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absorption values with the functional dependency(ies) of the
X-ray absorption values, which are assigned to the first
X-ray absorption value, of the second and/or other distribu-
tions of X-ray absorption values.
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METHOD FOR DETERMINING DENSITY
DISTRIBUTIONS AND ATOMIC NUMBER
DISTRIBUTIONS DURING RADIOGRAPHIC
EXAMINATION METHODS

This application is the national phase under 35 U.S.C. §
371 of PCT International Application No. PCT/DE02/03055
which has an International filing date of Aug. 21, 2002,
which designated the United States of America and which
claims priority on German Patent Application number DE
101 43 131.7 filed Sep. 3, 2001, the entire contents of which
are hereby incorporated herein by reference.

FIELD OF THE INVENTION

The present invention generally relates to a method, an
X-ray apparatus and a computer software product for ascer-
taining image data relating to the distribution of physically
and chemically relevant data in objects of human or animal
type that are to be examined, or from the field of materials
testing or safety testing. The invention relates in particular to
separating radiographic image data into a distribution of the
material density and a distribution of the atomic number in
the object to be examined.

BACKGROUND OF THE INVENTION

The result of all radiographic methods such as, for
example, computed tomography, mammography, angiogra-
phy, X-ray inspection technology or comparable methods is
the representation of the attenuation of an X-ray beam along
its path from the X-ray source to the X-ray detector. This
attenuation is caused by the transradiated media or materials
along the beam path. The attenuation is usually defined as
the logarithm of the ratio of the intensity of the attenuated
radiation to the primary radiation, and denoted, with refer-
ence to the path normal, as attenuation coefficient of the
material.

A multiplicity of radiographic examination units use not
the attenuation coefficient, but a value normalized to the
attenuation coefficient of water, the CT number, in repre-
senting the attenuation distribution of an X-ray beam in an
object to be examined. This number is calculated from an
attenuation coefficient p currently determined by a measure-
ment, and the reference attenuation coefficient p , accord-
ing to the following equation:

M= Hmy0
HH,0

M

C = 1000 % [HU]

where the CT number C is expressed using the Hounsfield
unit [HU]. A value of Cp;,»=0 HU results for water, and a
value of C,=-1000 HU for air.

Since both representations can be transformed into one
another, or are equivalent, the generally selected term of
attenuation value denotes both the attenuation coefficient p
and the CT value in what follows. Furthermore, the terms of
material and tissue are used interchangeably in the substan-
tive context of this description of the embodiments of
invention. It is assumed that a material within the context of
a medically indicated examination can be an anatomical
tissue, and, conversely, that in testing of materials and in
safety testing a tissue is to be understood as any desired
material of an object to be examined.

20

25

40

45

50

55

60

65

2

Increased attenuation values can be ascribed either to
materials of higher atomic number such as, for example,
calcium in the skeleton or iodine in a contrast medium, or to
an increased density of soft parts such as, for example, in the
case of a lung nodule. The local attenuation coefficient 1 at

=
the location r is a function of the X-ray energy E irradiated
into the tissue or material, and of the local density p of tissue
or material in accordance with the following equation:

= HE D) = (ZE %) @

with the mass attenuation coeflicient
(Z)e
P

dependent on energy and material.

The energy-dependent X-ray absorption of a material, as
is defined by its effective atomic number, is thus superim-
posed on the X-ray absorption that is influenced by the
material density. Materials or tissues of different chemical or
physical composition may thus have identical attenuation
values in the X-ray image. Conversely, on the other hand, it
is impossible to deduce the material composition of an
object to be examined from the attenuation value in an X-ray
picture.

Correct interpretation of the distribution—thus actually
rather unclear—of the X-ray attenuation values in an X-ray
image produced using a radiographic examination method
can generally be carried out only on the basis of morpho-
logical criteria in the medical sector, and generally requires
a radiologist with decades of experience in his field. Nev-
ertheless, in some circumstances, structures which occur
with increased attenuation values in the imaging process for
an X-ray examination cannot be clearly classified. For
example, it is difficult to distinguish between calcification
close to the hilus on a thorax overview picture and a vessel
which is located orthogonally with respect to the imaging
plane. It is also virtually impossible to distinguish, for
example, between diffuse calcification and fresh bleeding.

Even in the case of materials testing and safety testing, the
tester generally supplements the information in the display
of'an attenuation value distribution by his personal specialist
knowledge and professional experience. Nevertheless, it is
impossible, for example, for him to distinguish reliably
between plastic-bonded explosive mixtures and a non-ex-
plosive plastic directly from an X-ray image.

Methods for displaying material-characteristic values are
required for this purpose. In “Materialselektive Bildgebung
und Dichtemessung mit der Zwei-Spektren-Methode, 1.
Grundlagen und Methodik, W. Kalender, W. Bautz, D.
Felsenberg, C. Siiff und E. Klotz, Digit. Bildiagn. 7, 1987,
6677, Georg Thieme Verlag” [“Material-selective imaging
and density measurement with the aid of the two-spectra
method, I. Fundamentals and Methodology, W. Kalender, W.
Bautz, D. Felsenberg, C. St and E. Klotz, Digit. Bilddiagn.
7, 1987, pages 66—77, Georg Thieme Verlag”], W. Kalender
et al. describe a method for base material decomposition in
the case of X-ray pictures. The method is based on the effect
that materials and tissues of higher atomic number absorb
low-energy X-radiation substantially more intensely than do
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materials or tissues of lower atomic number. By contrast, in
the case of higher X-ray beam energies the attenuation
values become assimilated and are largely a function of the
material density.

Unless otherwise indicated, in the context of this descrip-
tion the term of atomic number is not used in the strict sense
relating to the elements, but instead denotes an effective
atomic number of a tissue, or material, that is calculated
from the chemical atomic numbers and atomic weights of
the elements which are involved in the formation of the
tissue or material.

In the method proposed by W. Kalender et al., the X-ray
attenuation values of an object to be examined are measured
with the aid of X-ray beams of lower and higher energy, and
the values obtained are compared with the corresponding
reference values of two base materials such as, for example,
calcium (for skeletal material) and water (for soft part
tissues). It is assumed that each measured value can be
represented as a linear superposition of the measured values
of the two base materials. For example, a skeletal compo-
nent and a soft tissue component can be calculated for each
element of the pictorial display of the object to be examined
from the comparison with the values of the base materials,
the result being a transformation of the original pictures into
displays of the two base materials of skeletal material and
soft part tissue.

The base material decomposition or the two-spectrum
method is therefore suitable for distinguishing between
anatomical structures in human and animal tissues with a
strongly differing atomic number. In materials testing and
safety testing, it would therefore be possible, for example, to
distinguish according to predefined types of materials, so-
called material classes. The aim of the base material decom-
position is not a functional display that permits detection of
the physical and chemical characteristics of the materials
examined, or variations in these characteristics within a type
of material.

SUMMARY OF THE INVENTION

It is therefore an object of an embodiment of the present
invention to propose a method, an X-ray apparatus and a
computer software product that provide chemically and
physically relevant information relating to an object to be
examined on the basis of radiographically provided absorp-
tion data of the object to be examined.

An object may be achieved by a method for determining
the distributions of density and atomic number in an object
to be examined, having the steps of recording a first distri-
bution of X-ray absorption values of the object to be
examined for a first X-ray spectrum, and of recording at least
a second distribution of X-ray absorption values of the
object to be examined for a second X-ray spectrum, in order
to determine a first functional dependence of a first X-ray
absorption value of the first distribution of X-ray absorption
values on density and atomic number, and in order to
determine a second functional dependence of a second X-ray
absorption value, assigned to the first X-ray absorption
value, of the second distribution of X-ray absorption values
on density and atomic number, and in order to ascertain a
value for the density and the atomic number from a com-
parison of the first functional dependence with the second
functional dependence and/or further functional depen-
dences.

The term “X-ray spectrum” used in the context of this
document has a further-ranging meaning than only the
spectral distribution of an X-radiation emitted by the X-ray
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source of the apparatus. Different spectral components of a
radiation having different degrees of efficiency are converted
on the part of the X-ray detectors, and thereby differently
weighted. The effective spectral distribution resulting there-
from is denoted in this document as X-ray spectrum.

The above object is further achieved by an X-ray appa-
ratus for determining the distributions of density and atomic
number in an object to be examined, having an X-ray source
for emitting X-radiation, an X-ray detector for detecting the
X-radiation emitted by the X-ray source, and for converting
the X-radiation into electrical signals for further processing,
and having a signal processing device for processing the
electrical signals of the X-ray detector, the signal processing
device using a method according to the invention to deter-
mine the distributions of density and atomic number in an
object to be examined, on the basis of at least two distribu-
tions, recorded on the X-ray apparatus with different X-ray
spectra, of an X-ray absorption of the object to be examined.

Furthermore, an object may be achieved by a computer
software product for ascertaining the distributions of density
and atomic number in an object to be examined, on the basis
of at least two image data records, recorded for different
X-ray spectra, of the distribution of X-ray absorption values
in the object to be examined as claimed in a method
according to the invention.

An embodiment of the present invention permits the
calculation of the spatial distribution of the mean density

p(?) and the effective atomic number Z(?) from an
evaluation of the spectrally influenced measured data of an
X-ray apparatus. This yields novel contrasts, in particular
with reference to the chemical and physical composition of
the object to be examined. This functional display, hitherto
reserved for magnetic resonance systems, of an object to be
examined opens up a multiplicity of novel applications for
X-ray diagnostics, and also for X-ray inspection technology.

For example, the display of the distribution of the atomic
number in tissue etc. permits insight into the biochemical
composition of an object to be examined, contrasts based on
the chemical structure in organs previously displayed with
homogeneous density, a quantitative determination of body
constituents such as, for example, iodine or the like, and a
demarcation of calcifications based on the atomic number.
The isolated density display of an object permits an accurate
determination of the centroid and density of objects such as
is undertaken, for example, in the case of osteoporosis, inter
alia.

In the field of safety technology, this means a more
reliable detectability of dangerous components, in particular
of explosive substances. In materials testing, access is
opened up to the quantitative examination of the material
composition and of the density distribution in the test
specimens.

The determination of the functional dependence of the
X-ray absorption values on density and atomic number for
at least one X-ray spectrum is advantageously performed by
means of reference measurement on a calibration sample
and/or in the form of a simulation based on a physical model
such that an installation-specific dependence of an X-ray
absorption value on density and atomic number is obtained.

A transformation of the distributions of the X-ray absorp-
tion values into a distribution of the density and a distribu-
tion of the atomic number is preferably undertaken for each
of the assigned X-ray absorption values of the first distri-
bution of the X-ray absorption values and of the further
distributions of the X-ray absorption values. This is done on
the basis of the ascertainment of a value pair for density and
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atomic number such that the value pair fulfils the specific
functional dependences of the X-ray absorption on density
and atomic number for the first X-ray spectrum and at least
one further X-ray spectrum. It is thereby possible to calcu-
late density and atomic number for a pixel simply as cut-set
of the functional dependences of the mutually assigned
X-ray absorption values of the recorded distributions of the
X-ray absorption values.

The first X-ray spectrum advantageously has a quantum
energy that promotes an X-ray absorption relative to the
quantum energy of the second X-ray spectrum by the
photoelectric effect, such that a high resolution in the
determination of the atomic numbers is obtained.

In a preferred embodiment of the present invention, at
least one operating parameter of the X-ray tube is varied in
order to vary an X-ray spectrum for recording the object to
be examined, in which case the X-ray source emits a first
X-ray spectrum in a first operating state and a second X-ray
spectrum, differing therefrom, in a second operating state,
such that a rapid alternation between two X-ray spectra is
enabled.

Furthermore, a variation to the detector characteristic is
advantageously undertaken in order to vary an X-ray spec-
trum for recording the object to be examined, the X-ray
detector converting spectral subregions of the X-radiation
received from the X-ray source into mutually independent
electrical signals, and in the process permitting simultaneous
recording of distributions of the X-ray absorption for dif-
ferent X-ray spectra.

Furthermore, the recording of at least one subregion of the
object to be examined is advantageously performed with an
increased X-ray dose so that a satisfactory resolution of the
distribution of density and/or atomic number is achieved for
this subregion without imposing an increased X-ray dose
over the entire zone to be examined and, for example,
exposing a patient to a high radiation load.

In order to record a first distribution of an X-ray absorp-
tion of the object to be examined, it is possible in accordance
with an advantageous development to introduce into the
beam path of the X-radiation a material that is not introduced
into the beam path of the X-radiation in order to record a
second distribution of an X-ray absorption of the object to be
examined. Spectral components of the X-radiation that are
specific to the material respectively used can thereby be
filtered out when recording the first attenuation value dis-
tribution upstream and downstream of the object to be
examined, thus achieving a high sensitivity in detecting a
substance in the object to be examined that corresponds to
this material.

BRIEF DESCRIPTION OF THE DRAWINGS

Further advantages, features and details of the invention
will become evident from the description of illustrated
embodiments given hereinbelow and the accompanying
drawings, which are given by way of illustration only and
thus are not limitative of the present invention, wherein:

FIG. 1 shows with the aid of an isoabsorption line the
production of identical attenuation values p for materials of
different composition,

FIG. 2 shows the energy dependence of the X-ray attenu-
ation for three elements,

FIG. 3a shows a flowchart of the methods of calculation
according to an embodiment of the invention for the purpose
of ascertaining isoabsorption lines,
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FIG. 3b shows a flowchart of the transformation of the
X-ray absorption values into values of material density and
atomic number,

FIG. 4 shows two isoabsorption lines of a type of tissue
for two different X-ray spectra,

FIG. 5 shows a diagram of three typical X-raying tech-
niques, and

FIG. 6 shows a diagram of different methods for varying
the X-ray spectra.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The isoabsorption line 11 of diagram 10 of FIG. 1
connects all value pairs (p, Z) having an attenuation value pL
or C identical for a defined X-ray spectrum. The illustration
of FIG. 1 makes clear that information on the nature and
composition of a tissue or material cannot be derived solely
on the basis of the attenuation values of an X-ray image.
Usually, in order to identify types of tissue in the X-ray
image, a radiologist makes use of his anatomical knowledge
and looks for irregularities on this basis. In order to clarify
the identity of the irregularities, a medical practitioner is
then forced in turn to appeal to empirical values and mor-
phological criteria. Similarly, a person skilled in the art of
materials testing and safety testing will base his judgment of
the radiographic finding on his store of professional expe-
rience.

X-radiation is attenuated to a greater or lesser extent by
different materials and as a function of the energy of the
X-radiation. FIG. 2 illustrates this with the aid of the energy
dependence 20 of the mass attenuation coefficient for water
23, calcium 22 and iodine 21. This is to be ascribed to
differently acting attenuation mechanisms for the various
materials. In the diagnostically relevant energy range of the
X-radiation, the X-ray attenuation is to be ascribed substan-
tially to the absorption, caused by the photoelectric effect,
and the scattering based on the Compton effect. The absorp-
tion is relevant, in particular, given low energy of the
X-radiation and in the case of tissues with a high atomic
number. The scattering is weakly dependent on the energy of
the X-radiation, and is substantially dependent on the elec-
tron density, mediated via the physical density of the tissue.

The effective atomic number Z, entitled atomic number
for simplicity in the context of this description, of a specific
type of tissue is calculated from the atomic numbers Z, of the
elements participating in the structure, their atomic weights
A, and their local material-equivalent densities p, as:

©)

Wl

Fi A
PIFTE

P S —

Pi

E A—‘_Pi

i

The result is Z.,=20, for pure calcium, approximately
Z(um,=16.04 for calcium hydride, and approximately
Z,0=7.428 for water. The chemical or else biological
composition of an object can therefore be detected very
effectively via the atomic number 7.

Calculating the atomic number distribution and density
distribution in a zone to be examined requires at least two
X-ray pictures of the zone that have an identical recording
geometry but are produced using a different energy of the
X-radiation applied. The Z-resolution and p-resolution can
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be improved by using more than two X-ray pictures
recorded with the aid of different X-radiation energy, but this
also increases the radiation load. Consequently, this option
does not always obtain in the case of examining a patient.

The starting point in the conversion of image data based
on attenuation value into distribution images of the atomic
numbers and the density of material or tissue is knowledge
of the isoabsorption lines for each X-ray spectrum of an
X-ray apparatus. As already mentioned, X-ray spectrum is
understood here not as the narrowly interpreted term of the
spectral distribution of an X-radiation emitted by the X-ray
source of the apparatus, but as an extended term that takes
account of the different weightings of different spectral
regions of the emission spectrum of the X-ray tube on the
part of the X-ray detectors. A measured attenuation value is
therefore yielded by the direct attenuation of the radiation
spectrum emitted by the X-ray tube, and the spectral effi-
ciency of the X-ray detector used. The two values are
installation-specific variables and must be ascertained either
directly or indirectly by means of the attenuation values of
calibration samples. They are the basis for calculating the
isoabsorption lines.

FIG. 3a outlines three methods 300 for modeling and for
calculating a family of iso-absorption lines, which are select-
able in step 301, specifically a theoretical modeling, an
experimental determination and a theoretical modeling with
a calibration of the curves by means of experimentally
determined parameters.

In principle, as many isoabsorption lines are to be deter-
mined as there are required attenuation values to cover the
range of X-ray attenuations in the X-ray pictures. In this
process, there is no need to calculate an isoabsorption line
for each theoretically occurring attenuation value; if
required, isoabsorption lines not calculated can be made
available by interpolation or other suitable averaging meth-
ods.

The basic steps of the theoretical modeling are illustrated
in the left-hand branch of the flowchart of FIG. 3a. Firstly,
in step S302 the data of the for an installation-specific X-ray
emission spectra S(E) are input with the tube voltages as
parameter. For this purpose, the spectral distributions of the
X-radiation can be gauged experimentally in advance for
each individual X-ray installation, or use is made of the data
characteristic of a specific type of X-ray source. The detector
apparatus function w(E) is ascertained in step S303. It is also
possible for this purpose firstly to undertake an accurate
measurement of the detector arrangement, or else use is
made of the data characteristic of the detector type such as,
for example, the spectral technical specification thereof. The
calculation of the isoabsorption lines in the form of families
of curves C,(p, Z) and w,(p, Z), respectively, is undertaken
in step S304 on the basis of a physical model that simulates
the X-ray attenuations C, and 1, for materials with different
atomic numbers and given different material densities for
each relevant combination of S(E) and w(E).

The families of curves of the isoabsorption lines can also
be determined experimentally as an alternative to the theo-
retical modeling of steps S302 to S304. For this purpose, the
X-ray attenuations of calibration materials of different den-
sity and mean atomic number are measured in the X-ray
apparatus for various relevant combinations of S(E) and
w(E) in step S305. The measured values form the interpo-
lation points for the subsequent calculation of the families of
curves of isoabsorption lines C, and y,, respectively, in step
S306.

As a further alternative, the families of curves C, and ,,
respectively, modeled on a theoretical basis can be calibrated
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with the aid of experimentally ascertained X-ray attenuation
values. The attenuation values required for calibrating the
theoretical families of curves are measured in step S307, as
described above for step S305, with the aid of suitable
calibration materials and/or phantoms in the X-ray installa-
tion. By contrast with the purely theoretical modeling of
steps S302 to S304, in this method the exact knowledge of
the X-ray emission spectra S(E) and w(E) is not a precon-
dition, but a parameter of the theoretical modeling of the
families of curves of isoabsorption lines C, and L, respec-
tively, in step S308. The calibration of the curves in step
S309 with the aid of the calibration values ascertained
experimentally in step S307 finally defines values for these
parameters that are specific to the X-ray emission spectra
and detector apparatus functions of the X-ray apparatus.

Ascertaining the isoabsorption lines for the required
X-ray attenuation values and combinations of S(E) and w(E)
provides the preconditions for a transformation of image
data that represent attenuation values for the X-radiation in
the case of passage through a tissue into image data that
represent a distribution of the atomic number or the material
density in the corresponding tissue.

The three methods for determining isoabsorption lines can
also be mixed depending on the task set. For example, it is
possible for values that can be determined experimentally
only inaccurately or only with great outlay, or even not at all,
to be supplemented with the aid of a theoretical modeling,
or to be rendered more accurate. The data derived with the
aid of different methods are then combined in step S310 to
form a standard data record and are held ready in step S311
for the image transformations.

The transformation method 320 according to an embodi-
ment of the invention is illustrated in FIG. 3b. It is based on
the families of curves of isoabsorption lines determined
according to one of the previously described methods 300
and held ready as data record in step S321.

A transformation is performed in a pixelwise fashion.

What follows proceeds from a transformation of a distri-
bution of X-ray absorption values based on two X-ray
images recorded for different X-radiation spectra but an
identical recording geometry. This is the minimum precon-
dition for carrying out a transformation according to the
invention. However, it is also possible to make use of more
than two X-ray pictures given more than two different
energy distributions of the X-radiation.

The selection of a pixel to be transformed is made in step
S322, and the attenuation values C, and ,, respectively, for
this pixel are read out of the first X-ray image, and C, and
1L, respectively, are read out of the second x-ray image in the
following step S323. The interrogation of the X-ray spec-
trum S,(E) used for the first X-ray picture, and of the
detector apparatus functions w,(E) as well as the corre-
sponding values S,(E) and w,(E) for the second X-ray
image, is performed in the subsequent step S324. These
values form the parameters for a subsequent selection of the
isoabsorption lines to be assigned to the respective attenu-
ation values. The spectral distributions S,(E) and w,(E),
respectively, can also be ascertained indirectly here, for
example via an interrogation of the tube voltages U, and U,
respectively, used and/or of the operating parameters of the
X-ray detectors.

A first curve, which fulfils the conditions C; and p,,
respectively, in the case of the parameters S, (E) and w,(E),
and a second curve, which fulfils the conditions C, and p,,
respectively, in the case of the parameters S,(E) and w,(E)
are selected in step S325 from the data record of isoabsorp-
tion lines that is held ready in step S321. An example of a
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first isoabsorption line 11, and of a second one 41, obtained
in such a way as illustrated in the graphical representation 40
of FIG. 4.

The point of intersection 42 is calculated in step S326 of
the transformation method 320 as cut-set of two curves 11
and 41. The curve intersection 42 can be ascertained, for
example, by a local linear transformation or by finding the
point of intersection iteratively. Since the two curves 11 and
41 represent two different attenuation values for the same
pixel and, therefore, for an identical subregion of a tissue to
be examined, the two attenuation values must be caused by
the same type of material or tissue. The coordinates (p, Z)
of the point of intersection 42 of the curves therefore
reproduce the material density and the atomic number of the
tissue subregion to be assigned to the pixel.

Finally, the atomic number Z thus ascertained is written in
step S327 into the atomic number distribution as corre-
sponding pixel value, and into the density distribution in step
S328 by analogy with the material density value p ascer-
tained. The steps S322 to S328 are repeated for all remaining
pixels until it is finally possible to output the image in step
S329. It is possible to skip step S324 in this process, since
the spectral distributions S,(E) and w,(E), respectively, are
identical for all pixels of an image.

The accuracy of the determination of the density p and the
atomic number Z is influenced substantially by the noise
component of the attenuation values, and by the spectral
resolution of the measurement. The noise component can be
influenced, for example, via the X-ray dose used. The
spectral resolution is a function of the spacing and of the
width of the X-ray spectra used for the measurement.

In general, in the case of X-ray spectra of relatively low
energy, the result is a preference for X-ray attenuation by the
photoelectric effect, while for X-ray spectra of relatively
high energy it is a preference for X-ray attenuation by the
Compton effect. Putting it more accurately, the influence of
the atomic number on the X-ray attenuation values of a
picture is relatively greater for lower X-ray energy than for
higher X-ray energy. The influence of a material density or
tissue density on the X-ray attenuation values behaves in an
exactly opposite fashion, by contrast. Consequently, it is
advantageous initially to select a first X-ray spectrum such
that a substantial fraction of the first X-ray attenuation
values stems from the influence of the atomic numbers of the
tissue or material examined, and a second X-ray spectrum is
then selected such that the densities of the object to be
examined exert a substantial influence on the second X-ray
attenuation values.

Consequently, quantum energies of the X-ray spectra in
the range between 50 keV and 120 keV are preferred for
computed tomography (CT), and so it is possible to select an
adequate energy spacing between a first and a second X-ray
spectrum without the need to increase the X-ray dose in
ranges injurious to patients. The lower energy range can
even be fixed at 10 keV and 1 kev, respectively, in mam-
mography and micro-CT.

Higher X-ray doses are used in materials testing and
safety testing than can be advocated in the examination of
organisms. A mostly substantially better signal-to-noise ratio
is obtained with these higher X-ray doses. Moreover, sub-
stantially higher X-ray energies of up to 1 MeV can also be
used. Consequently, even if the atomic number contributes
only a small fraction to the X-ray absorption for a given
X-ray energy, its value can be determined with high accu-
racy nevertheless, if the noise component of the X-ray
absorption values is substantially smaller for the X-ray dose
used than the relative fraction of the atomic number in the
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corresponding X-ray absorption values. Consequently, the
emphasis is not so much on the absolute energy position of
the X-ray spectra used, but on their different mutual energy
position. The selection of the absolute positions is then
influenced by the X-ray doses used and by the substances to
be detected.

Adequate atomic number contrasts for a satisfactory
insight into the chemical composition of a material, or the
biochemical composition of a tissue, are set via the X-ray
dose and the X-ray spectra used. The required resolution in
the representation of the atomic number distribution is a
function of the diagnostic formulation of the task. A quan-
titative measurement of typical body constituents such as,
for example, iodine, magnesium, carbon, nitrogen, oxygen,
sodium, phosphorus, sulfur, chlorine, potassium, manga-
nese, iron, cobalt, copper, zinc, selenium, molybdenum or
the like requires a Z-resolution different from that for
obtaining a chemical contrast based on, for example, the iron
content in a liver. The requirements placed on a Z-resolution
for demarcating objects from an environment with a greatly
differing atomic number are relatively relaxed. In principle,
the Z-resolution must be better than the difference between
the atomic numbers still to be distinguished. A Z-resolution
of up to 0.1 can be achieved at present.

The density distribution can be evaluated for the purpose
of measuring the weighting distribution of an object in
accordance with the equation

m(F y=p(F pxav(r) @
and can be used to determine the centroid. Applications are,
for example, the measurement of the density of bones or of
the brain, but also the determination of the actual centroid of
an object under test.

In order to classify and demarcate body materials such as,
for example, liver, kidneys, white and gray brain matter etc.
or material classes, it is possible to undertake a combined
evaluation of the distributions of atomic number and density
by undertaking windowing of the density and of the type of
tissue or material determined via the atomic number. In
addition to demarcating a for example malignant tissue, this
method can also be used at the same time, for example, to
determine the nitrogen content thereof, and for planning the
dose in a subsequent radiation therapy.

In order to enable a comparison with classical radiogra-
phy that represents attenuation values, the original images
can also continue to be represented as standard X-ray
images. If these are no longer available, it is possible to
back-calculate a downward-compatible standard X-ray
image from the distribution of atomic number and density
for an object to be examined.

In the case of the detector noise of X-ray imaging systems
that is high by comparison with computed tomography, the
dynamics of the X-ray image contrasts is reduced, and
therefore so are the Z-resolution and p-resolution that can be
achieved. In some circumstances, the stipulation of a high
Z-resolution or p-resolution during an examination of a
large surface would signify an impermissibly high dose
burden. Consequently, after the overview measurements a
second measurement is undertaken with an increased dose in
accordance with the diagnostic requirements in a relatively
small zone to be examined. This method is to be recom-
mended in mammography for the purpose of examining
microcalcifications.

Three different X-ray systems are shown in FIG. 5 for the
purpose of illustrating three basic principles of radioscopy
methods.
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FIG. 5a shows an X-ray imaging system 500 for projec-
tively imaging an object to be examined 503 onto a two-
dimensional area detector 502 connected to signal process-
ing device 505 for processing the electrical signals of the
X-ray detector 502. A patient 503 or an object 503 is
generally located therein at rest relative to the arrangement
of X-ray tube 501 and detector 502 in the course of X-ray
imaging.

As an example of a computed tomography apparatus,
FIG. 55 reproduces in a diagram the principle of a fan-beam
unit 500 with a rotating detector system 502. The X-ray
beams are emitted in the shape of a fan by the X-ray tube
501. They further transilluminate the object to be examined
503 from a specific angular position, and finally strike a
line-shaped arrangement of discrete detectors. A recording
cycle comprises a multiplicity of such transilluminations at
different angular positions relative to the object to be exam-
ined.

In the case of the type of fluoroscopic apparatus 500
illustrated in FIG. 5¢, the object to be investigated 503 is
guided to the installation through the beam path 504 with the
aid of a transport apparatus such as, for example, a conveyor
belt 506. This type of X-ray apparatus is used mainly in
safety testing. A line-shaped, one-dimensional detector, fre-
quently an [-shaped one, is used as detector. When passing
through the beam path 504, the object 503 is scanned in a
linewise fashion by X-rays emitted by the X-ray tube 501,
and a complete fluoroscopic image of the object is compiled
from the image rows thus produced.

FIG. 6 shows various possibilities of influencing the
effective X-ray spectrum such as is yielded from the inter-
action of the radiation distribution 610 (611) emitted by the
X-ray tube 501, and the spectral characteristic of the detector
apparatus function 612 (620).

FIG. 6a illustrates a rapid changeover of the tube voltage
from a value U, to a value U, so as to achieve an alternation
between two X-ray emission spectra 610 and 611. It is
advantageous to record each partial recording of a recording
cycle firstly at one of the two tube voltages and, immediately
thereafter, at the other of the two tube voltages, in order to
minimize artifacts owing to movements, for example, of a
patient during the recording cycle. In the case of X-ray
apparatuses 500 with short measuring times such as, for
example, X-ray projection systems, it is also possible for
each recording cycle to be run through completely for one of
the two tube voltages, in each case. Instead of changing over
the tube voltage, it is also possible to introduce filters or filter
systems between the X-ray tube and the object to be exam-
ined or between the object to be examined and the X-ray
detector, in order to influence the X-ray spectrum. The
operation of the X-ray tube at an operating voltage U, is then
replaced by an operation at a standard operating voltage and
the use of no or a first filter or filter system; operation at U,
is replaced by the use of a second filter or filter system.

Since an X-ray tube 501 does not emit monoenergetic
radiation but a relatively broad spectrum of X-radiation 504,
it is possible, as shown in FIG. 64, in one measuring
operation to obtain several pictures for different X-ray
spectra by using an energy-sensitive detector 620. The latter
supplies separate measuring signals for, in general, spectral
regions arranged next to one another. Attenuation values are
thus obtained simultaneously for different, mutually separate
spectral regions of the X-ray spectrum, that is to say in a
recording cycle a number, defined by the embodiment and
wiring of the detector, of X-ray images for different radiation
energies. Such detectors 620 can be implemented as layer
structure detectors, use being made of the fact that the depth
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of penetration of X-radiation into the layer system of the
detector is determined by the energy of the X-ray quanta. It
is also possible to use quantum counters as energy-sensitive
detectors as an alternative to layer detectors.

FIG. 6c¢ shows a third variant for influencing the X-ray
emission spectrum. Here, a material 630 of an installation-
specific element is placed, for example in the form of rapidly
rotating filter wheels 630, between an X-ray tube 501 and an
object to be examined 503, or between an object to be
examined 503 and an X-ray detector 502. Each element
absorbs X-radiation in a characteristic way 631 and in a
likewise characteristic spectral region. If a wing of the filter
wheel is located in the beam path, a spectral region typical
of' this element is attenuated in the beam path or, in the most
favorable case, eliminated. A measurement, with and with-
out a filter wheel wing in the beam path, are now undertaken
for each partial recording of a recording cycle. An element
in the object to be examined that corresponds to the filter
wheel element can then exhibit an X-ray attenuation value
632 only in the measurements without filter wheel covering
of'the beam path. In the other case, the measured attenuation
value 633 is ideally equal to zero. It is possible in this way
to detect with high precision the presence or absence of a
specific element such as, for example, iron or copper in an
object to be examined. This detection method is important in
particular in mammography and materials testing.

Exemplary embodiments being thus described, it will be
obvious that the same may be varied in many ways. Such
variations are not to be regarded as a departure from the
spirit and scope of the present invention, and all such
modifications as would be obvious to one skilled in the art
are intended to be included within the scope of the following
claims.

The invention claimed is:

1. A method for determining distributions of density and
atomic number in an object to be examined, comprising:

recording a first distribution of X-ray absorption values of

the object to be examined using a first X-ray spectrum;
recording at least a further distribution of X-ray absorp-
tion values of the object to be examined using a further
X-ray spectrum;
selecting, from the recorded first distribution of X-ray
absorption values, a first X-ray absorption value;
selecting from the recorded further distribution of X-ray
absorption values, a further X-ray absorption value
assigned to said first X-ray absorption value or select-
ing, from each of said recorded further distribution of
X-ray absorption values, a further X-ray absorption
value assigned to said first X-ray absorption value;
specifying a first function representing paired values of
density and atomic number that correspond to said
first X-ray absorption value selected from said
recorded first distribution of X-ray absorption val-
ues;
specifying a further function representing paired values
of density and atomic number that correspond to said
further X-ray absorption value selected from said
recorded further distribution of X-ray absorption
values of specifying a further function representing
paired values of density and atomic number for each
X-ray absorption value assigned to said first X-ray
absorption value in the recorded further distributions
of X-ray absorption values; and
determining a value for the density and determining a
value for the atomic number from a comparison of
said first function representing paired values of den-
sity and atomic number that correspond to said first
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X-ray absorption value with one or more of said
further functions representing paired values of den-
sity and atomic number that correspond to said
respective further X-ray absorption values, and
which are assigned to said first X-ray absorption
value.

2. The method as claimed in claim 1, wherein a function
representing paired values of density and atomic number
that correspond to a respective X-ray absorption value
selected from said recorded first or further distribution of
X-ray absorption values is specified based on a reference
measurement on a calibration sample.

3. The method as claimed in claim 2, wherein a function
representing paired values of density and atomic number
that correspond to a respective X-ray absorption value
selected from said recorded first or further distribution of
X-ray absorption values is specified based on a simulation
utilizing a physical model.

4. The method as claimed in claim 2, wherein a transfor-
mation of the distributions of the X-ray absorption values
into corresponding distributions of density and atomic num-
ber is carried out for each of the first X-ray absorption values
and the further X-ray absorption values assigned to the
respective the first X-ray absorption values based on the
determination of a paired value for the density and the
atomic number such that a paired value of the first function
is chosen, which corresponds to a paired value of a further
function.

5. The method as claimed in claim 2, wherein the first
X-ray spectrum has a quantum energy that results in a higher
fraction of X-ray absorption based on the photoelectric
effect when using a further X-ray spectrum.

6. The method as claimed in claim 2, wherein at least one
of at least one operating parameter of the X-ray tube and the
detector characteristic is varied in order to vary an X-ray
spectrum for recording the object to be examined.

7. The method as claimed in claim 2, wherein at least a
subregion of the object to be examined is recorded with an
increased X-ray dose.

8. The method as claimed in claim 1, wherein a function
representing paired values of density and atomic number
that correspond to a respective X-ray absorption value
selected from said recorded first or further distribution of
X-ray absorption values is specified based on a simulation
utilizing a physical model.

9. The method as claimed in claim 1, wherein a transfor-
mation of the distributions of the X-ray absorption values
into corresponding distributions of density and atomic num-
ber is carried out for each of the first X-ray absorption values
and the further X-ray absorption values assigned to the
respective first X-ray absorption value based on the deter-
mination of a paired value for the density and the atomic
number such that a paired value of the first function is
chosen, which corresponds to a paired value of a further
function.

10. The method as claimed in claim 1, wherein the first
X-ray spectrum has a quantum energy that results in a higher
fraction of X-ray absorption based on the photoelectric
effect when using a further X-ray spectrum.

11. The method as claimed in claim 1, wherein at least one
of at least one operating parameter of the X-ray tube and the
detector characteristic is varied in order to vary an X-ray
spectrum for recording the object to be examined.

12. The method as claimed in claim 1, wherein at least a
subregion of the object to be examined is recorded with an
increased X-ray dose.
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13. A computer-readable medium having code portions
embodied thereon that, when read by a computer device,
cause the computer device to perform the method of claim
1.

14. An X-ray apparatus for determining distributions of
density and atomic number in an object to be examined,
comprising:

an X-ray source adapted to emit X-radiation;

an X-ray detector adapted to detect the X-radiation emit-

ted by the X-ray source and to convert the X-radiation
into electrical signals for further processing; and

a signal processing device, adapted to process the elec-

trical signals of the X-ray detector, wherein the signal
processing device is adapted to determine distributions
of density and atomic number in an object to be
examined on the basis of a first and at least one further
distribution of X-ray absorption values of the object to
be examined recorded on the X-ray apparatus with
different X-ray spectra such that, a value for the density
and a value for the atomic number are determined for
each absorption value of a first distribution of X-ray
absorption values recorded with a first X-ray spectrum
by
specifying a first function representing paired values of
density and atomic number that correspond to an
X-ray absorption value from said recorded first dis-
tribution of X-ray absorption values and specifying
an at least second function representing paired values
of density and atomic number that correspond to a
further X-ray absorption value of the at least one
further distribution of X-ray absorption values and
that is further assigned to said absorption value of the
first distribution of X-ray absorption values; and by
comparing the first function with the at least second
function to obtain a paired value for density and
atomic number common to the first and the at least
second function.

15. The X-ray apparatus as claimed in claim 14, wherein
the X-ray source is adapted to emit a first X-ray spectrum in
a first operating state and a second X-ray spectrum, different
from the first operating state, in a second operating state.

16. The X-ray apparatus as claimed in claim 15, wherein
the X-ray detector is adapted to convert spectral subregions
of the X-radiation received from the X-ray source into
mutually independent electrical signals.

17. The X-ray apparatus as claimed in claim 15, wherein
a material is adapted to be introduced into the beam path of
the X-radiation to record a first distribution of an X-ray
absorption of the object to be examined, and no correspond-
ing material is introduced into the beam path of the X-ra-
diation to record a second distribution of an X-ray absorp-
tion of the object to be examined.

18. The X-ray apparatus as claimed in claim 14, wherein
the X-ray detector is adapted to convert spectral subregions
of the X-radiation received from the X-ray source into
mutually independent electrical signals.

19. The X-ray apparatus as claimed in claim 18, wherein
a material is adapted to be introduced into the beam path of
the X-radiation to record a first distribution of an X-ray
absorption of the object to be examined, and no correspond-
ing material is introduced into the beam path of the X-ra-
diation to record a second distribution of an X-ray absorp-
tion of the object to be examined.

20. The X-ray apparatus as claimed in claim 14, wherein
a material is adapted to be introduced into the beam path of
the X-radiation to record a first distribution of an X-ray
absorption of the object to be examined, and no correspond-
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ing material is introduced into the beam path of the X-ra-
diation to record a second distribution of an X-ray absorp-
tion of the object to be examined.

21. An X-ray apparatus for determining distributions of
density and atomic number in an object to be examined,
comprising:

means for emitting X-radiation;

means for detecting the emitted X-radiation and for

converting the X-radiation into electrical signals for
further processing; and

means for processing the electrical signals and for deter-

mining distributions of density and atomic number in
an object to be examined, on the basis of a first and at
least one further distribution of X-ray absorption values
of the object to be examined, recorded on the X-ray
apparatus with different X-ray spectra such that, a value
for the density and a value for the atomic number are
determined for each absorption value of a first distri-
bution of X-ray absorption values recorded with a first
X-ray spectrum by
specifying a first function representing paired values of
density and atomic number that correspond to an
X-ray absorption value from said recorded first dis-
tribution of X-ray absorption values and specitying
an at least second function representing paired values
of density and atomic number that correspond to a
further X-ray absorption value of the at least one
further distribution of X-ray absorption values and
that is further assigned to said absorption value of the
first distribution of X-ray absorption values; and by
comparing the first function with the at least second
function to obtain a paired value for density and
atomic number common to the first and the at least
second function.

22. The X-ray apparatus as claimed in claim 21, wherein
the means for emitting is for emitting a first X-ray spectrum
in a first operating state and a second X-ray spectrum,
different from the first operating state, in a second operating
state.

23. The X-ray apparatus as claimed in claim 21, wherein
the means for detecting is for converting spectral subregions
of the X-radiation into mutually independent electrical sig-
nals.

24. The X-ray apparatus as claimed in claim 21, wherein
a material is adapted to be introduced into the beam path of
the X-radiation to record a first distribution of an X-ray
absorption of the object to be examined, and no correspond-
ing material is introduced into the beam path of the X-ra-
diation to record a second distribution of an X-ray absorp-
tion of the object to be examined.

25. The X-ray apparatus as claimed in claim 21, wherein
the means for emitting includes an x-ray source.

26. The X-ray apparatus as claimed in claim 21, wherein
the means for detecting includes an x-ray detector.

27. A method for determining distributions of density and
atomic number in an object to be examined, comprising:

detecting emitted X-radiation;

converting the X-radiation into electrical signals; and

determining distributions of density and atomic number in

an object to be examined on the basis of a first and at
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least one other distribution of X-ray absorption values
of the object to be examined, recorded with different
X-ray spectra such that, a value for the density and a
value for the atomic number are determined for each
absorption value of a first distribution of X-ray absorp-
tion values recorded with a first X-ray spectrum by

specifying a first function representing paired values of
density and atomic number that correspond to an
X-ray absorption value from said recorded first dis-
tribution of X-ray absorption values and specifying
an at least second function representing paired values
of density and atomic number that correspond to a
further X-ray absorption value of the at least one
further distribution of X-ray absorption values and
that is further assigned to said absorption value of the
first distribution of X-ray absorption values; and by

comparing the first function with the at least second
function to obtain a paired value for density and
atomic number common to the first and the at least
second function.

28. A computer-readable medium having code portions
embodied thereon that, when read by a computer device,
cause the computer device to perform the method of claim
27.

29. A computer-readable medium having code portions
embodied thereon that, when read by a computer device,
cause the computer device to determine the distributions of
density and atomic number in an object to be examined, on
the basis of a first and at least one other image data record
recorded for different distributions of X-ray absorption
values in the object to be examined using at least a first and
at least one other X-ray spectrum such that, a value for the
density and a value for the atomic number are determined for
each absorption value of a first distribution of X-ray absorp-
tion values by

specifying a first function representing paired values of
density and atomic number that correspond to an X-ray
absorption value from said recorded first distribution of
X-ray absorption values and specifying a further func-
tion representing paired values of density and atomic
number that correspond to a further X-ray absorption
value of the at least one further distribution of X-ray
absorption values and that is further assigned to said
absorption value of the first distribution of X-ray
absorption values; and by

comparing the first function with the further function to
obtain a paired value for density and atomic number
common to the first and the further function;

whereby a further function may be specified for each absorp-
tion value assigned to said absorption value of the first
distribution of X-ray absorption values in each further
distribution of X-ray absorption values of the object to be
examined, and the corresponding density and atomic num-
ber be determined as the paired value for density and atomic
number common to the first function and the further function
or functions.
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