)

For improving the convergence of the approximation, the
method of the invention can start from some summability meth-

ods for the Fourier orthogonal expansion that have better

convergence behaviour instead of starting from S83,f. If\the
following sampling function (or: multiplier function) is
used, advantageously the property that polynomials up to cer-
tain degree are preserved is retained. To this end, the sum
of polynomials is subjected to a predetermined multiplier
function reducing the contributions of polynomials of higher

degrees according to the multiplier function.

Definition 2.4.
A function n in Crmgo)r>0,, is called a sampling function if
n(t)z 1,0<¢<1, and suppz [O,27z] .

Let n be a sampling function. An operator ngis defined by
2m
kY~
ng (f:' X, )’) = kz U(;z‘]fj,kUk (ej,k:' X,J’)
=0

It can be proved that the operator SZn has better approxima-
tion property. In fact, if s has third order derivative, then
the operator SZn preserves polynomials of degree up to m and

it approximates f as accurate as, up to a constant multiple,
any polynomial of degree at most m. The algorithm of the in-

vention is based in this case on the following:
Theorem 2.5.

For m > 0, the operator ng can be written as
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(2.4) ST (fixy)= z ER¢Vft)d32m(txy)dt

v=0

where

(2.5) @my)= Hzn( Jee s 00l et .0)

Hence, a quadrature can be applied to the integral in (2.4)
to get a reconstruction algorithm with a multiplier function.
For the Gaussian quadrature (1.9), the following algorithm
results.

Algorithm 2.6.

For m2 O,(x,y)eB2

2m2m
Ag (fxy ZZR¢V(f cosd 7.2m JZZv(x’y)

v=0/=1

where

T ;?V (x, )= (2m 1)2 Z 77( J (k+ l)sm((k +1)9; i om )Uk

For a given f, the approximation process /Q;f uses the same

Radon data of f as A4, f. It also has the same simple struc- .
ture for numerical implementation and it preserves polynomi-

als of degree up to m. Its approximation behaviour appears

to be better than that of A4, f

According to alternative embodiments of the invention, other
summability methods, not prescribed by the multiplier func-

tion can also be used for improving the convergence.
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3.2.3 Reconstruction algorithm for 3D images

To obtain an algorithm on the cylinder domain, again the

Gaussian quadrature is used. For the integral in z, the Gaus-

sian quadrature for (z@b—z)Anis used. Set

2i +1 1+ cosé;
§h1=£lj;lz and zi=————jii, 0<i<n-1
’ 2n 2

where z; are zeros of T,(z) . The Gaussian quadrature on [0, L]

takes the following form,

n-1

(2.7) ”I_J.()Lg(z)\/z( j=‘z g(z

which holds whenever g is a polynomial of degree at most

2n - 1. For the integral in ¢, the same quadrature (1.8) as

2
in the case of B" is used. For simplicity, only the recon-
struction algorithm using the Gaussian quadrature (1.9) is

described. The algorithm produces a polynomial B,; of three

variables as follows:
Algorithm 2.7
Let ¥yri =R¢V(f(.,.,zi),'cosy/j,2m)

For m > 0,
2m 2mn-1
Bmexy» Zzzyvkv Vkl(xyl )

v=0k=li=

where

1
Lri(x,y,z)=—— @ Z;,COSW L, X, ,2)
v,k,z( ».z) n(2m+1) v(z Vi xy )
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For a given function f, the approximation process By, uses the

Radon data

Q%VUKWZﬁamwjﬁOSVSZmJstZmDSiSn—U}

of f. The data consists of Radon projections on n disks that
are perpendicular to the z-axis (specified by zi), on each
disk the Radon projections are taken in 2m + 1 equally
spaced directions along the circumference of the disk

(specified by ;) and 2m + 1 parallel lines (specified by
coswj) in each direction. This approximation can be used for

the reconstruction of the 3D images from the parallel Radon
data. In practice, the integer n of z-direction should be
chosen so that the resolution in the z-direction is compara-

ble to the resolution on each disk.

The operator in Algorithm 2.7 preserves polynomials of degree
2m - 1. More precisely, Bu(f) =f whenever f is a polynomial of

degree at most 2m - 1.

In the z direction, preferably the weight function

@&}—z »4/2 is used instead of the constant weight function.
The reason lies in the fact that the Chebyshev polynomials of
the first kind are simple to work with and the corresponding
Gaussian quadrature (2.7) is explicit. If the constant weight
functions would be used, we would have to work with Legendral
polynomials, whose zeros (the nodes of Gaussian quadrature)

can be given only numerically.

The reconstruction algorithm for 3D images can be implemented
with a sampling function (multiplier function) in an analogue

way as outlined above (section 3.2.2).
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3.2.4 Convergence of the algorithm

For the convergence of the above algorithms, it can be shown
that the approximation (e.g. Algorithm 2.2) shows a pointwise
and uniform convergence if f has second order continuous de-
rivative. In contrast, with the conventional filtered back-
projection method, convergence is obtained only for smooth

band limited functions (see above F. Natterer).
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CLAIMS

1. Method of reconstructing an (n+l)-dimensional image
function f representing a region of investigation (1), com-
prising the step of:

- determining the image function f from n-dimensional or less
dimensional Radon data comprising a plurality of projection
functions pp(t) measured corresponding to a plurality of pre-
determined projection directions (®),

characterized in that

- the image function fis determined as a sum of polynomials

multiplied with values of the projection functions pg(t).

2. Method according to claim 1, wherein the image function
f has two, three or four dimensions with n being selected

from 1, 2 or 3.

3. Method according to one of the claims 1 or 2, wherein

the polynomials are sums of orthogonal ridge polynomials.

4. Method according to at least one of the foregoing
claims, wherein the projection functions pg(t) comprise dis-
crete projection profiles, wherein each discrete projection
profile comprises projection values y(v,3j) corresponding to a
plurality of projection lines (j) with the same projection

direction (V).

5. Method according to claim 4, wherein integrals in the
definition of the polynomials are discretized by a quadrature

sum I.
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6. Method according to claim 5, wherein the integrals in

the definition of the polynomials are discretized by the

Gaussian gquadrature sum I.

7. Method according to one of the claims 5 or 6, wherein
the image function f is determined as a sum of the projection
values y(v,3j) multiplied by the corresponding elements of a

polynomial matrix T.

8. Method according to claim 7, comg;ising the step of:
- subjecting the polynomial matrix T to a calibration for
providing an adjusted polynomial matrix T* in dependence on
predetermined conditions of measuring the projection func-

tions.

9. Method according to claim 8, wherein the calibration

comprises the step of multiplying the polynomial matrix T by
a calibration matrix P being determined by at least one of an
energy distribution function of an energy generator device, a
sensitivity distribution function of a detector device and a

scattering function of the object (1).

10. Method according to at least one of the claims 7 to 9,
wherein at least one of the polynomial matrix T and the ad-
justed polynomial matrix T* is stored before measuring the

projection functions pg(t).

11. Method according to claim 10, wherein the polynomial ma-
trix T, T* is stored in the measuring device (100) before a

process of measuring the projection functions.
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12. Method according to claim 11, wherein the process of
measuring the projection functions comprises the steps of:

- arranging a object (1) in the measuring device (100),

- subjecting the object (1) to an energy input directed along
the plurality of predetermined projection directions (®),

and

- measuring the projection functions pg(t).

13. Method according to claim 12, wherein at least one of
the object (1) and the measuring device (100) is translated
in a predeterminéd direction during the step of subjecting
the object (1) to the energy input for obtaining helical pro-

jection data.

14. Method according to at least one of the foregoing
claims, wherein the sum of polynomials is subjected to a pre-
determined multiplier function reducing the contributions of
polynomials of higher degrees according to the multiplier

function.

15. Method according to at least one of the foregoing
claims, wherein the image function f is determined from Radon
data measured in:

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

- an ultrasound tomography device,

- a PET imaging device,

- light tomography,

- a Gamma-ray imaging device,

- a SPECT imaging device,

- a neutron based transmission detection system, or

- an electrical impedance tomography device.
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16. Imaging method for imaging a region of investigation (2)
in a object (1), comprising the steps of:

- directing a plurality of energy input beams at predeter-
mined projection directions (®) through the region of inves-
tigation (2),

- determining projection functions pg(t) comprising attenua-
tion values measured with the plurality of energy input
beams, and

- subjecting the projection functions pe(t) to a reconstruct-

ing method according to at least one of the foregoing claims.

17. Imaging method according to claim 16, further comprising
the step of:
- representing an approximation of the image function f as a

visualized image to be obtained.

18. Imaging method according to one of the claims 16 or 17,
wherein the projection functions pg(t) are determined with
the steps of:

- directing a plurality of fan or cone beams at predetermined
projection directions through the region of investigation
(2), and

- determining the projection functions pg(t) from the at-

tenuation values measured for each of the fan or cone beams.

19. Imaging method according to claim 18, comprising the
further step of:

- providing discrete projection profiles, wherein the projec-
tion values y(v,j) of each discrete projection profile com-
prise attenuation values corresponding to predetermined fan
beam components with the same projection direction (v), said
discrete projection profiles representing the projection

functions pg(t).
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20. Imaging method according to claim 17, wherein the pro-
Jection profiles are determined with the steps of:

- directing a plurality of pencil beams at predetermined pro-
jection directions (®) through the region of investigation
(2) in the object (1),

- measuring a plurality of attenuation values for the pencil
beams, and

- providing discrete projection profiles, wherein the projec-
tion values y(v,j) of each discrete projection profile com-
prise attenuation values corresponding to pencil beams with

the same projection direction (v), said discrete projection

profiles representing the projection functions Po(t).

2l. Imaging method according to claim 20, wherein the step
of directing a plurality of pencil beams comprises the step
of:

- directing a plurality of sets of parallel pencil beams
through the region of investigation (2), wherein each dis-
crete projection profile comprises attenuation values corre-

sponding to one of the sets of parallel pencil beams.

22. Imaging method according to claim 20, wherein the step
of directing a plurality of pencil beams comprises the step
of:

- directing a plurality of sets of discrete fan or cone beams
through the region of investigation (2), wherein each dis-
crete projection profile comprises attenuation values corre-
sponding to fan or cone beam components having the same pro-
jection direction (®) but being contained in different sets

of discrete fan or cone beams.
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23. Imaging method according to at least one of the forego-
ing claims 16 to 19, wherein the projection directions (®)
are set subsequently by using a movable radiation source be-

ing rotated around the object (1).

24. Imaging method according to at least one of the forego-
ing claims 16 to 23, wherein the projection directions (®)

are set in at least one common plane crossing the region of

investigation (2).

25. Imaging method according to at least one of the forego-
ing claims 16 to 23, wherein the projection directions (@®)
are set in varying inclined planes crossing the region of in-

vestigation (2) for obtaining helical projection data.

26. Imaging method according to at least one of the claims 16
to 25, wherein the object (1) comprises:

- a biological organism or a part thereof,

- a natural phenomenon,

- a fluid composition,

- a solid material,

- a work-piece, and/or

- an object to be investigated for security reasons.

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

- a measuring device (200, 300) for measuring projection
functions pp(t) corresponding to a plurality of predetermined
projection directions (®),

characterized by further comprising

- a reconstruction circuit (400) for reconstructing an image
function f as a sum of polynomials multiplied with values of

the measured projection functions Pe(t), the reconstruction
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circuit (400) being connected with the measuring device (200,

300) .

28. Imaging device according to claim 27, wherein the recon-
struction circuit (400) is adapted for reconstructing the im-
age function fwith a method according to at least one of the

foregoing claims 1 to 26.

29. Imaging device according to one of the claims 27 or 28,

wherein the reconstruction circuit (400) comprises a summa-
tion circuit for determining the image function f as a sum of
projection values yp(v,3j) multiplied by the corresponding

elements of a polynomial matrix T, T¥*.

30. Imaging device according to claim 29, wherein the measur-

ing device (200, 300) or the reconstruction circuit (400)

comprises a storage for storing the polynomial matrix T, T*.

31. Imaging device according to at least one of the claims 27
to 30, wherein the measuring device (200, 300) comprises

- an energy generator device (200) for directing an energy
input through the object (1),‘and

- a detector device (300) for measuring the projection func-

tions pe(t).

32. Imaging device according to claim 31, wherein the energy
generator device (200) comprises at least one energy input
source (210) and a source carrier (220), wherein the energy
input source (210) is movable on the source carrier (220)

relative to the object.

33. Imaging device according to claim 32, wherein the source
carrier (220) has a ring shape and the energy input source

(210) is able to be rotated around the object (1).
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34. Imaging device according to claim 33, wherein the energy
input source (210) is able to be moved along a helical path

relative to the object.

35. Imaging device according to at least one of the claims 31
to 34, wherein the detector device (300) comprises at least
one sensor array (310) for detecting attenuation values rep-

resenting the attenuation of energy input corresponding to

the plurality of predetermined projection directions (©®).

36. Imaging device according to at least one of the claims 31
to 35, wherein the energy input source (210) is a fan or cone

beam source for emission of electromagnetic radiation.

37. Imaging device according to claim 36, wherein the fan or
cone beam source (210) comprises a source mask (211) for
shaping an energy distribution function of the fan or cone
beam source (210), the source mask (211) being movable with

the fan or cone beam source (210).

38. Imaging device according to at least one of the claims 31
to 35, wherein the energy input source (210) is a pencil beam

source for emission of electromagnetic or particle radiation.

39. Imaging device according to claim 38, wherein the pencil
beam source (210) comprises a source mask (221) for arranging
a plurality of pencil beams, the source mask (221) being mov-

able with the pencil beam source (210).

40. Imaging device according to claim 37 or 39, wherein the
source mask (211) is removable from the energy input source

(210) .
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41. Imaging device according to claim 37 or 39, wherein the
source mask (211) comprises a plate (212) with through holes
(213), the plate (212) being made of an energy input shield-

ing material.

42. Imaging device according to at least one of the claims 31
to 41, wherein the energy generator device (200) comprises a
plurality of frame masks (224) for shaping an energy distri-
bution function of the energy input source (210), the frame

masks (221) being fixed on the source carrier (220) at prede-

termined positions.

43. Imaging device according to claim 42, wherein the posi-
tions of the frame masks (224) are spaced by equal arc

lengths.

44. Imaging device according to claim 42 or 43, wherein the
source carrier (220) Comprises a ring-shaped shield (222)
containing the frame masks (224), the ring-shaped shield
(222) shielding the energy input source (210) at positions

other than the positions of the frame masks (224).

45. Imaging device according to at least one of the claims 31
to 44, wherein the detector device (300) comprises a plural-
ity of frame sensors (320) for detecting attenuation values
representing the attenuation of energy input corresponding to
the plurality of predetermined projection directions (@),

the frame sensors (320) being fixed on the source carrier

(220) at predetermined positions.

46. Imaging device according to claim 45, wherein the frame
sensors (320) are positioned adjacent to the frame masks

(224) .
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47. Imaging device according to at least one of the claims 31
to 46, wherein the measuring device (200, 300) comprising:

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

- an ultrasound tomography device,

- a PET imaging device,

- light tomography,

- a Gamma-ray imaging device,

- a SPECT imaging device,

- a neutron based transmission detection system, or

- an electrical impedance tomography device.

48. Digital storage media or computer program product with
electronically readable data comprising a sum of polynomials,
said data being able to interact with a calculation unit in
the imaging device according to one of the claims 31 to 47
for conducting a method according to at least one of the

claims 1 to 46.

49. Digital storage media or computer program product with
electronically readable data comprising a polynomial matrix
T, said data being able to interact with a calculation unit
in the imaging device according to one of the claims 31 to 47
for conducting a method according to at least one of the

claims 1 to 46.

50. Computer program residing on a computer-readable medium,
with a program code for carrying out the method according to

at least one of the claims 1 to 46.

51. Apparatus comprising a computer-readable storage medium
containing program instructions for carrying out the method

according to at least one of the claims 1 to 46.
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