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(54) X-ray CT apparatus with a filtering element exhibiting a maximum absorption at its center

(57) An X-ray computed tomography (=CT) appara-
tus (10), comprising
- an X-ray source (11) for emitting an X-ray beam (1), in
particular a divergent X-ray beam (1), along a beam axis
(z),
- a filter element (2) for attenuating the X-ray beam (1),
- a stage (14) for an object (3) to be investigated with the
attenuated X-ray beam (1a),
- a 2D X-ray detector (15) with a detection area (15a),
- and a gantry system (16) capable of rotating either the
entirety of the X-ray source (11), the filter element (2)
and the 2D X-ray detector (15), or the stage (14) for the
object (3) with respect to a rotation axis (x) which is per-
pendicular to the beam axis (z),

wherein the filter element (2) has a spatially varying X-ray
absorption capability along a cross direction (y) which is
perpendicular to both the beam axis (z) and the rotation
axis (x),
is characterized in that the spatially varying X-ray absorp-
tion capability exhibits a maximum absorption along the
cross direction (y) at a zero position (y0), wherein X-rays
passing through the filter element (2) at the zero position
(y0) intersect the rotation axis (x). The invention provides
a CT apparatus which allows to further reduce the radi-
ation dose for an object to be investigated, while retaining
a high image quality at the same time.



EP 2 997 899 A1

2

5

10

15

20

25

30

35

40

45

50

55

Description

[0001] The invention relates to an X-ray computed to-
mography (=CT) apparatus, comprising

- an X-ray source for emitting an X-ray beam, in par-
ticular a divergent X-ray beam, along a beam axis (z),

- a filter element for attenuating the X-ray beam,
- a stage for an object to be investigated with the at-

tenuated X-ray beam,
- a 2D X-ray detector with a detection area,
- and a gantry system capable of rotating either the

entirety of the X-ray source, the filter element and
the 2D X-ray detector, or the stage for the object with
respect to a rotation axis (x) which is perpendicular
to the beam axis (z), wherein the filter element has
a spatially varying X-ray absorption capability along
a cross direction (y) which is perpendicular to both
the beam axis (z) and the rotation axis (x).

[0002] Such a CT apparatus is known from US
2012/0002782 A1.
[0003] The use of X-rays in imaging is a well-estab-
lished technology, in particular in medicine and science.
The basic principle is that the X-rays produced by an X-
ray source are partially attenuated by an object to be
investigated, and that the X-rays which have enough en-
ergy to pass through the object are detected by a two
dimensional (2D) X-ray detector (camera), resulting in a
two-dimensional (2D) image. This image is also referred
to as a projection image. Different types of X-ray sources
are used in combination with different cameras, however,
the basic principle remains.
[0004] In order to generate a three-dimensional (3D)
image of the object, projection images have to be ac-
quired from different angels. This can be done by rotating
the object, or by rotating the X-ray source together with
the camera around the object. In both cases a dataset
of 2D projection images is generated. These projection
images are then used to generate a new dataset of cross-
sections by a process called back-projection. It is from
this second cross-sectional dataset from which the 3D
information can be obtained. This method is also referred
to as computed tomography (CT).
[0005] A particular field of interest in preclinical re-
search is the investigation of small living animals, such
as mice or rats. When dealing with live animals, rotating
the animal is often not advisable. Therefore special scan-
ners have been developed where the animal is placed
on a bed, which, just like in a clinical scanner, moves
inside the scanner while both the X-ray source and the
camera rotate around the bed acquiring projection imag-
es at multiple angels.
[0006] Imaging live animals using X-rays always re-
sults in a certain radiation dose; without X-rays there
would not be an image. An important point to consider
when scanning live animals is to reduce the radiation
dose in order to minimize or even avoid any biological

effects.
[0007] In the past, filters have been placed between
the X-ray source and the object; the filters were designed
to preferentially absorb the low energy X-rays. Typically,
these filters were made of sheets of metal (e.g. alumin-
ium) with a well-defined and uniform thickness.
[0008] Using such a filter, the low energy X-rays are
predominantly attenuated by the filter and no longer by
the animal, and the total radiation dose is reduced. In-
creasing the thickness of the filter or changing the filter
type (e.g. from aluminium to copper) will absorb more X-
rays, thereby further reducing the radiation dose. How-
ever, if the X-ray intensity becomes too low, or the X-ray
energy becomes too high, the image quality will deterio-
rate. Therefore, optimal combinations of X-ray energies
and filters are looked for in order to minimize the total
radiation dose while still obtaining an image with enough
information allowing image analysis.
[0009] US 2012/0002782 A1 proposes a CT apparatus
wherein an X-ray source and a 2D X-ray detector are
rotated around a bed for a human patient. A compensa-
tion filter with a varying thickness, and therefore a varying
X-ray absorption capability, is located in front of the X-
ray source. The center of the compensation filter, which
shadows X-rays intersecting an axis of rotation, exhibits
a minimum thickness, and thus a minimum of X-ray ab-
sorption. Another CT apparatus is known from WO
2013/182928 A1, wherein a filter of basically triangular
shape is introduced into an X-ray beam from the side,
such that the X-ray beam is attenuated to the largest
degree at its edge, and less at its center.
[0010] The latter filters, or rather beam shaping inserts
or absorbers, are intended for equalizing intensity of ra-
diation which reaches the detector array. The absorber
provides a thin layer of material in the central part of the
beam and thicker layers in periphery areas. The shape
of such absorbers is based on the assumption that a hu-
man or animal body shows more absorption of X-ray ra-
diation in the central area and less in the periphery. The
shape of the absorbing layer applied to the primary beam
is inverted to the expected local thicknesses of the scan-
ning object, which finally equalizes the signals on the
detector array across illuminated area. In this way, the
required dynamic range of detectors used in tomograph-
ical and microtomographical set-ups can be reduced.

Object of the invention

[0011] It is the object of present invention to provide a
CT apparatus which allows to further reduce the radiation
dose for an object to be investigated, while retaining a
high image quality at the same time.

Short description of the invention

[0012] This object is achieved, in accordance with the
invention, by a CT apparatus as introduced in the begin-
ning, characterized in that the spatially varying X-ray ab-
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sorption capability exhibits a maximum absorption along
the cross direction (y) at a zero position (y0), wherein X-
rays passing through the filter element at the zero position
(y0) intersect the rotation axis (x).
[0013] The basic idea of the present invention is to de-
liberately reduce the X-ray intensity close to the rotation
axis of the gantry system, whereas farther away from the
rotation axis, the X-ray intensity is kept higher. Further,
in accordance with the invention, the average X-ray en-
ergy close to the rotation axis may be increased, whereas
farther away from the rotation axis, the average X-ray
energy may be kept lower, and preferably nearly un-
changed. This is done by means of a corresponding filter
element with a spatially varying X-ray absorption capa-
bility. The filter has a maximum absorption, and may cre-
ate a maximum shift to higher average X-ray energies,
in the region corresponding to (i.e. shadowing) the rota-
tion axis, i.e. at the zero position y0, typically by means
of a maximum thickness there. In general, the filter ele-
ment attenuates low energy X-rays to a higher degree,
and preferably much higher degree, than high energy X-
rays.
[0014] Reducing the X-ray intensity close to the rota-
tion axis will reduce the signal to noise ratio in the corre-
sponding region of the detection area of the 2D X-ray
detector (typically at the center of its detection area) and
the corresponding projection images, respectively, which
also deteriorates the image quality of cross sections.
However, when calculating cross-sections in the course
of the reconstruction algorithm (by back projection, in par-
ticular filtered back projection), more information is avail-
able from the various projection images the closer you
come to the rotation axis, increasing the image quality of
cross-sections there. Therefore, the loss in signal to
noise ratio will be compensated for by the information
increase closer to the rotation axis. Preferably, the inten-
sity reduction approximately matches the information in-
crease such that a uniform image quality within a cross-
section (from its center to its edges) is obtained.
[0015] As a result, the reduction in X-ray intensity and
the increase of the average X-ray energy close to the
rotation axis will decrease the overall radiation dose for
the object to be investigated (such as a living human or
animal body or a part thereof), in particular in a region
which is often very sensitive to radiation damage (such
as the bone marrow or intestines), without reducing the
overall image quality of cross-sections.
[0016] Note that the elements of the CT apparatus are
arranged such that an X-ray beam emitted by the X-ray
source first passes through the filter element, then pass-
es through the object on the stage, and then reaches the
2D X-ray detector. Note that typically, the X-ray absorp-
tion capability of the filter element is constant in the di-
rection of the rotation axis (x).

Preferred variants of the invention

[0017] In a preferred embodiment of the inventive CT

apparatus, the filter element is made of a material exhib-
iting a higher absorption for low energy X-rays than for
high energy X-rays. By this means, the energy spectrum
of the X-ray source is modulated; the fraction of high en-
ergy X-rays increases as compared to low energy X-rays.
Low energy X-rays are more absorbed in human or an-
imal tissue than high energy X-rays, and therefore tend
towards causing more accumulated damage to body tis-
sue and/or DNA. High energy X-rays, in contrast, are well
suited for transmission through relatively thick body
parts, such as the head or the chest, yielding good con-
trast still.
[0018] In a preferred further development of the above
embodiment, the material exhibits an absorption coeffi-
cient m for 5 keV X-rays which is at least 10 times larger,
preferably at least 50 times larger, than an absorption
coefficient m for 40 keV X-rays. This reduces damage to
the object and at the same time provides good depth
contrast. Note that the absorption behaviour of a material
can be adjusted in particular via the atomic number of
elements contained. Note that the material of the filter
element can also be chosen with m (5keV) being at least
20 times larger, and preferably at least 100 times larger,
than m (40keV), in accordance with the invention.
[0019] In another preferred embodiment, the filter ele-
ment is made of aluminium or a material containing alu-
minium. Aluminium (AI) exhibits an absorption strongly
dependent on the X-ray energy. Preferably, the material
contains at least 30wt% (per cent per weight) of AI, more
preferably at least 50wt% of AI, and most preferably at
least 80wt% of AI.
[0020] Particularly preferred is an embodiment where-
in the filter element has a spatially varying thickness
along the cross direction (y), with a maximum thickness
at the zero position (y0). This is the simplest way to es-
tablish a spatially varying X-ray energy distribution and
absorption capability of the filter element, typically with
the material of the filter element having a homogeneous
(spatially constant) absorption coefficient. The thickness
is measured in parallel to the beam axis (z). Note that
typically, the thickness does not vary along the direction
of the rotation axis (x). Further note that alternatively or
in addition, the density and/or the composition of the ma-
terial of the filter element may vary along the cross direc-
tion (y) in order to establish a varying X-ray absorption
capability.
[0021] In a further development of this embodiment,
the filter element exhibits a thickness variation along the
cross direction (y) by a factor of 2 or more, preferably by
a factor of 5 or more, in the area of the filter element
which shadows the detection area of the 2D x-ray detec-
tor. Such a variation can easily be manufactured and
establishes an intensity variation of the transmitted high
energy X-rays at the projection images which can well
be compensated for under typical measurement condi-
tions. Note that thickness variation typically does not ex-
ceed a factor of 20, though.
[0022] In an advantageous embodiment, the spatially
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varying X-ray absorption capability exhibits an absorp-
tion variation along the cross direction (y) by a factor of
5 or more, preferably by a factor of 20 or more, most
preferably by a factor of 50 or more, in the area of the
filter element which shadows the detection area of the
2D X-ray detector. The factors apply at least to X-rays of
5 keV (and preferably to all low energy X-rays of about
1 keV-10keV), and possibly also to high energy X-rays
(with an X-ray energy of about 10keV-100keV); however
note that the absolute absorption is typically much less
for high energy X-rays than for low energy X-rays. The
factors compare the strongest filtered X-ray intensity with
the weakest filtered X-ray intensity behind the filter ele-
ment (assuming a uniform illumination of the filter ele-
ment). This embodiment has shown good radiation dose
reduction and still high image quality in practice. An in-
tensity factor of about 50 (and often more) for the projec-
tion images can, under typical measurement conditions,
still be compensated for by back projection when calcu-
lating cross-sections.
[0023] Also preferred is a an embodiment wherein the
X-ray absorption capability exhibits a monotonic de-
creasing absorption, in particular strict monotonic de-
creasing absorption, on both sides away from the zero
position (y0) along the cross direction (y), in the area of
the filter element which shadows the detection area of
the 2D X-ray detector. With increasing distance from the
rotation axis, the information from the entirety of the pro-
jection images becomes less, and therefore less absorp-
tion of the filter element can be compensated for. With
this embodiment, gradually more X-ray intensity is pro-
vided at the object when departing from the rotation axis,
so uniform cross-section image quality may be obtained
in summary. With a strict monotonic decreasing absorp-
tion, sharp changes in the absorption capability of the
filter element are excluded, so artefacts in image recon-
struction are avoided. Note that this embodiment is typ-
ically realized by a thickness variation of the filter element
exhibiting a monotonic decreasing thickness, in particu-
lar strict monotonic decreasing thickness, on both sides
away from the zero position (y0) along the cross direction
(y), in the area of the filter element which shadows the
detection area of the 2D X-ray detector.
[0024] Another preferred embodiment provides that
the spatially varying X-ray absorption capability exhibits
at least approximately a Gaussian type distribution of the
absorption with respect to the cross direction (y), cen-
tered around the zero position (y0), in the area of the filter
element which shadows the detection area of the 2D X-
ray detector. With the Gaussian type distribution, the in-
tensity reduction towards the rotation axis approximately
matches the information increase such that a uniform
image quality within a cross-section (from its center to its
edges) is obtained. The absorption capability is consid-
ered to be approximately of Gaussian type if the actual
absorption deviates from an exact Gaussian distribution
by at most 10% (with the basis being the exact Gaussian
distribution), in the area of the filter element which shad-

ows the detection area of the 2D X-ray detector. Note
that equally preferred is a thickness variation of the filter
element exhibiting at least approximately a Gaussian
type distribution of the thickness with respect to the cross
direction (y), centered around the zero position (y0), in
the area of the filter element which shadows the detection
area of the 2D X-ray detector. The thickness variation is
considered to be approximately of Gaussian type if the
actual thickness deviates from an exact Gaussian distri-
bution by at most 10% (with the basis being the exact
Gaussian distribution), in the area of the filter element
which shadows the detection area of the 2D X-ray de-
tector. Again, a basically uniform image quality within a
cross-section (from its center to its edges) may be ob-
tained.
[0025] Further preferred is an embodiment wherein the
X-ray source is a microfocus X-ray tube, in particular with
a tungsten anode. By this means, a high intensity of poly-
chromatic radiation with high energy X-rays of up to about
65 keV, or even up to about 100 keV, may be obtained.
[0026] In another preferred embodiment, an object to
be investigated is located on the stage, in particular with
longitudinal object orientation along the rotation axis (x).
By this means, the object can be investigated with a min-
imum radiation dose. The object may be located such
that parts (e.g. organs of a live human or animal) partic-
ularly sensitive to radiation damage are intersected by
the rotation axis or located close to the rotation axis. Fur-
ther, the object may be scanned easily by translation
along the direction of the rotation axis by means of the
longitudinal object orientation.
[0027] In a highly advantageous embodiment, the
stage is moveable along a longitudinal axis (LA) which
is parallel to the rotation axis (x). By this means, larger
volumes of the object may be investigated by scanning
along the longitudinal axis. Note that the translation along
the longitudinal axis is typically motor driven and auto-
mated.
[0028] Also within the scope of the present invention
is the use of an inventive CT apparatus described above,
characterized in
that an object to be investigated is located on the stage,
that a plurality of projection images of the object are re-
corded with the 2D X-ray detector at different rotation
positions of the gantry system,
and that from the dataset of projection images, a dataset
of cross-sections is generated by a back projection re-
construction algorithm. By this means, good quality 3D
images of the object may be obtained at a reduced radi-
ation dose for the object, in particular a living object. The
back projection (in particular filtered back projection) re-
construction algorithm compensates for the signal to
noise reduction due to reduced intensity in the center
region near the rotation axis. The closer a volume pixel
is to the rotation axis, the more projection images contain
information from this volume pixel which is available for
compensation purposes.
[0029] Particularly preferred is a variant of the inventive
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use, in correlation with the inventive CT apparatus com-
prising a movable stage, wherein the plurality of projec-
tion images of the object are recorded also at different
movement positions of the stage along the longitudinal
axis (LA). By this means, a volume of the object extending
arbitrarily far along the longitudinal direction may be in-
vestigated.
[0030] Further preferred is a variant of the inventive
use wherein the object is a living animal of up to the size
of a rat or a non-living object of up to the same size. With
objects of a relatively small size, such as up to a rat (com-
parable to a cylindrical volume of about 8 cm in diameter
and 20 cm in length), a relatively large fraction of the
object can benefit from the higher information density
close to the rotation axis, so the achievable radiation re-
duction is particularly significant here. However note that
the invention can also be used for CT apparatus dimen-
sioned for scanning complete human beings.
[0031] Further advantages can be extracted from the
description and the enclosed drawing. The features men-
tioned above and below can be used in accordance with
the invention either individually or collectively in any com-
bination. The embodiments mentioned are not to be un-
derstood as exhaustive enumeration but rather have ex-
emplary character for the description of the invention.

Drawing

[0032] The invention is shown in the drawing.

Fig. 1 shows a schematic view of the arrangement of
a filter element in an X-ray beam in front of an
object to be investigated, for the invention;

Fig. 2 shows a schematic view of an embodiment of
an inventive CT apparatus.

Overview

[0033] In X-ray computed tomography, a large number
of X-ray images (projection images) are recorded, with
each recording coming along with an exposure of the
object to be investigated with X-rays. X-rays may damage
the material exposed, in particular by ionization. In hu-
man or animal tissue, X-rays may in particular induce
carcinogenisis. The present invention therefore seeks to
reduce the radiation dose to objects investigated in X-
ray computed tomography.
[0034] The absorbed dose depends on absorbing co-
efficients of materials in the object, thickness of the object
materials, and the intensity and energy distribution in the
primary beam. The first two factors cannot be changed
by the scanning setup, but the energy spectrum and in-
tensity distribution in the primary beam can be adjusted
in such a way that the absorbed dose will be reduced
without significant impact to the quality of results of tom-
ographical reconstruction, in accordance with the inven-
tion.

[0035] The central, in general thickest part of the object
to be investigated, such as an animal or human body,
absorbs much more radiation than peripheral parts with
shorter passages of the X-ray beam through the body.
At the same time, the central part of the body contains
organs most sensitive to radiation damages.
[0036] The invention is based on the idea of a spatial
modulation of the energy spectrum and the intensity of
the primary beam by such a way that the central part of
the body will receive less intensity and higher energy of
X-ray radiation. Both intensity reduction and spectral shift
to higher energies are reducing dose rate absorbed by
this most sensitive part of the body. Such a reduction of
intensity in the primary beam may reduce the signal on
the central part of the detector array behind the object,
which in general will at least partially, and in most cases
practically completely be compensated during tomo-
graphical reconstruction, since the central part of the re-
constructed area is covered by a more-consistence ray
pattern during the back-projection procedure.

Beam-shaping filter element

[0037] The core of the present invention is a beam-
shaping filter element, an embodiment of which is shown
in Fig. 1. Fig. 1 shows a primary X-ray beam 1 (here of
parallel type), directed onto a beam-shaping filter ele-
ment 2. The filter element 2 shadows an object 3 to be
investigated, i.e. the X-ray beam 1 is attenuated (but not
completely blocked) when passing through the filter ele-
ment 2. The filter element 2 has a variable local thickness
d (measured z direction, along which the X-ray beam 1
propagates), with its maximum thickness at its center 4,
which is aligned here with the center 5 of the object 3,
both with respect to the y direction. The thickness d de-
creases symmetrically towards the sides, and minimum
thicknesses are reached at the edges 12, 13.
[0038] The size (width) of the beam-shaping filter ele-
ment 2, both in x and y direction, is similar to the size of
the object 3 in the case that the filter element 2 is placed
close to the object and far from the X-ray source (not
shown); this situation is illustrated in Fig. 1. In the case
of a short distance between such a beam shaping filter
element 2 and an emission point inside the X-ray source,
the size of the filter element 2 should be reduced propor-
tionally. Note that it is generally preferred that no unfil-
tered X-rays reach the detector; if necessary, a too small
filter element may be complemented with an aperture to
match the x-ray beam cross-section. The selection of the
filter material is dependent on the energy distribution of
emission from the X-ray source. For the most typical
range of energies between 40 and 100 keV for in-vivo
microtomography of small laboratory animals, the mate-
rial can be AI or AI alloys. The peak thickness and the
thickness distribution of the filter element 2 across the
beam (in y direction) is chosen such that a significant cut
of the low-energy part of X-ray spectrum in the central
part of the beam is achieved, while keeping enough in-
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tensity of the primary beam in this part for obtaining a
reasonable signal-to-noise ratio on the detector behind
the object. With the object in place, the cut (attenuation)
in the low-energy part of X-ray spectrum in the central
part of the object does not significantly change the signal
distribution (with respect to both intensity end energy)
arriving at the detector, because the object in the central
part is also working as a strong filter for low energy radi-
ation. The absorption of the low-energy photons by the
beam-shaping filter element 2 before they reach the ob-
ject makes a big improvement (i.e. reduction) in the dose
absorbed inside the body, though, especially in the parts
facing towards primary beam. The shape of the filter el-
ement surface should be smooth enough to avoid sharp
intensity and spectrum variations, which can create re-
construction artifacts.
[0039] In a practical implementation of such a beam-
shaping filter element in accordance with the invention,
for an in-vivo small animal microtomography system, AI
was used as a filter material with thickness variation from
0.5-0.8mm in the side parts of the filter element up to
5-6mm in the central part. The polychromatic radiation
from a microfocus X-ray tube with peak energy up to 65
keV and a Tungsten anode was used as a primary beam.
A measured value of the dose rate, absorbed by an an-
imal, has been estimated using a rate meter with a probe
surrounded by a "mouse-size" plastic phantom. Using
the described above beam-shaping filter element allows
reducing the absorption dose 2-5 times compared to
scanning with standard flat AI filters 0.5-1 mm thick and
scanning with a non-filtered primary beam. Such reduc-
tion of the absorbed dose produces only very small in-
fluence on the quality of results, obtained after tomo-
graphical reconstruction.

CT apparatus setup

[0040] Fig. 2 shows an embodiment of an X-ray CT
apparatus 10 in accordance with the invention.
[0041] An X-ray source 11 emits at an X-ray beam 1,
here of divergent type, along a (central) beam axis z. The
X-ray beam 1 then reaches a filter element 2 made of
aluminium here, where the X-ray beam 1 is attenuated
as a function of the location in a cross direction y, which
extends perpendicular to the beam axis z. At a center 4,
i.e. at a zero position y0 in y direction, the thickness
(measured in z) of the filter element 2 is maximum, and
towards both sides (in Fig. 2 up and down) or edges 12,
13, respectively, the thickness decreases in a strict mo-
notonic way. The thickness in z as a function of y is ap-
proximately of Gaussian type here, centered around y0.
In a longitudinal direction which is perpendicular to both
z and y, compare x, the thickness of the filter element 2
is not changing (note that in case of an uneven intensity
distribution in x direction of the X-ray source 11, or in the
X-ray beam 1, respectively, the thickness of the filter el-
ement 2 may be varied in x direction correspondingly,
though). The shape of the filter element 2 leads to a strong

attenuation of the X-ray beam 1, in particular for its low
energy part, near the center 4, and to a decreasing at-
tenuation towards the edges 12, 13. Since the thickness
at the center is here about 5 times larger than the thick-
ness at the edges 12, 13, the variation of absorption
should be at least about a factor of 5, and typically is
much higher due to the exponential absorption behavior.
[0042] The attenuated X-ray beam 1 a then approach-
es a stage 14, here designed as a bed for a living animal
of up to the size of a rat as an object (not shown) to be
investigated. Close to the stage 14, in an area where the
object is to be placed, lies a rotation axis x of the CT
apparatus 10. The rotation axis x runs perpendicular to
both the beam direction z and the cross direction y. The
part of the X-ray beam 1 which passes the filter element
2 at the center 4 runs through the rotation axis x; in other
words, the emission point 11 a of the X-ray source 11,
the center (or rather center line) 4 and the rotation axis
x lie in the same plane.
[0043] The X-ray beam 1 b after passing the stage 14
(and the object not shown) finally reaches a 2D X-ray
detector 15 (also called camera) for recording projection
images of the object. If no object is on the stage 14, the
X-ray intensity distribution on the detection area 15a will
exhibit a minimum level (marked dark) in a central plane
corresponding to the zero position y0 at the center 4 of
the filter element 2 or the rotation axis x, respectively,
and increasing levels (marked lighter) when going up or
down, with respect to the y direction. Accordingly, when
placing an object at the stage 14, parts of the object in-
tersected by the rotation axis x exhibit a minimum radi-
ation dose, and the radiation dose increases with larger
distance from the rotation axis x in y direction. More spe-
cifically, central part X-rays 18 of the X-ray source 11
propagating along the beam axis z (or in the correspond-
ing xz plane) pass the filter element 2 at zero position y0
in y direction, intersect the rotation axis x and reach the
detection area 15a here at its center 19, wherein said
center part X-rays 18 experience a maximum absorption
at the filter element 2. In contrast, X-rays with a higher
or lower y position at the filter element 2 as compared to
y0 will experience less absorption at the filter element 2.
It should be noted that preferably, the filter element 2
shadows the complete detection area 15a of the 2D X-
ray detector 15.
[0044] For obtaining projection images from different
angles with respect to the object, a gantry system 16 is
provided. In the embodiment shown, the gantry system
16 couples the X-ray source 11, the filter element 2 and
the 2D X-ray detector 15 and allows the rotation of the
entirety of said items with respect to the rotation axis x,
i.e. around the non-rotating stage 14, compare rotation
arrow 17. Note that it is also possible to have a gantry
system 16 which rotates the stage 14 relative to the fixed
entirety of the X-ray source 11, the filter element 2 and
the 2D X-ray detector 15, in accordance with the inven-
tion. The stage 14 is further movable along a longitudinal
axis LA (which is in parallel with the rotation axis x), so
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projection images can be obtained for different rotation
positions of the gantry system 16 and for different trans-
lation positions along the longitudinal axis LA of the stage
14.
[0045] In summary, the invention presents a particular
design of the filter element 2 which is placed in between
the X-ray source 10 and the object on the stage 14 of a
CT apparatus 10. As the X-rays 1 are attenuated by the
filter element 2, the 3D shape of the filter element 2 will
result in an uneven distribution in such a way that the
center 4 of the filter element 2 along the cross direction
y attenuates and cuts out low X-ray energies more as
compared to the peripheral part. The 3D shape of the
filter element 2 is to maximize the attenuation of the X-
rays in the center 4 along the Y-axis. As X-rays pass
through the filter element 2, there is an exponential decay
in the X-rays that reach the camera the closer to the cent-
er 4 the X-rays pass through the filter element 2, where
it has the maximum thickness (along the Y-axis). This is
based on the Beer-Lambert law: I = I0e -md where d is the
thickness of the material, m is the absorption coefficient
of the material, I is the transmitted intensity and I0 is the
initial intensity. Because of the exponential decrease in
X-rays reaching the camera in the central position (along
the Y-axis) the result is a decrease in the radiation dose.
This uneven distribution also results in a reduced signal
to noise ratio in the center of the camera on the projection
images, but is overcome by the reconstruction algorithm
(back projection) when calculating the cross-sections.
This is based on the fact that during the back projection
there is more information as you reconstruct closer to
center of the rotation axis (comparable to the distance
between the spokes on wheel, where the closer you get
to the center, the smaller the distance becomes). The
combination of the 3D shape of the filter and the back
projection algorithm used results in a reduced radiation
dose without compromising the image quality.

Claims

1. X-ray computed tomography (=CT) apparatus (10),
comprising

- an X-ray source (11) for emitting an X-ray beam
(1), in particular a divergent X-ray beam (1),
along a beam axis (z),
- a filter element (2) for attenuating the X-ray
beam (1),
- a stage (14) for an object (3) to be investigated
with the attenuated X-ray beam (1 a),
- a 2D X-ray detector (15) with a detection area
(15a),
- and a gantry system (16) capable of rotating
either the entirety of the X-ray source (11), the
filter element (2) and the 2D X-ray detector (15),
or the stage (14) for the object (3) with respect
to a rotation axis (x) which is perpendicular to

the beam axis (z),

wherein the filter element (2) has a spatially varying
X-ray absorption capability along a cross direction
(y) which is perpendicular to both the beam axis (z)
and the rotation axis (x),
characterized in
that the spatially varying X-ray absorption capability
exhibits a maximum absorption along the cross di-
rection (y) at a zero position (y0), wherein X-rays
(18) passing through the filter element (2) at the zero
position (y0) intersect the rotation axis (x).

2. CT apparatus (10) according to claim 1, character-
ized in that the filter element (2) is made of a material
exhibiting a higher absorption for low energy X-rays
than for high energy X-rays.

3. CT apparatus (10) according to claim 2, character-
ized in that the material exhibits an absorption co-
efficient m for 5 keV X-rays which is at least 10 times
larger, preferably at least 50 times larger, than an
absorption coefficient m for 40 keV X-rays.

4. CT apparatus (10) according to one of the preceding
claims, characterized in that the filter element (2)
is made of aluminium or a material containing alu-
minium.

5. CT apparatus (10) according to one of the preceding
claims, characterized in that the filter element (2)
has a spatially varying thickness (d) along the cross
direction (y), with a maximum thickness at the zero
position (y0).

6. CT apparatus (10) according to claim 5, character-
ized in that the filter element (2) exhibits a thickness
variation along the cross direction (y) by a factor of
2 or more, preferably by a factor of 5 or more, in the
area of the filter element (2) which shadows the de-
tection area (15a) of the 2D x-ray detector (15).

7. CT apparatus (10) according to one of the preceding
claims, characterized in that the spatially varying
X-ray absorption capability exhibits an absorption
variation along the cross direction (y) by a factor of
5 or more, preferably by a factor of 20 or more, most
preferably by a factor of 50 or more, in the area of
the filter element (2) which shadows the detection
area (15a) of the 2D X-ray detector (15).

8. CT apparatus (10) according to one of the preceding
claims, characterized in that the X-ray absorption
capability exhibits a monotonic decreasing absorp-
tion, in particular strict monotonic decreasing ab-
sorption, on both sides away from the zero position
(y0) along the cross direction (y), in the area of the
filter element (2) which shadows the detection area
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(15a) of the 2D X-ray detector (15).

9. CT apparatus (10) according to one of the preceding
claims, characterized in that the spatially varying
X-ray absorption capability exhibits at least approx-
imately a Gaussian type distribution of the absorption
with respect to the cross direction (y), centered
around the zero position (y0), in the area of the filter
element (2) which shadows the detection area (15a)
of the 2D X-ray detector (15).

10. CT apparatus (10) according to one of the preceding
claims, characterized in that the X-ray source (11)
is a microfocus X-ray tube, in particular with a tung-
sten anode.

11. CT apparatus (10) according to one of the preceding
claims, characterized in that an object (3) to be
investigated is located on the stage (14), in particular
with longitudinal object orientation along the rotation
axis (x).

12. CT apparatus (10) according to one of the preceding
claims, characterized in that the stage (14) is move-
able along a longitudinal axis (LA) which is parallel
to the rotation axis (x).

13. Use of a CT apparatus (10) according to one of the
preceding claims, characterized in
that an object (3) to be investigated is located on the
stage (14),
that a plurality of projection images of the object (3)
are recorded with the 2D X-ray detector (15) at dif-
ferent rotation positions of the gantry system (16),
and that from the dataset of projection images, a
dataset of cross-sections is generated by a back pro-
jection reconstruction algorithm.

14. Use according to claim 13, of a CT apparatus (10)
according to claim 11, characterized in that the plu-
rality of projection images of the object (3) are re-
corded also at different movement positions of the
stage (14) along the longitudinal axis (LA).

15. Use according to claim 13 or 14, characterized in
that the object (3) is a living animal of up to the size
of a rat or a non-living object of up to the same size.
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