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Description

[0001] The present invention, as defined in the appended claims, relates to an X-ray CT apparatus adapted to com-
pensate for projection data of a scanned object at a selected point located outside a detection range of an asymmetric
CT detector.
[0002] The present invention is directed to the restoration of asymmetrically truncated imaging data. More precisely
the present invention relates to X-ray CT apparatus for restoring truncated helical cone-beam computed tomography
(CT) data when truncation occurred as a result of displacing the detector so that its field of view (FOV) fully covers an
oversized object.
[0003] The present invention refers to the documents identified in the following LIST OF REFERENCES, which are
cited throughout the specification by the corresponding reference number in brackets:

LIST OF REFERENCES

[0004]

[1] P. E. Danielsson, P. Edholm, J. Eriksson and M. Seger, Towards exact 3D-reconstruction for helical cone-beam
scanning of long objects. A new detector arrangement and a new completeness condition, Proc. on Fully 3D Image
Reconstruction in Radiology and Nuclear Med., 141. 144, 1997.
[2] V. Liu, N. R. Lariviere, and G. Wang, X-ray micro-CT with a displaced detector array: Application to helical cone-
beam reconstruction, Med. Phys., 30(10), 2758-2761, 2003.
[3] D. L. Parker, Optimal short scan convolution reconstruction for fan beam CT, Med. Phys., 9 (2), 254-257, 1982.
[4] M. D. Silver, A method for including redundant data in computed tomography, Med. Phys., 27, 773-774, 2000.
[5] M. D. Silver, K. Taguchi, and K. S. Han, Field-of-view dependent helical pitch in multi-slice CT Proc. of SPIE
Med. Imag. Conf. 4320, 839-850, 2001.
[6] K. Taguchi, B. S. Chiang and M. D. Silver, A new weighting scheme for cone-beam helical CT to reduce the
image noise, Phys. Med. Biol., 49, 2351-2364, 2004.
[7] K. C. Tam, S. Samarasekera, and F. Sauer, Exact cone-beam CT with a spiral scan, Phys. Med. Biol., 43,
1015-1024, 1998.
[8] G. Wang, X-ray micro-CT with a displaced detector array, Med. Phys., 29(7), 1634-1636, 2002.

[0005]  Taguchi et. al. ("A new weighting scheme for cone-beam helical CT to reduce the image noise", XP 20023736)
a weighting scheme for cone-beam helical CT to reduce the image noise.
[0006] It is often necessary when attempting to obtain CT images of an object to have to displace the detector in order
to increase the FOV. In the case of particularly large objects, the FOV may only achieve a partial coverage of the object.
As a consequence, a certain level of truncation is often inevitable. One generally attempts, at the very least, to cover
the object fully on one side. Since the quality of CT images is an essential aspect of the overall effectiveness of a CT
device, it is desirable to devise methods restoring the truncated elements, which will improve the quality of the CT images.
[0007] FIG. 1 illustrates a typical ray trajectory with fan beam geometry. The ray emanates from a ray source, passes
through an object to be scanned (which is fully covered by the FOV in this particular instance) and finally reaches the
physical ray detector. More precisely, the ray source, denoted by a(β), is located along the broken-line circle at angular
position β with respect to the x1-axis. Angle β is called the projection angle. Both fan angle γ and projection angle β are
directed counterclockwise. The detector has an angular range of 2γmax.
[0008] Cone-beam data are obtained using multi-slice or other area detector and is related to the cone-beam transform
function g(β, Θ), where Θ represents the direction of the ray from the source a(β). (In the case of FIG. 1, Θ = γ.) The
cone-beam transform function is the line integral along the ray emanating from the source a(β) in the direction prescribed
by Θ. The cone-beam data, also called "projection data", are denoted by PD(β, ΘD), where ΘD = (u, v) represents the
direction of the ray expressed in local detector coordinates. Note that local detector coordinates (u, v) are always
considered projected at the isocenter.
[0009] It is important to note that the relation between g(β, Θ) and PD(β, ΘD) is determined by the geometry of the
detector. Moreover, detectors can have a variety of geometries. The equi-angular cylindrical detector and equi-spaced
flat detector geometries are among the most common ones. Others possible geometries include non equi-spaced,
spherical, tilted, rotated, and PI-masked.
[0010] FIG. 2 illustrates the equi-angular cylindrical detector geometry, a situation more complex than that represented
in FIG. 1. In this case, Θ = (γ, α), where γ and α are, respectively, the fan and cone angles. Naturally, it is possible to
use cylindrical rather than spherical coordinates, i.e., one could use Θ = (γ, z), where z takes values along a local axis
collinear with the global Z axis seen in FIG. 2. For the equi-angular cylindrical detector, the local detector coordinates
(u, v) are related to the local spherical coordinates (γ, α) by the equations: u = Rγ, v = Rtanα.
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[0011] FIG. 3 illustrates the equi-spaced flat detector geometry, another possible situation. Observe that the only
difference is the local detector system of coordinates. The ray itself, the source and passage through the object are
unchanged. For the equi-spaced flat detector, the local detector coordinates (u, v) are related to the local spherical
coordinates (γ, α) by the equations: u = Rtanγ, v = Rtanα. In the case of FIG. 2 and FIG. 3, the source trajectory is helical.
The trajectory can thus be expressed as a(β) = (Rcosβ, Rsinβ, βH/2π), wherein R and H respectively denote the radius
and pitch of the helix. Note also that the "equispaced" and "equi-angular" descriptors pertain exclusively to the fan angle.
[0012] FIG. 4 illustrates asymmetrical data truncation. When a detector is displaced so that its FOV fully covers on
one side an object or patient too large to be fully covered, a portion of the object or patient on the other side will not be
scanned and data truncation will therefore occur. Two objects are shown in FIG. 4. The small one, represented by the
solid circle, is fully covered and the large one, represented by the dashed circle, cannot fully be covered and leads to
asymmetric truncation.
[0013] To address the problems associated with larger objects, Ge Wang [8] proposed to increase the diameter of the
FOV by displacing the detector array by an amount not exceeding 50% of the detector range and formulated a weighting
scheme for artifact-free reconstruction. This idea was originally proposed for fan beam reconstruction and later gener-
alized to two-dimensional detectors with helical geometry [2]. In order to compensate for missing data, the fan beam
weighting function was constructed to assign more weight to the asymmetric part of the detector. However, even though
such an idea was applied to helical cone-beam geometry, no new developments to take into account the cone angle
with regard to the weighting function are known. Moreover, the method of Wang cannot be used with short-scan recon-
struction algorithms since it requires the entire revolution of data.
[0014] The idea of redundancy is known in the context of fan beam data, wherein it has previously been investigated.
In one study, the back-projection range is reduced to a "minimum complete data set" [3]. In other studies, a flexible
helical pitch-dependent back-projection range is allowed [4, 5]. Other applications of complementary fan beam rays
include so-called "quarter offset" techniques.
[0015] It is possible to compensate fan beam data truncation using complementary data. However, extending this idea
to helical cone-beam data is not trivial by any means.
[0016] It is an object of the present invention to compensate truncated data in helical cone-beam data obtained by an
asymmetrical detector. This is achieved by the X-ray CT apparatus of claim 1. The other claims relate to further devel-
opments.
[0017] Other methods, systems, and computer program products of the present invention will become apparent to
one of ordinary skill in the art upon examination of the following drawings and detailed description of the invention.
[0018] This summary of the invention does not necessarily describe all necessary features so that the invention may
also be a sub-combination of these described features.
[0019] The invention can be more fully understood from the following detailed description when taken in conjunction
with the accompanying drawings, in which:

FIG. 1 illustrates a ray with fan beam geometry;
FIG. 2 illustrates a ray with helical source trajectory and equi-angular curved detector geometry;
FIG. 3 illustrates a ray with helical source trajectory and equi-spaced flat detector geometry;
FIG. 4 illustrates an example of asymmetric truncation;
FIG. 5 illustrates the relation between direct and complementary projections;
FIG. 6 illustrates the positions of complementary sources on a helix;
FIG. 7 illustrates complementary cone-beam rays and sources;
FIG. 8 illustrates detector coordinates for complementary cone-beam rays and sources;
FIG. 9 illustrates direct and complementary projections with a flat detector and fan beam geometry;
FIG. 10 illustrates a detector along with its coordinates and both truncated and untruncated areas;
FIG. 11 illustrates a projection range;
FIG. 12 illustrates, for various helical pitches, the data overlap or missing data regions;
FIG. 13 illustrates nearest linear interpolation, including single and double interpolation;
FIG. 14 illustrates the v-feathering process;
FIG. 15 illustrates feathering between restored and measured data;
FIG. 16 illustrates the a flowchart describing an embodiment of the present invention;
FIG. 17 illustrates a method for restoring truncated projection data values; and
FIG. 18 illustrates a system for carrying out the method illustrated in FIG. 17.
FIG. 5 illustrates the notion of a complementary ray. A fan beam ray (β, γ) has a opposite complementary ray (β+π+2γ,
-γ) such that cone-beam transform function g(β, γ) = g(β+π+2γ, -γ). The opposite complementary ray has an opposite
X-ray irradiation to a truncated ray, has a same course as the truncated ray. Suppose that fan beam data are
available and that the entire FOV that would be needed to fully cover the object, g(β, γ), β > 0, -γmax ≤ γ ≤ γmax,
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exceeds the detector angular range. For instance, there might be a truncation area corresponding to γT ≤ γ ≤ γmax,
γT > 0 while the data are known for -γmax ≤ γ ≤ γT. See, e.g., FIG. 4. It follows that for a truncated ray (β0, γ0) with γT

≤ γ0 < γmax, the complementary ray  is known since

 

[0020] The projection angles β6π+2γ are called complementary to the ray (β, γ). For a circular geometry, it does not
matter from a purely geometrical standpoint which complementary projection is used since g(β+π+2γ, -γ) = g(β-π+2γ, -
γ). However, it turns out in practice that using a weighted sum of both complementary projections, e.g., g(β, γ) =
w1g(β+π+2γ, -γ) + w2g(β-π+2γ, -γ), where w1, w2 > 0 and w1 + w2 = 1, leads to an improved image quality when recon-
structing from noisy data.
[0021] The above analysis can be extended to helical cone-beam data. Generalizing from the above, a cone-beam
ray (β, γ, α) leads to complementary angles β6π +2γ such that g(β, γ, α) = g(β+π+2γ, -γ, α) and g(β+π +2γ, -γ, α) = g(β-
π+2γ, -γ, α). However, whereas such a simple extension may provide a relatively good approximation for circular trajec-
tories, it fails for helical geometry, wherein new developments are needed. To that end, let the projection corresponding
to a source angular position β be called the direct projection and let a projection corresponding to a complementary
source angular position be called a complementary projection.
[0022] FIG. 6 illustrates the two complementary projections that can be found in helical geometry. One is above and
the other is below the direct projection. Define further the complementary projection corresponding to β+π+2γ, to be the
top complementary projection and the complementary projection corresponding to β-π+2γ to be the bottom complemen-
tary projection. An important component of the present method is determining the coordinates of the complementary
projections, which are to be used to restore the asymmetrically truncated data.
[0023] It is important to note at this point that whereas aspects of the present invention will now be discussed partly
in terms of the equi-space and equi-angular geometries, it is by no means limited to these types of detectors, and could
be applied to any other type of detector geometry, including non equi-spaced, spherical, tilted, rotated, and PI-masked.
[0024] The coordinates of the top and bottom complementary projections will now be derived. To emphasize that the
scope of the invention is not limited to such common detector geometries as the equi-angular curved detector and equi-
spaced flat detector, spherical and cylindrical coordinates will first be derived. These could be used with arbitrary ge-
ometries being detector-free coordinates. Particular sets of coordinates for the two common geometries mentioned
above will be derived below.

[0025] FIG. 7 illustrates two specific cone angles,  and  for which exact complementary rays exist.
Expressed in spherical coordinates, these cone angles are such that

 and 

The angles  and  define the common rays with upper and lower projections and can be expressed as 

[0026] For other cone angle values, no exact complementary rays exist. In such cases, it will be necessary for the

truncated data g(β, γ, α) to be interpolated between two close rays  and

 as shown in FIG. 7.
[0027] FIG. 8 illustrates the complementary coordinates along axes collinear with the global Z axis (body axis). In
cylindrical coordinates, a direct projection g(β, γ, z) has common ray with each of the complementary projections g(β, γ,
ztop) = g(β+π +2γ, -γ, -ztop) and g(β, γ, zbot) = g(β+π +2γ, -γ, -zbot). Moreover, it can be derived from FIG. 8 by similarity
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of triangles that 

[0028] It is possible to use this to derive the complementary coordinates for an arbitrary ray (β, γ, z). To that end,

respectively denote the top and bottom complementary projections by (      ) (  

   ). Complementary rays are chosen so that they intersect the direct ray at the midpoint between the
focal spots. As a result, the distance between the intersection of the complementary ray with the focal plane and that of
the direct ray with the focal plane is the same for both complementary rays. For example, for the bottom complementary

ray, these distances are equal and expressed as  As a consequence,

 and  so that the top complementary projection is 

and the bottom complementary projection is 

[0029] Naturally, the manner in which the complementary rays are chosen could vary. Other mechanisms could be
used by those of ordinary skill in the art, which would result in slightly modified expressions for the complementary rays,
but the principle remains unchanged.
[0030] General expressions such as these, expressed in spherical or cylindrical coordinates, can lead to detector-
specific expressions for complementary ray coordinates. In the case of an equi-angular curved detector, whose curvature
follows a circular arc around the position of the source (see FIG. 2) and which is considered projected at the isocenter
(so that the v and z axes coincide), (γ, z) and (u, v) are related by u = Rγ, where R is the radius, and v = z. Therefore,
for an equi-angular detector, the top complementary projection is 

and the bottom complementary projection is 

[0031] In the case of an equi-space flat detector, (γ, z) and (u, v) are related by u = Rtanγ and v = z. It is possible to
write, by similarity of triangles, and considering that the distance between the focal spot and the detector is R/cosγ (see
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FIG. 9), that  (A similar observation can be made for zbot.) As a result,

 and  so that the top complementary projection is 

whereas the bottom one is 

[0032] The coordinates of the complementary projections, whatever their representation, will be used to restore the
truncated data. However, the projection data are given in discrete coordinates (β(l), u(k), v(n)), where l = 1, ..., L, k =
1, ..., K , and n = 1, ..., N, and as a result the derived complementary coordinates (βC, uC, vC) may not coincide with
actual projection data points. The invention comprises means to confront this issue by interpolating the projections
thereby identified to obtain restored truncated data that are much more accurate in the case of helical cone-beam CT.

There are several ways to perform interpolation for a ray (       ). A sample of possible interpolation
techniques will now be provided. However, it should be noted that the invention is not limited to any particular interpolation
technique. Many possible interpolation techniques would come to mind to people of ordinary skill in the art and they
could easily be integrated or adapted to the present invention.
[0033] As a first example, one could use three-dimensional nearest-neighbor interpolation. This consists of using as

complementary data a single data point, one which is nearest to (       ). This is the simplest
and the most computationally effective interpolation approach. However, it yields the worst image quality among all
linear interpolation methods.
[0034] Another possibility is one-dimensional linear interpolation, which occurs along a single direction. This can be
used when the sample grid is sparser along that direction (e.g., along v).
[0035] Similarly, two-dimensional linear interpolation, wherein nearest neighbor interpolation is performed along one
direction, and plain one-dimensional linear interpolation along the other directions, can be used when the sample grid
is denser in one direction (e.g., along u) or when interpolation in one direction, like β, is harder to implement.
[0036] Finally, three-dimensional linear interpolation can also be used. This is, as one might expect, the most accurate

interpolation method. However, it is also the most computationally demanding. In this case, complementary ray (  

   ) is interpolated using 8 adjacent data points.
[0037] It is also possible to perform double interpolation. That is, interpolation between two complementary projections.
One can perform double interpolation either through a reduction to single interpolation, or, alternatively, through the
feathering of two single interpolations, which yields smoother results. The restored truncated data thereby obtained are
furthermore feathered with non-truncated data to ensure a smooth transition. Details are provided below.
[0038] FIG. 10 illustrates the detector coordinates (u, v) used forthwith. The total detector area which would be needed
to fully cover the scanned object is given by those coordinates (u, v) such that -umax ≤ u ≤ umax and -vmax ≤ v ≤ vmax.
Since the physical detector has to be displaced to fully cover the scanned object on one side, data on the other side is
truncated. This truncated detector area consists of those coordinates (u, v) such that uT ≤ u ≤ umax, uT > 0.
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[0039] Suppose without loss of generality that the projection range is 0 ≤ β ≤ B. It must then be the case that

 and  Otherwise, data would have been ob-
tained outside the projection range. Here, γ changes from γ0 to γmax. As a consequence, β ≤ B-π-2γ and β ≥ π-2γ, so that
no top complementary projection exists if β > B-π-2γ and no bottom complementary projection exists if β < π-2γ.
[0040] FIG. 11 illustrates for a projection range of B = 3π the region where both projections are available. This region
is delimited by projection angles βstart(γ) = π-2γ and βend(γ) = B-π-2γ, expressions which can also be expressed more
conveniently as βstart = maxγβstart(γ) = π-2γT and βend = minγβend(γ) = B-π-2γmax. The complementary range for a single
direct ray is ΔβC = 2 Δγ, where Δγ = γmax - γT is the angular range of truncation.
[0041] In the case of helical geometry, there is some vertical shift between projections complementary to one another.
As a result, a complementary projection may not cover the direct projection from top to bottom. It is therefore better,
when attempting to restore truncated data, to use both complementary projections, whenever they are available.
[0042] FIG. 12 illustrates different data coverage situations, corresponding to different helical pitches. If the helical
pitch is larger than the width of the detector, then complementary projections do not cover the middle part of the direct
projection (see FIG. 12c). In such a case, when there are no complementary data available for the middle part, some
extrapolation is required. Smaller helical pitches, on the other hand, lead to complementary projections that overlap the
middle part of the direct projection (see FIG. 12a). This leads to more accurate interpolation. For some intermediate
values of helical pitch, both cases can simultaneously occur (see FIG. 12b).
[0043] The invention can restore the data by extrapolation when complementary projections are not available and by
interpolation when one or more complementary projections are available.
[0044] FIG. 13 illustrates possible nearest linear interpolation scenarios. Once the v-coordinates of the complementary
projections are known (say, after using the detector-specific equations previously derived) and the complementary data
are lined up along the v-axis, the truncated data can be restored by using the closest complementary data from a

complementary projection (or both, whenever available). This can be accomplished since  This
idea can be applied to both single and double interpolation.
[0045] FIG. 14 illustrates v-feathering, which can be applied to independently interpolated complementary projections.
To do this, of course, both complementary projections must be available. More precisely, v-feathering consists of defining

weights w1 =3x2 - 2x3 and w2 = 1 - w1, where  and vfbot ≤ v ≤ vftop, and determining
the complementary data using a linear combination. That is,

 When complementary projections over-
lap, the vfbot and vftop parameters illustrated in FIG. 14 are given by vfbot = 2vbot + vmax and vftop = 2vmax - vmax. Naturally,
a variety of similar approaches could be entertained while remaining within the scope of the invention.
[0046] FIG. 15 illustrates restoration feathering. The integration of restored data with originally un-truncated data can
further be feathered to attenuate the abrupt transition that can arise near the intersection of restored and originally un-
truncated data. One possible approach consists of extending the range of data interpolation beyond the truncated/un-
truncated boundary along a feathering interval [uT, uF], as illustrated in FIG. 15.
[0047] To extend the range of data interpolation beyond the truncated/un-truncated boundary along the feathering
interval, one can define a weight parameter wu = 3x2 - 2x3, where x = (uT - u)/(uT - uF). Using this, the restored data can
then be computed as PD(β,u,v) = PDC(β,u,v)wu + PD’(β,u,v)(1-wu), where PD’(β,u,v) denotes projection data that was
obtained, but which is to be replaced through feathering with complementary data because it was located in the feathering
interval.
[0048] Thus far, means to determine complementary projection coordinates have been derived, means to interpolate
and feather the complementary data have been proposed, and a means to feather the restored data with the originally
available data has also been suggested. Now, these will be put together as the general data restoration process is
described.

[0049] Let  denote data interpolated from one complementary projection and let
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 denote data interpolated from two complementary pro-
jections.

[0050] FIG. 16 displays schematically the process of restoring truncated data. Note that 

 and    for all rays (β,u,v).
[0051] In step 1601, a ray (β,u,v) for which PD(β,u,v) is sought to be restored is considered. The ray is such that u >
uF since restoration extends into the feathering interval to ultimately yield smoother results. The restoration method
considers all cases of complementary projection availability.
[0052] In step 1602, it is determined whether 0 < β < βstart = π - 2γ. If that is the case, then there can be only one

complementary (       ) projection, step 1603 computes  and step 1604 checks

whether  If so, then the projection falls on the detector and the truncated data is restored in

step 1605 using  If not, then the projection falls outside the
detector and extrapolation is necessary. Should extrapolation be necessary, the replication of boundary values, is used

in step 1606, i.e.,  This is perhaps the simplest and most stable
extrapolation method.
[0053] In step 1607, it is determined whether π -2γ = βstart ≤ β ≤ βend = B - π - 2γ. If that is the case, then there are

potentially two complementary projections available, (       ) and (     

), and step 1608 computes  and    In step 1609, it is determined whether. If

so, step 1610 checks whether  If the answer is positive, then both projections falls on the detector
and double interpolation is used in step 1611, i.e.,

 if the answer is negative, then only
the top complementary projection falls on the detector and the truncated data is restored by single interpolation in step

1612 using  If it is not the case that 

then step 1613 checks whether  If the answer is positive, then only the bottom complementary
projection falls on the detector and the truncated data is restored using single interpolation in step 1614, that is,

 if the answer is negative, then neither complementary projection
falls on the detector and extrapolation is used in step 1615:

 
[0054] In step 1616, it is determined whether β - π - 2γ = βend < β < B. If that is the case, then there can only be one
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complementary projection, (       ), step 1617 computes  and step 1618 checks whether

 If so, then the projection falls on the detector and the truncated projection data is restored by

single interpolation in step 1619 as  If not, then the projection
falls outside the detector and extrapolation is used in step 1620, i.e.,

 
[0055] The method of the present invention therefore obtains the complementary data by extrapolation when comple-
mentary projections are not available and by single or double interpolation when one or both complementary projections
are available. Subsequently, in step 1621 it is determined whether u > uT. If that is the case, then in step 1622 the
projection data is simply deemed to be the complementary data previously obtained (in one of steps 1605, 1606, 1611,
1612, 1614, 1615, 1619, or 1620). That is, PD(β,u,v) = PDC(β,u,v). If that is not the case, then feathering between the
complementary data obtained and the originally un-truncated data is performed in step 1623. That is, PD(β,u,v) =
PDC(β,u,v)wu + PD’(β,u,v)(1-wu).
[0056] FIG. 17 illustrates a flowchart of an embodiment of the present invention. In step 1701, redundant projection
data are obtained to determine a projection data va lue. Complementary projections are then sought in step 1702.
[0057] In step 1703, a determination is made whether two projections are available. If so, double interpolation is used
to obtain complementary data in step 1704. Otherwise, a determination is made in step 1705 whether one projection is
available. If so, single interpolation is used to obtain complementary data in step 1706. Otherwise, no projections are
available and extrapolation is used in step 1707.
[0058] In step 1708, a determination is made whether the projection data value sought to be determined is located
within a feathering interval. If so, then feathering is performed on the newly obtained and originally available projection
data values in step 1709. Otherwise, in step, 1710, a determination is made whether to repeat the whole process for a
new location. If the answer is negative, then the data have been restored and a CT image can be obtained using any
reconstruction algorithm in step 1711.
[0059] Since reconstruction algorithms usually process projections one at a time, it may be computationally difficult
to store all the necessary projections to restore the entirety of the truncated data. For instance, if the data consist of Np
projections per rotation, then the complementary projection range for a single direct ray is NΔ = NpΔγ/π, so that for Np
= 1000 and Δγ = π/10 it is necessary to store NΔ = 100 projections for each truncated projection. Such a requirement
might be difficult to meet for many systems. It is possible, however, to reduce the requirement on the number of stored
projections. Naturally, this may result is lesser image quality.
[0060] An embodiment of the present invention addresses this concern by storing 2K projections, where K = 1, 2, ...,
NΔ. The truncation interval Δγ can then be partitioned into K parts with angles γk = γT + kΔγ/K + γoffset, k = 0, 1, ..., K - 1.
(The parameter γoffset is given for flexibility in choosing γk.)

[0061] Now, choose K top complementary projections  and K bottom complementary

projections  For each discrete value of v corresponding to a projection β the K com-

plementary data points  and  can be interpolated from
K complementary projections.
[0062] The u-grid points can then be interpolated from these K points. For example, the data could be restored only
every 10th point with interpolation in between. Linear interpolation is preferred, but nearest neighbor or non-linear
interpolation could also be used.
[0063] Restoring data every second or third u-grid point does not necessary lead to two or three times fewer comple-
mentary projections that need to be stored. This is the case since the u-grid is usually denser than the β-grid. In the
example above, supposing that γmax = π/6 corresponds to 500 samples, the truncation range Δγ has 300 u-samples.
Each complementary view therefore contributes to the restoration of at least 3 u-samples (and possibly more, because
of linear interpolation). Consequently, restoring data every fourth or fifth u-sample, at least, is necessary to reduce the
number of stored projections.
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[0064] When only a small K can be afforded, it is better to restore data at every u-sample 

using only complementary projections  and  That is, using only angles 

for the top projections and angles 

for the bottom projections.
[0065] As a special case, one complementary projection above and one below are used to restore truncated data.
This approach can be used when only general information about reconstructed object needs to be evaluated, such as
object boundary position. There is then a single angle, γ0 = γT +Δγ/2 + γoffset, -Δγ/2 ≤ γoffset ≤ Δγ/2, and the complementary

projections correspond to  and  for all truncated u-sam-
ples. The two complementary projections are simply blended together to obtain direct truncated projection. Other possible
approaches could be considered. For example, only data related to edge position could be extracted and nonlinear
extrapolation used thereupon from the measured samples to the recovered edge of the object.
[0066] A mismatch on the edge between measured and interpolated data can arise when γoffset ≠ -Δγ/2, i.e., when γ0
> γT. This will result in strong artifacts within reconstructed images. To avoid this mismatch, the data between γT and γ0
can be smoothly feathered.
[0067] The can be more than one complementary projection available along both helical directions for slow helical
pitches. The complementary projection angles can then generally be expressed as 

[0068] In this context, using cylindrical coordinates, the projection corresponding to β has N common rays with N

complementary projections for each value of γ:  n = 6 1,2, ... It follows that

 and, therefore, that for each direct ray (β, γ, z) there are N complementary rays given by 

[0069] FIG. 18 illustrates a system for carrying out embodiments of the invention. A CT device 1801 comprising a ray
detector 1802 and a ray source 1803 are used to acquire CT data. The data can be stored using a storage unit 1804.
The data can be processed by a computing unit 1805 comprising a processing device 1806, which identifies suitable
data elements that can be used to determine complementary projection data values, an estimating device 1807, which
can estimate projection data values based on suitable redundant data, a feathering device 1808, which can smooth the
boundary between newly generated and previously available data, and a reconstructing device 1809, which can recon-
struct a scanned object from the acquired data using at least one weight to compensate for the unavailability of the
projection data. The system further comprises an image storing unit 1810 to store images obtained using the data and
computing unit and a display device 1811 to display those same images. Additionally, the processing device 1806
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includes a complementary processor (not shown) configured to determine complementary projection angles for a given
source angle.
[0070] All embodiments of the invention conveniently may be implemented using a conventional general purpose
computer or micro-processor programmed according to the teachings of the invention, as will be apparent to those skilled
in the computer art. Appropriate software may readily be prepared by programmers of ordinary skill based on the teachings
of the present disclosure, as will be apparent to those skilled in the software art. In particular, the computer housing may
house a motherboard that contains a CPU, memory (e.g., DRAM, ROM, EPROM, EEPROM, SRAM, SDRAM, and Flash
RAM), and other optional special purpose logic devices (e.g., ASICS) or configurable logic devices (e.g., GAL and
reprogrammable FPGA). The computer also includes plural input devices, (e.g., keyboard and mouse), and a display
card for controlling a monitor. Additionally, the computer may include a floppy disk drive; other removable media devices
(e.g. compact disc, tape, and removable magneto-optical media); and a hard disk or other fixed high density media
drives, connected using an appropriate device bus (e.g., a SCSI bus, an Enhanced IDE bus, or an Ultra DMA bus). The
computer may also include a compact disc reader, a compact disc reader/writer unit, or a compact disc jukebox, which
may be connected to the same device bus or to another device bus.
[0071] Examples of computer readable media associated with the present invention include compact discs, hard disks,
floppy disks, tape, magneto-optical disks, PROMs (e.g., EPROM, EEPROM, Flash EPROM), DRAM, SRAM, SDRAM,
etc. Stored on any one or on a combination of these computer readable media, the present invention includes software
for controlling both the hardware of the computer and for enabling the computer to interact with a human user. Such
software may include, but is not limited to, device drivers, operating systems and user applications, such as development
tools. Computer program products of the present invention include any computer readable medium which stores computer
program instructions (e.g., computer code devices) which when executed by a computer causes the computer to perform
the method of the present invention. The computer code devices of the present invention may be any interpretable or
executable code mechanism, including but not limited to, scripts, interpreters, dynamic link libraries, Java classes, and
complete executable programs. Moreover, parts of the processing of the present invention may be distributed (e.g.,
between (1) multiple CPUs or (2) at least one CPU and at least one configurable logic device) for better performance,
reliability, and/or cost. For example, an outline or image may be selected on a first computer and sent to a second
computer for remote diagnosis.
[0072] The invention may also be implemented by the preparation of application specific integrated circuits or by
interconnecting an appropriate network of conventional component circuits, as will be readily apparent to those skilled
in the art.
[0073] The source of projection data to the present invention may be any appropriate data acquisition device such as
an X-ray machine or CT apparatus. Further, the acquired data may be digitized if not already in digital form. Alternatively,
the source of data being obtained and processed may be a memory storing data produced by an image acquisition
device, and the memory may be local or remote, in which case a data communication network, such as PACS (Picture
Archiving Computer System), may be used to access the image data for processing according to the present invention.
This invention can be a part of a CT apparatus.
[0074] Alternatively, in an embodiment of the invention, truncated data compensation can be implemented by appro-
priate weighting of the asymmetric existing data during image reconstruction.

Claims

1. An X-ray CT apparatus adapted to compensate for projection data of a scanned object at a selected point located
outside a detection range of an asymmetric CT detector in order to restore asymmetrically truncated imaging data,
comprising:

an X-ray source (1803) configured to project X-rays at the scanned object;
an asymmetric CT detector (1802) configured to detect said X-rays and to generate helical cone-beam CT
projection data of the scanned object wherein the asymmetric CT detector is asymmetrically displaced for a
center line of the cone-beam; and
a compensating unit (1805) including:

means (1806) configured to determine for the selected point at least one complementary projection angle
and coordinates of at least one complementary point based on a source projection angle and the coordinates
of the selected point relative to the asymmetric CT detector; and
means (1807) for calculating at least one weight corresponding to the at least one complementary point,
said at least one weight being used to compensate for the unavailability of the projection data of the scanned
object at the selected point in reconstructing an image of the scanned object, and wherein



EP 1 659 534 B9

12

5

10

15

20

25

30

35

40

45

50

55

said compensating unit is configured to determine for the projection data at said selected point based on
the generated projection data and based on coordinates of the selected point relative to the asymmetric
CT detector.

2. The X-ray CT apparatus according to claim 1, further comprising
a CT reconstruction device (1809) configure to reconstruct the CT image of the scanned object based on the obtained
projection data, the at least one complementary point, and the calculated at least one weight

3. The X-ray CT apparatus according to claim 1, wherein said compensating unit comprises:

a complementary unit (1806) configured to determine at least one complementary projection angle and coor-
dinates of at least one complementary point based on a source projection angle and the coordinates of the
selected point relative to the detector; and
an estimating unit (1807) configured to compensate for the unavailability of the projection data of the scanned
object at the selected point by estimating the projection data value at the selected point based on the acquired
projection data, the at least one complementary projection angle, and the coordinates of the at least one com-
plementary point.

4. The X-ray CT apparatus according to claim 3, wherein
the asymmetric CT detector (1802) comprises an equi-angular detector; and
the complementary unit (1806) is configured to determine the at least one complementary projection angle and the
coordinates of the at least one complementary point as, respectively, 

wherein β is the source projection angle, γ is a fan angle, u and v are the coordinates of the projection data value,
R is a helical radius, and H is a helical pitch.

5. The X-ray CT apparatus according to claim 3, wherein
the asymmetric CT detector comprises an equi-angular detector; and
the complementary unit is configured to determine the at least one complementary projection angle and the coor-
dinates of the at least one complementary point as, respectively, 

wherein β is the source projection angle, γ is a fan angle, n is an integer such that n=1,...,N,N is an integer number
of helical turns for which data are acquired, u and v are the coordinates of the projection data value, R is a helical
radius, and H is a helical pitch.

6. The X-ray CT apparatus according to claim 3, wherein
the asymmetric CT detector comprises an equi-spaced flat detector; and
the complementary unit is configured to determine the at least one complementary projection angle and the coor-
dinates of the at least one complementary point as, respectively,

wherein β is the source projection angle, γ is a fan angle, u and v are the coordinates of the projection data value,
R is a helical radius, and H is a helical pitch.
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7. The X-ray CT apparatus according to claim 3, wherein
the asymmetric CT detector comprises an equi-spaced flat detector; and
the complementary unit is configured to determine the at least one complementary projection angle and the coor-
dinates of the at least one complementary point as, respectively, 

wherein β is the source projection angle, γ is a fan angle, n=1,...,N, N is an integer number of helical turns for which
data are acquired, u and v are the coordinates of the projection data value, R is a helical radius, and H is a helical pitch.

8. The X-ray CT apparatus according to claim 3, wherein the complementary unit is configured to determine the at
least one complementary projection angle to be one of projection angle β + π + 2γ0 and projection angle β - π + 2γ0,
wherein β is the source projection angle and γ0 is a parameter that depends on a size of the scanned object and an
angular range of the defector.

9. The X-ray CT apparatus according to claim 3, wherein the complementary unit is configured to determine the at
least one complementary projection angle to be projection angles β+π+2γ0 and β-π+2γ0, wherein β is the source
projection angle and γ0 is a parameter that depends on a size of the scanned object and an angular range of the
detector.

10. The X-ray CT apparatus according to claim 3, wherein the complementary unit is configured to determine the at
least one complementary projection angle to be at least one of the projection angles β + nπ + 2γ0 and β - nπ + 2γ0
wherein β is the source projection angle, n = 1,2,..., N, N is an integer number of helical turns for which data are
acquired, and γ0 is a parameter that depends on a size of the scanned object and an angular range of the detector.

11. The X-ray CT apparatus according to claim 3, wherein the complementary unit is configured to determine the at
least one complementary projection angle to be at least one of projection angles β + π + 2γk, k = 1,..., K or at least
one of projection angles β-π+2γk, k = 1,..., K, wherein k is an integer, K is a predetermined integer, and γk, k = 1,...,
K are parameters that depend on a density of the projection data, a size of the scanned object, and an angular
range of the detector.

12. The X-ray CT apparatus according to claim 3, wherein the complementary unit is configured to determine the at
least one complementary projection angle to be at least one of projection angles β+π+2γk, k = 1, ..., K and projection
angles β-π+2γk, k = 1,..., K, wherein k is an integer, K is a predetermined integer, and γk, k = 1,..., K are parameters
that depend on a density of the projection data, a size of the scanned object, and an angular range of the detector.

13. The X-ray CT apparatus according to claim 3, wherein the complementary unit is configured to determine the at
least one complementary projection angle to be at least one of projection angles β+nπ+2γk, n =1,..., N, k = 1,..., K
and projection angles β-nπ+2γk, n = 1,..., N, k = 1,..., K, wherein k and n are integers, N is an integer number of
helical turns for which data are acquired, K is a predetermined integer, and γk, k = 1,..., K are parameters that depend
on a density of the projection data, a size of the scanned object, and an angular range of the detector.

14. The X-ray CT apparatus according to claim 3, wherein the complementary unit is configured to determine the at
least one complementary angle along one helical direction.

15. The X-ray CT apparatus according to claim 3, wherein the complementary unit is configured to determine the at
least one complementary angle along both helical directions.

16. The X-ray CT apparatus according to claim 3, wherein the complementary unit is configured to determine the at
least one complementary angle along both helical directions, but within a predetermined numbers of helical turns.

17. The X-ray CT apparatus according to claim 3, wherein
the complementary unit is configured to determine two complementary projection angles and coordinates of two
complementary points corresponding to the two complementary projection angles; and
the estimating device is configured to estimate the projection data value based on the two complementary projection
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angles and the coordinates of two complementary points.

18. The X-ray CT apparatus according to claim 3, wherein
the complementary unit is configured to determine one complementary projection angle and coordinates of one
complementary point corresponding to the one complementary projection angle; and
the estimating unit is configured to estimate the projection data value using one of nearest-neighbor, linear, and
non-linear interpolation based on the coordinates of the one complementary point.

19. The X-ray CT apparatus according to claim 3, wherein
the complementary unit is configured to determine two complementary projection angles and coordinates of two
complementary points corresponding to the two complementary projection angles; and
the estimating unit is configured to estimate the projection data value by independently using one of nearest-neighbor,
linear, and non-linear interpolation for each of the two complementary points to obtain two sets of interpolated
coordinates.

20. The X-ray CT apparatus according to claim 19, wherein the estimating unit comprises:
a combining unit configured to combine projection data at each of the two sets of interpolated coordinates to obtain
the projection data value.

21. The X-ray CT apparatus according to claim 20, wherein the combining unit is configured to linearly combine the
projection data at each of the two sets of interpolated coordinates using weights w1 = 3x2 - 2x3 and w2 = 1 - w1,
wherein x = (v-vfbot)/(vftop-vfbot) vfbot ≤ v ≤ vftop, and vftop and vfbot are predetermined parameters.

22. The X-ray CT apparatus according to claim 3, further comprising:

means for selecting a feathering point within a predetermined feathering region of the detector;
a feathering device configured to

(1) determine at least one feathering complementary angle and coordinates of at least one feathering
complementary point based on a feathering source projection angle and coordinates of the feathering point
relative to the detector,
(2) estimate the projection data value at the feathering point based on the obtained projection data, the at
least one feathering complementary projection angle, and the coordinates of the at least one feathering
complementary point, and
(3) linearly combine the estimated projection data value at the feathering point with the obtained projection
data at the feathering point using weights wu = 3x2 - 2x3 and 1-wu, respectively, wherein x = (uT-u)/(uT-uF),
and uF and uT are parameters that define the predetermined region of the detector.

Patentansprüche

1. Röntgen-CT-Gerät zur Kompensation von Projektionsdaten eines abgetasteten Objekts an einem ausgewählten
Punkt außerhalb eines Detektionsbereichs eines asymmetrischen CT-Detektors, um asymmetrisch abgeschnittene
Bilddaten wiederherzustellen, umfassend:

eine Röntgenquelle (1803), die dazu ausgebildet ist, dass sie Röntgenstrahlen auf das abgetastete Objekt
projiziert,
einen asymmetrischen CT-Detektor (1802), der ausgebildet ist, um die Röntgenstrahlen zu erfassen und spi-
ralförmige Kegelstrahl-CT-Projektionsdaten des abgetasteten Objekts zu erzeugen, wobei der asymmetrische
CT-Detektor für eine Mittellinie des Kegelstrahls asymmetrisch verschoben ist, und
eine Ausgleichseinheit (1805) umfassend:

Mittel (1806), die ausgebildet sind, um für den ausgewählten Punkt mindestens einen komplementären
Projektionswinkel und Koordinaten von mindestens einem komplementären Punkt basierend auf einem
Quellenprojektionswinkel und den Koordinaten des ausgewählten Punktes relativ zu dem asymmetrischen
CT-Detektor zu bestimmen, und
Mittel (1807) zum Berechnen mindestens einer Wichtung, das dem mindestens einen komplementären
Punkt entspricht, wobei die mindestens eine Wichtung dazu verwendet wird, um die Nichtverfügbarkeit der
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Projektionsdaten des abgetasteten Objekts an dem ausgewählten Punkt bei der Rekonstruktion eines
Bildes des abgetasteten Objekts zu kompensieren, und wobei
die Kompensationseinheit dazu ausgebildet ist, die Projektionsdaten an dem ausgewählten Punkt basierend
auf den erzeugten Projektionsdaten und basierend auf den Koordinaten des ausgewählten Punktes relativ
zu dem asymmetrischen CT-Detektor zu bestimmen.

2. Röntgen-CT-Gerät nach Anspruch 1, ferner mit:
einer CT-Rekonstruktionsvorrichtung (1809) zum Rekonstruieren des CT-Bildes des abgetasteten Objekts basierend
auf den erhaltenen Projektionsdaten, dem mindestens einen komplementären Punkt und der berechneten mindes-
tens einen Wichtung.

3. Röntgen-CT-Gerät nach Anspruch 1, wobei die Kompensationseinheit umfasst:

eine Komplementäreinheit (1806), die ausgebildet ist, um mindestens einen komplementären Projektionswinkel
und Koordinaten von mindestens einem komplementären Punkt basierend auf einem Quellenprojektionswinkel
und den Koordinaten des ausgewählten Punktes relativ zu dem Detektor zu bestimmen, und
eine Schätzeinheit (1807), die ausgebildet ist, um die Nichtverfügbarkeit der Projektionsdaten des abgetasteten
Objekts an dem ausgewählten Punkt zu kompensieren, indem der Projektionsdatenwert an dem ausgewählten
Punkt basierend auf den erfassten Projektionsdaten, dem mindestens einen komplementären Projektionswinkel
und den Koordinaten des mindestens einen komplementären Punktes geschätzt wird.

4. Röntgen-CT-Gerät nach Anspruch 3, wobei
der asymmetrische CT-Detektor (1802) einen Gleichwinkeldetektor umfasst und
die Komplementäreinheit (1806) ausgebildet ist, um jeweils den mindestens einen komplementären Projektions-
winkel und die Koordinaten des mindestens einen komplementären Punktes zu bestimmen als 

wobei β der Quellprojektionswinkel ist, γ ein Fächerwinkel ist, u und v die Koordinaten des Projektionsdatenwertes
sind, R ein Spiralradius ist und H eine Spiralsteigung ist.

5. Röntgen-CT-Gerät nach Anspruch 3, wobei
der asymmetrische CT-Detektor einen Gleichwinkeldetektor umfasst und
die Komplementäreinheit ausgebildet ist, um jeweils den mindestens einen komplementären Projektionswinkel und
die Koordinaten des mindestens einen komplementären Punktes zu bestimmen als 

wobei β der Quellprojektionswinkel ist, γ ein Fächerwinkel ist, n eine ganze Zahl ist, so dass n = 1,..., N, N eine
ganzzahlige Anzahl von Spirallinien ist, für die Daten gewonnen werden, u und v die Koordinaten des Projektions-
datenwertes sind, R ein Spiralradius ist und H eine Spiralsteigung ist.

6. Röntgen-CT-Gerät nach Anspruch 3, wobei
der asymmetrische CT-Detektor einen gleichbeabstandeten Flachdetektor umfasst und
die Komplementäreinheit ausgebildet ist, um jeweils den mindestens einen komplementären Projektionswinkel und
die Koordinaten des mindestens einen komplementären Punktes zu bestimmen als 
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wobei β der Quellprojektionswinkel ist, γ ein Fächerwinkel ist, u und v die Koordinaten des Projektionsdatenwertes
sind, R ein Spiralradius ist und H eine Spiralsteigung ist.

7. Röntgen-CT-Gerät nach Anspruch 3, wobei
der asymmetrische CT-Detektor einen gleichbeabstandeten Flachdetektor umfasst und
die Komplementäreinheit ausgebildet ist, um jeweils den mindestens einen komplementären Projektionswinkel und
die Koordinaten des mindestens einen komplementären Punktes zu bestimmen als 

wobei β der Quellprojektionswinkel ist, γ ein Fächerwinkel ist, n = 1,..., N, N eine ganzzahlige Anzahl von Spirallinien
ist, für die Daten gewonnen werden, u und v die Koordinaten des Projektionsdatenwertes sind, R ein Spiralradius
ist und H eine Spiralsteigung ist.

8. Röntgen-CT-Gerät nach Anspruch 3, wobei die Komplementäreinheit ausgebildet ist, um den mindestens einen
komplementären Projektionswinkel als Projektionswinkel β + π + 2γ0 oder Projektionswinkel β - π + 2γ0 zu bestimmen,
wobei β der Quellenprojektionswinkel ist und γ0 ein Parameter ist, der von einer Größe des abgetasteten Objekts
und einem Winkelbereich des Detektors abhängt.

9. Röntgen-CT-Gerät nach Anspruch 3, wobei die Komplementäreinheit ausgebildet ist, um den mindestens einen
komplementären Projektionswinkel als Projektionswinkel β + nπ + 2γ0 und β - nπ + 2γ0 zu bestimmen, wobei β der
Quellenprojektionswinkel und γ0 ein Parameter ist, der von einer Größe des abgetasteten Objekts und einem Win-
kelbereich des Detektors abhängt.

10. Röntgen-CT-Gerät nach Anspruch 3, wobei die Komplementäreinheit ausgebildet ist, um den mindestens einen
komplementären Projektionswinkel als Projektionswinkel β + nπ + 2γ0 und/oder β - nπ + 2γ0 zu bestimmen und wobei
β der Quellenprojektionswinkel, n = 1,2,..., N, N eine ganzzahlige Anzahl von Spiralwindungen ist, für die Daten
erfasst werden, und γ0 ein Parameter ist, der von einer Größe des abgetasteten Objekts und einem Winkelbereich
des Detektors abhängt.

11. Röntgen-CT-Gerät nach Anspruch 3, wobei die Komplementäreinheit ausgebildet ist, um den mindestens einen
komplementären Projektionswinkel zu bestimmen, der mindestens einer der Projektionswinkel β + π + 2γk, k = 1,...,
K oder mindestens einer der Projektionswinkel β - π + 2γk, k = 1,..., K ist, wobei k eine ganze Zahl ist, K eine
vorbestimmte ganze Zahl ist und γk, k = 1,..., K Parameter sind, die von einer Dichte der Projektionsdaten, einer
Größe des abgetasteten Objekts und einem Winkelbereich des Detektors abhängen.

12. Röntgen-CT-Gerät nach Anspruch 3, wobei die Komplementäreinheit ausgebildet ist, um den mindestens einen
komplementären Projektionswinkel als Projektionswinkel β + π + 2γk, k = 1, ...., K und/oder Projektionswinkel β - π
+ 2γk, k = 1,..., K zu bestimmen, wobei k eine ganze Zahl ist, K eine vorbestimmte ganze Zahl ist und γk, k = 1,...,
K Parameter sind, die von einer Dichte der Projektionsdaten, einer Größe des abgetasteten Objekts und einem
Winkelbereich des Detektors abhängen.

13. Röntgen-CT-Gerät nach Anspruch 3, wobei die Komplementäreinheit ausgebildet ist, um den mindestens einen
komplementären Projektionswinkel zu bestimmen, der mindestens einer der Projektionswinkel β + nπ + 2γk, n =
1,..., N , k = 1,..., K und Projektionswinkel β - nπ + 2γk, n = 1,..., N, k = 1,..., K, wobei k und n ganze Zahlen sind, N
eine ganzzahlige Anzahl von Spiralwindungen ist, für die Daten erfasst werden, K eine vorbestimmte ganze Zahl
ist, und γk, k = 1,..., K Parameter sind, die von einer Dichte der Projektionsdaten, einer Größe des abgetasteten
Objekts und einem Winkelbereich des Detektors abhängen.

14. Röntgen-CT-Gerät nach Anspruch 3, wobei die Komplementäreinheit ausgebildet ist, um den mindestens einen
komplementären Winkel entlang einer Spiralrichtung zu bestimmen.

15. Röntgen-CT-Gerät nach Anspruch 3, wobei die Komplementäreinheit dazu ausgebildet ist, dass sie den mindestens
einen komplementären Winkel entlang beider Spiralrichtungen bestimmt.
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16. Röntgen-CT-Gerät nach Anspruch 3, wobei die Komplementäreinheit dazu ausgebildet ist, dass sie den mindestens
einen komplementären Winkel entlang beider Spiralrichtungen, jedoch innerhalb einer vorbestimmten Anzahl von
Spiralwindungen bestimmt.

17. Röntgen-CT-Gerät nach Anspruch 3, wobei
die Komplementäreinheit ausgebildet ist, um zwei komplementäre Projektionswinkel und Koordinaten von zwei
komplementären Punkten zu bestimmen, die den beiden komplementären Projektionswinkeln entsprechen, und
die Schätzeinheit ausgebildet ist, um den Projektionsdatenwert basierend auf den beiden komplementären Projek-
tionswinkeln und den Koordinaten zweier komplementärer Punkte zu schätzen.

18. Röntgen-CT-Gerät nach Anspruch 3, wobei
die Komplementäreinheit ausgebildet ist, um einen komplementären Projektionswinkel und Koordinaten eines kom-
plementären Punktes entsprechend dem einen komplementären Projektionswinkel zu bestimmen, und
die Schätzeinheit ausgebildet ist, um den Projektionsdatenwert unter Verwendung einer der nächsten Nachbar-,
Linear- und Nichtlinear-Interpolation basierend auf den Koordinaten des einen komplementären Punktes zu schät-
zen.

19. Röntgen-CT-Gerät nach Anspruch 3, wobei
die Komplementäreinheit ausgebildet ist, um zwei komplementäre Projektionswinkel und Koordinaten von zwei
komplementären Punkten zu bestimmen, die den beiden komplementären Projektionswinkeln entsprechen, und
die Schätzeinheit ausgebildet ist, um den Projektionsdatenwert durch unabhängige Verwendung einer der nächsten
Nachbar-, Linear- und Nichtlinear-Interpolation für jeden der beiden komplementären Punkte zu schätzen, um zwei
Sätze interpolierter Koordinaten zu erhalten.

20. Röntgen-CT-Gerät nach Anspruch 19, wobei die Schätzeinheit umfasst:
eine Kombinationseinheit, die dazu ausgebildet ist, dass sie Projektionsdaten an jedem der beiden Sätze interpo-
lierter Koordinaten kombiniert, um den Projektionsdatenwert zu erhalten.

21. Röntgen-CT-Gerät nach Anspruch 20, wobei die Kombinationseinheit dazu ausgebildet ist, dass sie die Projekti-
onsdaten an jedem der beiden Sätze interpolierter Koordinaten unter Verwendung von Wichtungen w1 = 3x2 - 2x3

und w2 = 1 - w1, wobei x = (v - vfbot )/(vflop - vfbot) vfbot ≤ v ≤ vftop, und vftop und vfbot vorbestimmte Parameter sind,
linear kombiniert.

22. Röntgen-CT-Gerät nach Anspruch 3, ferner umfassend:

Mittel zum Auswählen eines Auffederungspunktes innerhalb eines vorbestimmten Auffederungsbereiches des
Detektors,
eine Auffederungsvorrichtung, die dazu ausgebildet ist, dass sie

(1) mindestens einen Auffederungsergänzungswinkel und Koordinaten mindestens eines Auffederungser-
gänzungspunktes auf der Grundlage eines Auffederungsquellenprojektionswinkels und Koordinaten des
Auffederungspunktes relativ zum Detektor bestimmen,
(2) den Wert der Projektionsdaten am Auffederungspunkt auf der Grundlage der erhaltenen Projektions-
daten, des mindestens einen komplementären Projektionswinkels und der Koordinaten des mindestens
einen komplementären Auffederungspunktes schätzen und
(3) den geschätzten Projektionsdatenwert am Auffederungspunkt linear mit den erhaltenen Projektionsda-
ten am Auffederungspunkt unter Verwendung von entsprechenden Wichtungen wu = 3x2 - 2x

3 und 1 - wu,
wobei x = (uT - u)/(uT - uF), und uF und uT Parameter sind, die den vorbestimmten Bereich des Detektors
definieren.

Revendications

1. Appareil de tomodensitométrie à rayons X pour compenser des données de projection d’un objet balayé au niveau
d’un point sélectionné en dehors d’une plage de détection du détecteur de tomodensitométrie asymétrique de
manière à restaurer des données d’imagerie tronquées asymétriquement, comprenant :

une source de rayons X (1803) configurée pour projeter des rayons X au niveau de l’objet balayé ;
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un détecteur de tomodensitométrie asymétrique (1802) configuré pour détecter lesdits rayons X et pour générer
des données de projection de tomodensitométrie de faisceau conique hélicoïdal de l’objet balayé, dans lequel
le détecteur de tomodensitométrie asymétrique est déplacé asymétriquement pour une ligne médiane du fais-
ceau conique ; et
une unité de compensation (1805) comprenant :

des moyens (1806) configurés pour déterminer pour le point sélectionné au moins un angle de projection
complémentaire et des coordonnées d’au moins un point complémentaire sur la base d’un angle de pro-
jection de source et des coordonnées du point sélectionné par rapport au détecteur de tomodensitométrie
asymétrique ; et
des moyens (1807) pour calculer au moins un poids correspondant à l’au moins un point complémentaire,
ledit au moins un poids étant utilisé pour compenser l’indisponibilité des données de projection de l’objet
balayé au niveau du point sélectionné dans la reconstruction d’une image de l’objet balayé, et dans lequel
ladite unité de compensation est configurée pour déterminer pour les données de projection au niveau
dudit point sélectionné sur la base des données de projection générées et sur la base de coordonnées du
point sélectionné par rapport au détecteur de tomodensitométrie asymétrique.

2. Appareil de tomodensitométrie à rayons X selon la revendication 1, comprenant en outre :
un dispositif de reconstruction de tomodensitométrie (1809) configurée pour reconstruire l’image de tomodensito-
métrie de l’objet balayé sur la base des données de projection obtenues, de l’au moins un point complémentaire et
de l’au moins un poids calculé.

3. Appareil de tomodensitométrie à rayons X selon la revendication 1, dans lequel ladite unité de compensation
comprend :

une unité complémentaire (1806) configurée pour déterminer au moins un angle de projection complémentaire
et des coordonnées d’au moins un point complémentaire sur la base d’un angle de projection de source et des
coordonnées du point sélectionné par rapport au détecteur ; et
une unité d’estimation (1807) configurée pour compenser l’indisponibilité des données de projection de l’objet
balayé au niveau du point sélectionné en estimant la valeur de données de projection au niveau du point
sélectionné sur la base des données de projection acquises, de l’au moins un angle de projection complémentaire
et des coordonnées de l’au moins un point complémentaire.

4. Appareil de tomodensitométrie à rayons X selon la revendication 3, dans lequel
le détecteur de tomodensitométrie asymétrique (1802) comprend un détecteur équiangulaire ; et
l’unité complémentaire (1806) est configurée pour déterminer l’au moins un angle de projection complémentaire et
les coordonnées de l’au moins un point complémentaire, respectivement, comme 

dans lequel β est l’angle de projection de source, γ est un angle d’éventail, u et v sont les coordonnées de la valeur
de projection de données, R est un angle d’hélice et H est un pas d’hélice.

5. Appareil de tomodensitométrie à rayons X selon la revendication 3, dans lequel
le détecteur de tomodensitométrie asymétrique comprend un détecteur équiangulaire ; et
l’unité complémentaire est configurée pour déterminer l’au moins un angle de projection complémentaire et les
coordonnées de l’au moins un point complémentaire, respectivement, comme 

dans lequel β est l’angle de projection de source, γ est un angle d’éventail, n est un entier tel que n = 1, ..., N, N est
un nombre entier de spires d’hélice pour lesquelles des données sont acquises, u et v sont les coordonnées de la
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valeur de projection de données, R est un angle d’hélice et H est un pas d’hélice.

6. Appareil de tomodensitométrie à rayons X selon la revendication 3, dans lequel
le détecteur de tomodensitométrie asymétrique comprend un détecteur plat équidistant ; et
l’unité complémentaire est configurée pour déterminer l’au moins un angle de projection complémentaire et les
coordonnées de l’au moins un point complémentaire, respectivement, comme 

dans lequel β est l’angle de projection de source, γ est un angle d’éventail, u et v sont les coordonnées de la valeur
de projection de données, R est un angle d’hélice et H est un pas d’hélice.

7. Appareil de tomodensitométrie à rayons X selon la revendication 3, dans lequel
le détecteur de tomodensitométrie asymétrique comprend un détecteur plat équidistant ; et
l’unité complémentaire est configurée pour déterminer l’au moins un angle de projection complémentaire et les
coordonnées de l’au moins un point complémentaire, respectivement, comme 

dans lequel β est l’angle de projection de source, γ est un angle d’éventail, n = 1, ..., N, N est un nombre entier de
spires d’hélice pour lesquelles des données sont acquises, u et v sont les coordonnées de la valeur de projection
de données, R est un angle d’hélice et H est un pas d’hélice.

8. Appareil de tomodensitométrie à rayons X selon la revendication 3, dans lequel l’unité complémentaire est configurée
pour déterminer l’au moins un angle de projection complémentaire comme étant un parmi un angle de projection β
+ π + 2γ0 et un angle de projection β - π + 2γ0, dans lequel β est l’angle de projection de source et γ0 est un paramètre
qui dépend d’une taille de l’objet balayé et d’une plage angulaire du détecteur.

9. Appareil de tomodensitométrie à rayons X selon la revendication 3, dans lequel l’unité complémentaire est configurée
pour déterminer l’au moins un angle de projection complémentaire comme étant des angles de projection β + π +
2γ0 et β - π + 2γ0, dans lequel β est l’angle de projection de source et γ0 est un paramètre qui dépend d’une taille
de l’objet balayé et d’une plage angulaire du détecteur.

10. Appareil de tomodensitométrie à rayons X selon la revendication 3, dans lequel l’unité complémentaire est configurée
pour déterminer l’au moins un angle de projection complémentaire comme étant un parmi les angles de projection
β + nπ + 2γ0 et β - nπ + 2γ0, dans lequel β est l’angle de projection de source, n = 1, 2, ..., N, N est un nombre entier
de spires d’hélice pour lesquelles des données sont acquises, et γ0 est un paramètre qui dépend d’une taille de
l’objet balayé et d’une plage angulaire du détecteur.

11. Appareil de tomodensitométrie à rayons X selon la revendication 3, dans lequel l’unité complémentaire est configurée
pour déterminer l’au moins un angle de projection complémentaire comme étant au moins un parmi des angles de
projection β + π + 2γk, k = 1, ..., K ou au moins un parmi des angles de projection β - π + 2γk, k = 1, ..., K, dans lequel
k est un entier, K est un entier prédéterminé, et γk, k = 1, ..., K sont des paramètres qui dépendent d’une densité
des données de projection, d’une taille de l’objet balayé et d’une plage angulaire du détecteur.

12. Appareil de tomodensitométrie à rayons X selon la revendication 3, dans lequel l’unité complémentaire est configurée
pour déterminer l’au moins un angle de projection complémentaire comme étant au moins un parmi des angles de
projection β + π + 2γk, k = 1, ..., K et des angles de projection β - π + 2γk, k = 1, ..., K, dans lequel k est un entier, K
est un entier prédéterminé, et γk, k = 1, ..., K sont des paramètres qui dépendent d’une densité des données de
projection, d’une taille de l’objet balayé et d’une plage angulaire du détecteur.

13. Appareil de tomodensitométrie à rayons X selon la revendication 3, dans lequel l’unité complémentaire est configurée
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pour déterminer l’au moins un angle de projection complémentaire comme étant au moins un parmi des angles de
projection β + nπ + 2γk, n = 1, ... N, k = 1, ..., K et des angles de projection β - nπ + 2γk, n = 1, ... N, k = 1, ..., K, dans
lequel k et n sont des entiers, N est un nombre entier de spires d’hélice pour lesquelles des données sont acquises,
K est un entier prédéterminé, et γk,
k = 1, ..., K sont des paramètres qui dépendent d’une densité des données de projection, d’une taille de l’objet
balayé et d’une plage angulaire du détecteur.

14. Appareil de tomodensitométrie à rayons X selon la revendication 3, dans lequel l’unité complémentaire est configurée
pour déterminer l’au moins un angle complémentaire suivant une direction hélicoïdale.

15. Appareil de tomodensitométrie à rayons X selon la revendication 3, dans lequel l’unité complémentaire est configurée
pour déterminer l’au moins un angle complémentaire suivant les deux directions hélicoïdales.

16. Appareil de tomodensitométrie à rayons X selon la revendication 3, dans lequel l’unité complémentaire est configurée
pour déterminer l’au moins un angle complémentaire suivant les deux directions hélicoïdales, mais dans un nombre
prédéterminé de spires d’hélice.

17. Appareil de tomodensitométrie à rayons X selon la revendication 3, dans lequel
l’unité complémentaire est configurée pour déterminer deux angles de projection complémentaires et des coordon-
nées de deux points complémentaires correspondant aux deux angles de projection complémentaires ; et
le dispositif d’estimation est configuré pour estimer la valeur de données de projection sur la base des deux angles
de projection complémentaires et des coordonnées de deux points complémentaires.

18. Appareil de tomodensitométrie à rayons X selon la revendication 3, dans lequel
l’unité complémentaire est configurée pour déterminer un angle de projection complémentaire et des coordonnées
d’un point complémentaire correspondant à l’un angle de projection complémentaire ; et
l’unité d’estimation est configurée pour estimer la valeur de données de projection en utilisant une parmi une inter-
polation du plus proche voisin, linéaire et non linéaire, sur la base des coordonnées de l’un point complémentaire.

19. Appareil de tomodensitométrie à rayons X selon la revendication 3, dans lequel
l’unité complémentaire est configurée pour déterminer deux angles de projection complémentaires et des coordon-
nées de deux points complémentaires correspondant aux deux angles de projection complémentaires ; et
l’unité d’estimation est configurée pour estimer la valeur de données de projection en utilisant indépendamment
une parmi une interpolation du plus proche voisin, linéaire et non linéaire, pour chacun des deux points complé-
mentaires pour obtenir deux ensembles de coordonnées interpolées.

20. Appareil de tomodensitométrie à rayons X selon la revendication 19, dans lequel l’unité d’estimation comprend :
une unité de combinaison configurée pour combiner des données de projection au niveau de chacun des deux
ensembles de coordonnées interpolées pour obtenir la valeur de données de projection.

21. Appareil de tomodensitométrie à rayons X selon la revendication 20, dans lequel l’unité de combinaison est configurée
pour combiner linéairement les données de projection au niveau de chacun des deux ensembles de coordonnées
interpolées en utilisant des poids w1 = 3x2 - 2x3 et w2 = 1 - w1, dans lequel x = (v - vfbot)/(vftop - vfbot), vfbot ≤ v ≤ vftop,
et vftop et Vfbot sont des paramètres prédéterminés.

22. Appareil de tomodensitométrie à rayons X selon la revendication 3, comprenant en outre :

des moyens pour sélectionner un point d’adoucissement dans une région d’adoucissement prédéterminée du
détecteur ;
un dispositif d’adoucissement configuré pour

(1) déterminer au moins un angle de projection complémentaire d’adoucissement et des coordonnées d’au
moins un point complémentaire d’adoucissement sur la base d’un angle de projection de source d’adou-
cissement et des coordonnées du point d’adoucissement par rapport au détecteur,
(2) estimer la valeur de données de projection au niveau du point d’adoucissement sur la base des données
de projection obtenues, de l’au moins un angle de projection complémentaire d’adoucissement et des
coordonnées de l’au moins un point complémentaire d’adoucissement, et
(3) combiner linéairement la valeur de données de projection estimée au niveau du point d’adoucissement
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avec les données de projection obtenues au niveau du point d’adoucissement en utilisant respectivement
des poids wu = 3x2 - 2x3 et 1 - wu, dans lequel x = (uT - u)/(uT - uF), et uF et uT sont des paramètres qui
définissent la région prédéterminée du détecteur.
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