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TITLE OF THE INVENTION

METHOD AND SYSTEM FOR TOMOGRAPHIC RECONSTRUCTION IN MEDICAL
IMAGING USING CIRCLE AND LINE TRAJECTORY

BACKGROUND OF THE INVENTION
FIELD OF THE INVENTION
[0001] The present invention relates generally to the reconstruction of medical images. More
specifically, the present invention relates to a new method and system apparatus for
improving medical image quality and efficiency using 3D cone beam computed tomography

(CT) reconstruction based on projection data from circle and line trajectory scans.

LIST OF REFERENCES
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described in the documents identified in the following LIST OF REFERENCES, which are
cited throughout the specification by the corresponding reference number in brackets and are

incorporated by reference herein in their entirety:
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DISCUSSION OF BACKGROUND

[0003] The quality and efficiency of a reconstructed image created by a computed
tomography (CT) device are important to the overall effectiveness of the CT device. The
algorithm used in reconstructing the image impacts quality and efficiency.

[0004] In addition, there is a clinical demand for a CT scanner that covers a whole human
organ in one rotation in circular acquisitions. Circular trajectory has advantages over helical
for dynamic studies, such as cardiac/coronary artery imaging, perfusion, etc. Note that, for
example, to cover a human heart requires a detector size of 10-12 centimeters in the axial
direction.

[0005] To scan most human organs in just one rotation, a scanner with a large volume
coverage is required. Such large volume coverage is a challenge for the conventional
approximate or non-exact reconstruction method based on the algorithm of Feldkamp, Davis,
Kress (FDK) [5] that is widely used in medical CT.

[0006] FDK is an efficient way to reconstruct the circular x-ray CT data with high

achievable spatial resolution, while other algorithms involve some steps, such as rebinning,
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which may degrade the special resolution. However, the cone beam geometry of FDK suffers
from cone beam artifacts due to theoretical incompleteness of the circle trajectory, especially
in places of rapid attenuation change in the longitudinal direction.

[0007] On the other hand, an exact filtered-backprojection (FBP) reconstruction algorithm
has also been proposed [11]. It is known that exact reconstruction of the cone beam data is
impossible when the x-ray trajectory consists of a single circle, because there are many planes
that do not intersect the trajectory and data within these planes is not measured. In other
words, circle data 12 provides incomplete Radon space coverage in region 10, for example as
shown in Figure 1. To overcome this restriction, it has been suggested to augment a circle
scan trajectory 22 with a line scan trajectory 20, as shown in Figure 2, and various circle-and-
line algorithms have been proposed [6-10]. However, algorithms proposed in [6]-[10] were
not very suitable for implementation in commercial CT scanners, mainly because of two
factors: (a) they require a long time for image reconstruction due to inefficient structure of
those algorithms (they were not of the efficient shift-invariant filtered-backprojection type),
and (b) they required a very large detector, which is not practical to manufacture, or,
equivalently, suffered from the so-called “long object problem”, which means that objects
extending outside the detector (axially truncated), which is common in human scans, cannot
be reconstructed.

[0008] The exact line plus circle reconstruction method of Katsevich includes: shift invariant
(convolution performed independently of reconstructed object, without pixel-dependency),
and filtered backprojection (FBP) for both circle and line data.

[0009] However, the exact method of Katsevich algorithm may not be easily adapted to the
hardware of existing medical CT scanners because it requires that a Hilbert convolution be
applied in the frequency domain, and the Hilbert convolution requires a differentiation to be
performed on the sensed data, which may cause degradation of spatial resolution. In addition,
the Hilbert transform requires rebinning, which causes a considerable reduction in
computational efficiency and some reduction of resolution. Thus, the application of such an
algorithm for both circle and line data may be time consuming or require additional costly

processing resources, and is also not suitable for commercial CT scanners.

SUMMARY OF THE INVENTION
[0010] One object of the present invention is to improve the quality of reconstructed images
and remove cone beam artifacts. In the next section we describe a method to combine circle

with line scan to remove the cone beam artifact,
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[0011] Accordingly, to overcome the problems of the reconstruction algorithms of the
related art, the present invention provides a method, system apparatus, and computer program
product.

[0012] One object of this invention is to provide a novel volume image reconstruction
apparatus, comprising: a data collection unit configured to receive circle projection data
collected by a detector along a circular path with respect to an object, produce pre-processed
circle projection data from the received circle projection data, receive line projection data
collected by the detector along a linear path with respect to the object, and produce pre-
processed line projection data from the received line projection data; a circle projection data
reconstruction unit configured to produce a reconstructed circle path volume image of the
object from the pre-processed circle projection data using a reconstruction algorithm that
includes a ramp filter; a line projection data reconstruction unit configured to produce a
reconstructed line path volume image of the object from the pre-processed line projection
data using a reconstruction algorithm that includes a Hilbert filter; and an image volume
processing unit configured to combine the reconstructed circle path volume image and the
reconstructed line path volume image to produce the volume image of the object.

[0013] Another object of this invention is to provide a novel apparatus, wherein the linear
path is not perpendicular to the plane of the circular path.

[0014] Another object of this invention is to provide a novel apparatus, wherein the circle
projection data reconstruction unit comprises a backprojecting unit and a directional filtering
unit, the backprojecting unit configured to produce the reconstructed circle path volume
image based on filtered detector-space data, and the directional filtering unit comprises: a
resampling section configured to resample the pre-processed circle projection data onto
filtering curves representing pre-specified filtering directions to produce rebinned data; a
filtering section configured to filter the rebinned data along the filtering curves with the ramp
filter to produce filtered data; and an inverse rebinning section configured to inverse rebin the
filtered data to a detector grid to produce the filtered detector-space data.

[0015] Another object of this invention is to provide a novel apparatus, wherein the circle
projection data reconstruction unit comprises: a pre-weighting section configured to pre-
weight the pre-processed circle projection data by a cosine of a fan angle of the detector and a
cosine of a cone angle of the detector to obtain pre-weighted data; a filtering section
configured to filter the pre-weighted data with a Feldkamp, Davis, Kress (FDK) ramp filter

along rows of the detector or along pre-specified filtering curves to produce filtered data, and



WO 2008/064367 PCT/US2007/085510

a backprojecting section configured to backproject the filtered data to produce the
reconstructed circle path volume image.

[0016] Another object of this invention is to provide a novel apparatus, wherein the circle
projection data reconstruction unit comprises: a pre-weighting section configured to pre-
weight the pre-processed data by a cosine of a cone angle of the detector to obtain pre-
weighted data; a hybrid filtering section configured to filter the pre-weighted data with a
Zamyatin, Taguchi, Silver (ZTS) ramp filter along rows of the detector or along pre-specified
filtering curves to produce filtered data, and a backprojecting unit configured to backproject
the filtered data to produce the reconstructed circle path volume image.

[0017] Another object of this invention is to provide a novel apparatus, wherein the data
collection unit is further configured to receive circle projection data collected by the detector
along the circular path comprising a portion of a full circle, and produce the pre-processed
circle data having different weighting for singly-measured and doubly measured rays in the
received circle projection data.

[0018] Another object of this invention is to provide a novel apparatus, wherein the line
projection data reconstruction unit comprises: a difterentiator configured to calculate a
derivative of the detected line projection data to produce derivative data; a rebinning section
configured to rebin the derivative data onto filtering curves to produce rebinned data; a
Hilbert filtering section configured to Hilbert filter the rebinned data along the filtering
curves to produce filtered data; an inverse rebinning section configured to inverse rebin the
filtered data to a detector grid to produce filtered detector-space data; and a backprojecting
unit configured to backproject the filtered detector-space data to produce the reconstructed
line path volume image.

[0019] Another object of this invention is to provide a novel apparatus, wherein the line
projection data reconstruction unit comprises: a downsampling section configured to
downsample the pre-processed line projection data by a sampling factor selected from 2, 3, 4,
or 5 to produce downsampled data; a differentiator configured to calculate a derivative of the
downsampled data to produce derivative data; a rebinning section configured to rebin the
derivative data onto filtering curves to produce rebinned data; a Hilbert filtering section
configured to Hilbert filter the rebinned data along the filtering curves to produce filtered
data; an inverse rebinning section configured to inverse rebin the filtered data to a detector
grid to produce filtered detector-space data; a backprojecting unit configured to backproject

the filtered detector-space data to produce a downsampled line path volume image; and an
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upsampling unit configured to upsample the downsampled line path volume image by the
sampling factor to produce the reconstructed line path volume image.

[0020] Another object of this invention is to provide a novel apparatus, further comprising;
an x-ray tube configured to expose the object to a radiation corresponding to an electric
current in the x-ray tube, and the electric current is less than or equal to 20 mA; and a
detector configured to produce the line projection data when the object is exposed to the
radiation.

[0021] Another object of this invention is to provide a novel apparatus, further comprising:
a couch inaccuracy compensating unit configured to adjust a reconstruction parameter based
on a correlation between the pre-processed circle projection data and the pre-processed line
projection data, and the line projection data reconstruction unit is further configured to
produce the reconstructed line path volume image of the object based on the reconstruction
parameter.

[0022] Another object of this invention is to provide a novel apparatus, wherein the line
projection data reconstruction unit comprises: a differentiator configured to calculate a
derivative of the detected line projection data to produce derivative data; a rebinning section
configured to rebin the derivative data onto filtering curves to produce rebinned data; a
Hilbert filtering section configured to Hilbert filter the rebinned data along the filtering
curves to produce filtered data; and a backprojecting unit configured to backproject the
filtered data directly from the filtering curves to produce the reconstructed line path volume
image.

[0023] Another object of this invention is to provide a novel apparatus, further comprising:
a source configured to controllably expose the object to a radiation; a detector configured to
produce the line projection data when the object is exposed to the radiation; and an active
collimation unit configured to control the source to expose the object to the radiation with an
exposure aperture that corresponds to a part of the detector that receives data to be filtered by
a filtering unit.

[0024] Another object of this invention is to provide a novel apparatus, wherein the data
collection unit is further configured to receive the circle projection data collected by the
detector along plural portions of the circular path at different capture times and produce
plural pre-processed circle projection data each corresponding to a different capture time, and
the image volume processing unit is further configured to produce plural volume images of
the object based on the plural pre-processed circle projection data, the apparatus further

comprising: an aggregating unit configured to aggregate the plural volume images of the
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object from the image volume processing unit and produce aggregated data of the plural
volume images; and a compositing unit configured to produce a composite volume image of
the object from the aggregated data of the plural volume images.

[0025] Another object of this invention is to provide a novel apparatus, wherein the object
exhibits repeated phases, the apparatus further comprising: an object repetitive mode
determining unit configured to identify a phase time when the object exhibits a phase of
interest in the repeated phases; and the compositing unit is further configured to produce the
composite volume image based on at least one of the plural volume images corresponding to
the phase time when the object exhibits the phase of interest.

[0026] Another object of this invention is to provide a novel apparatus, wherein the object
exhibits repeated phases, the apparatus further comprising: an object repetitive mode
determining unit configured to identify a phase time when the object exhibits a phase of
interest in the repeated phases; and the data collection unit is further configured to receive the
circle projection data collected by the detector along plural portions of the circular path at
different capture times and produce plural pre-processed circle projection data each
corresponding to a different capture time, and produce the pre-processed circle projection
data from the plural pre-processed circle projection data corresponding to the time interval
when the object exhibits the phase of interest.

[0027] Another object of this invention is to provide a novel apparatus, wherein the data
collection unit is further configured to receive the circle projection data collected by the
detector along plural circular paths and produce plural pre-processed circle projections each
corresponding to a different circle path in the plural circular paths, the image volume
processing unit is further configured to produce plural volume images of portions of the
object based on plural reconstructed circle path volume images each corresponding to one of
the plural pre-processed circle projections, and combine the plural volume images of the
portions of the object to produce the volume image of the object.

[0028] Another object of this invention is to provide a novel method of reconstructing a
volume image of an object, the method comprising: receiving circle projection data collected
by a detector along a circular path with respect to the object; producing pre-processed circle
projection data from the received circle projection data; receiving line projection data
collected by the detector along a linear path with respect to the object; producing pre-
processed line projection data from the received line projection data; producing a
reconstructed circle path volume image of the object from the pre-processed circle projection

data using a reconstruction algorithm that includes a ramp filter; producing a reconstructed
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line path volume image of the object from the pre-processed line projection data using a
reconstruction algorithm that includes a Hilbert filter; and combining the reconstructed circle
path volume image and the reconstructed line path volume image to produce the volume
image of the object.

[0029] Another object of this invention is to provide a novel method, wherein the linear path
is not perpendicular to the plane of the circular path.

[0030] Another object of this invention is to provide a novel method, wherein the producing
the reconstructed circle path volume image further comprises: resampling the pre-processed
circle projection data onto filtering curves representing pre-specified filtering directions to
produce rebinned data; filtering the rebinned data along the filtering curves with the ramp
filter to produce filtered data; inverse rebinning the filtered data to a detector grid to produce
the filtered detector-space data; and backprojecting the filtered detector-space data to produce
the reconstructed circle path volume image.

[0031] Another object of this invention is to provide a novel method, wherein the producing
the reconstructed circle path volume image further comprises: pre-weighting the pre-
processed circle projection data by a cosine of a fan angle of the detector and a cosine of a
cone angle of the detector to obtain pre-weighted data; filtering the pre-weighted data with a
Feldkamp, Davis, Kress (FDK) ramp filter along rows of the detector or along pre-specified
filtering curves to produce filtered data, and backprojecting the filtered data to produce the
reconstructed circle path volume image.

[0032] Another object of this invention is to provide a novel method, wherein the producing
the reconstructed circle path volume image further comprises: pre-weighting the pre-
processed data by a cosine of a cone angle of the detector to obtain pre-weighted data; hybrid
filtering the pre-weighted data with a Zamyatin, Taguchi, Silver (ZTS) ramp filter along rows
of the detector or along pre-specified filtering curves to produce filtered data, and
backprojecting the filtered data to produce the reconstructed circle path volume image.
[0033] Another object of this invention is to provide a novel method, wherein: the receiving
the circle projection data receives the circle projection data collected by the detector along the
circular path comprising a portion of a full circle; and the producing the pre-processed circle
projection data produces the pre-processed circle data having different weighting for singly-
measured and doubly measured rays in the received circle projection data.

[0034] Another object of this invention is to provide a novel method, wherein the producing
the reconstructed line path volume image further comprises: calculating a derivative of the

detected line projection data to produce derivative data; rebinning the derivative data onto
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filtering curves to produce rebinned data; Hilbert filtering the rebinned data along the filtering
curves to produce filtered data; inverse rebinning the filtered data to a detector grid to
produce filtered detector-space data; and backprojecting the filtered detector-space data to
produce the reconstructed line path volume image.

[0035] Another object of this invention is to provide a novel method, further comprising:
downsampling the pre-processed line projection data by a sampling factor selected from 2, 3,
4, or 5 to produce downsampled data; calculating a derivative of the downsampled data to
produce derivative data; rebinning the derivative data onto filtering curves to produce
rebinned data; Hilbert filtering the rebinned data along the filtering curves to produce filtered
data; inverse rebinning the filtered data to a detector grid to produce filtered detector-space
data; backprojecting the filtered detector-space data to produce a downsampled line path
volume image; and upsampling the downsampled line path volume image by the sampling
factor to produce the reconstructed line path volume image.

[0036] Another object of this invention is to provide a novel method, further comprising:
exposing the object to a radiation corresponding to an electric current in an x-ray tube, and
the electric current is less than or equal to 20 mA; and producing the line projection data
when the object is exposed to the radiation.

[0037] Another object of this invention is to provide a novel method, further comprising:
compensating a couch inaccuracy by adjusting a reconstruction parameter based on a
correlation between the pre-processed circle projection data and the pre-processed line
projection data; and producing the reconstructed line path volume image of the object based
on the reconstruction parameter.

[0038] Another object of this invention is to provide a novel method, wherein the producing
the line path volume image further comprises: calculating a derivative of the detected line
projection data to produce derivative data; a rebinning section configured to rebin the
derivative data onto filtering curves to produce rebinned data; a Hilbert filtering section
configured to Hilbert filter the rebinned data along the filtering curves to produce filtered
data; and a backprojecting unit configured to backproject the filtered data directly from the
filtering curves to produce the reconstructed line path volume image.

[0039] Another object of this invention is to provide a novel method, further comprising:
controllably exposing the object to a radiation; producing the line projection data when the
object is exposed to the radiation; and controlling the exposing to expose the object to the
radiation with an exposure aperture that corresponds to a part of the detector that receives

data to be filtered by a filtering unit.
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[0040] Another object of this invention is to provide a novel method, wherein the receiving
the circle projection data receives the circle projection data collected by the detector along
plural portions of the circular path at different capture times, the producing the pre-processed
circle projection data produces plural pre-processed circle projection data each corresponding
to a different capture time, and the combining produces plural volume images of the object
based on the plural pre-processed circle projection data, the method further comprising:
aggregating the plural volume images of the object; producing aggregated data of the plural
volume images; and producing a composite volume image of the object from the aggregated
data of the plural volume images.

[0041] Another object of this invention is to provide a novel method, wherein the object
exhibits repeated phases, the method further comprising: identifying a phase time when the
object exhibits a phase of interest in the repeated phases; and producing the composite
volume image based on at least one of the plural volume images corresponding to the phase
time when the object exhibits the phase of interest.

[0042] Another object of this invention is to provide a novel method, wherein the object
exhibits repeated phases, the method further comprising: identifying a phase time when the
object exhibits a phase of interest in the repeated phases; receiving the circle projection data
collected by the detector along plural portions of the circular path at different capture times;
producing plural pre-processed circle projection data each corresponding to a different
capture time; and producing the pre-processed circle projection data from the plural pre-
processed circle projection data corresponding to the time interval when the object exhibits
the phase of interest.

[0043] Another object of this invention is to provide a novel method, wherein: the receiving
the circle projection data receives the circle projection data collected by the detector along
plural circular paths; the producing the pre-processed circle projection data produces plural
pre-processed circle projections each corresponding to a different circle path in the plural
circular paths; producing plural volume images of portions of the object based on plural
reconstructed circle path volume images each corresponding to one of the plural pre-
processed circle projections; and the combining combines the plural volume images of the
portions of the object to produce the volume image of the object.

[0044] Another object of this invention is to provide a novel computer-readable medium
storing computer program instructions, which when executed by a computer, cause the
computer to perform steps comprising: receiving circle projection data collected by a

detector along a circular path with respect to an object; producing pre-processed circle
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projection data from the received circle projection data; receiving line projection data
collected by the detector along a linear path with respect to the object; producing pre-
processed line projection data from the received line projection data; producing a
reconstructed circle path volume image of the object from the pre-processed circle projection
data using a reconstruction algorithm that includes a ramp filter; producing a reconstructed
line path volume image of the object from the pre-processed line projection data using a
reconstruction algorithm that includes a Hilbert filter; and combining the reconstructed circle
path volume image and the reconstructed line path volume image to produce a volume image
of the object.

[0045] To minimize impact and cost associated with hardware development, the present
invention includes ramp-based reconstruction of the circle data, which may be implemented
with minimal changes to existing equipment. In addition, as ramp filter based reconstruction
algorithms (e.g., FDK or a Zamyatin, Taguchi, Silver (ZTS) ramp filter based) may be
commonly used by conventional CT medical imaging devices, there are established libraries
of ramp functions each of which have been prepared for a particular application based on the
body part to be imaged. Thus, the present invention may advantageously utilize ramp
functions from this existing library of ramp functions to avoid uncertainty and cost that would
be associated with the development of application specific filter functions in a different
approach (e.g., body part specific filtering approaches for a Hilbert function based approach).
[0046] The line data provides an additional term that cancels the cone beam artifacts due to
incomplete circular trajectory.

[0047] The present approach has been proven feasible based on simulated data and real
scanned data of the anthropomorphic phantom. The present approach has been proven stable
with respect to contrast injection, patient motion, and misalignments during the scan. The
additional dose to which a patient is exposed resulting from the line scan is also
advantageously relatively low compared to that of the circle scan. The present invention also
allows cone beam artifact-free reconstruction even when the cone angle is very large, and can
be used when the number of detector rows exceeds 256.

[0048] According to an embodiment of the present invention, ramp-filter based
reconstruction (such as FDK or ZTS, for example) of the circle data is performed, in addition
to a low-dose line scan, which is reconstructed using a method including the Hilbert
transform. Also, the line data may be down-sampled by a factor of 2 to 4, to accelerate

reconstruction, and to obtain additional performance improvements (e.g., reduced memory
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and processing capacity). Thus, the present invention is suitable for commercial CT
scanners.

[0049] Some clinical applications require a gantry tilt, which causes the line segment to be
tilted relative to the circular trajectory. In other words, the line segment is not perpendicular
to the plane of the circle trajectory. Thus, an embodiment of the invention pertains to a case
where the gantry is tilted, for example during brain imaging, where the gantry is tilted before
the scan so that reconstruction planes are parallel to the orbitomeatal (OM) line that connects
the patient’s eye with the center of the patient’s ear. The plane that contains OM line serves
as the reference anatomical plane. Also, tilting the gantry helps to minimize the exposure to
the eye lenses of the patient.

[0050] Other methods, systems, and computer program products of the present invention will
become apparent to one or ordinary skill in the art upon examination of the following

drawings and detailed description of the preferred embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS
[0051] A more complete appreciation of the invention and many of the attendant advantages
thereof will be readily obtained as the same becomes better understood by reference to the
following detailed description when considered in connection with the accompanying
drawings, wherein:
[0052] Fig. 11is a graph of an example of circular data coverage in the Radon space;
[0053] Fig. 2 is an isometric view of an example of a relationship between a line scan
trajectory and a circle scan trajectory;
[0054] Figure 3 is a block diagram of an embodiment of the present invention,
[0055] Figure 4 is a block diagram of a physical coordinate system according to an
embodiment of the present invention;
[0056] Figure 5 is a flow chart of a method of performing image reconstruction according to
an embodiment of the present invention;
[0057] Figure 6 is a flow chart of a method of performing reconstruction of a line volume
image according to an embodiment of the present invention;
[0058] Figure 7A is an example of filtering lines on the detector for data collected during a
circular scan;
[0059] Figure 7B is an example of filtering lines on the detector for data collected during a
line scan;

[0060] Figure 8 is a block diagram of an example of the range of a line scan;

12
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[0061] Figure 9 is a block diagram with further nomenclature for considering the geometries
of flat and curved detectors;

[0062] Figure 10 is a plot of the BPJ area on a graph of w vs p according to an example of
the present embodiment;

[0063] Figure 11A is an isometric view of an embodiment of the present invention including
a tilted gantry;

[0064] Figure 11B is an isometric view of tilted coordinates associated with the circular
trajectory;

[0065] Figure 12A is an isometric view of coordinates according to an embodiment of the
present invention;

[0066] Figure 12B is another view of coordinates according to an embodiment of the present
invention;

[0067] Figure 13A is an example of a reconstructed image of simulated data using a
conventional circular FDK method;

[0068] Figure 13B is an example of a reconstructed image of the simulated data using an
embodiment of the invention having ramp based circle data reconstruction combined with
line data reconstruction;

[0069] Figure 14A is a reconstructed image showing the effects of heart motion when the
image is reconstructed using only gated circle scan data;

[0070] Figure 14B is a reconstructed image showing the effects of heart motion when the
image is reconstructed using gated circle scan data and non-gated line data according to an
embodiment of the present invention;

[0071] Figure 14C is an image of the difference between Figures 14A and 14B;

[0072] Figure 14D is a reconstructed image showing the effects of heart motion when the
image is reconstructed using only non-gated circle scan data.

[0073] Figure 14E is a reconstructed image showing the effects of heart motion when the
image is reconstructed using non-gated circle scan data and non-gated line data;

[0074] Figure 14F shows the difference between Figures 14D and 14E;

[0075] Figure 15 is an image of an anthropomorphic phantom,;

[0076] Figure 16A is an example of a reconstructed image using only FDK circle scan data;
[0077] Figure 16B is an example of line reconstruction data;

[0078] Figure 16C is an example of a reconstructed image using an embodiment of the

present invention;
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[0079] Figure 17A is an example of an image reconstructed using only FDK circle data;
[0080] Figure 17B is an example of an image reconstructed using circle and line data
according to an embodiment of the present invention, with a tube current of 50 mA;

[0081] Figure 17C is an example of only the line data used in the example of Figure 17B;
[0082] Figure 17D is an example of an image reconstructed using circle and line data
according to an embodiment of the present invention, with a tube current of 30 mA;

[0083] Figure 17E is an example of only the line data used in the example of Figure 17D,
[0084] Figure 17F is an example of an image reconstructed using circle and line data
according to an embodiment of the present invention, with a tube current of 50 mA;

[0085] Figure 17G is an example of only the line data used in the example of Figure 17F;
[0086] Figure 18A is an image reconstructed using only FDK circle data reconstruction;
[0087] Figure 18B is an image reconstructed according to an embodiment of the invention
with accurate couch position information;

[0088] Figure 18C is an image reconstructed with inaccurate couch position information;
[0089] Figure 19A is a view of a FOV obtained with FDK circle scan only;

[0090] Figure 19B is a view of an extended FOV obtained using the virtual expanded
detector;

[0091] Figure 20A is a view of a FOV in a method of reducing an exposure dose of the line
scan using line scan collimation according to an embodiment of the present invention;

[0092] Figure 20B is another view of a FOV in a method of reducing an exposure dose of the
line scan using line scan collimation according to an embodiment of the present invention;
[0093] Figure 20C is another view of a FOV in a method of reducing an exposure dose of the
line scan using line scan collimation according to an embodiment of the present invention;
[0094] Figure 20D is another view of a FOV in a method of reducing an exposure dose of
the line scan using line scan collimation according to an embodiment of the present
invention;

[0095] Figure 20E is another view of a FOV in a method of reducing an exposure dose of the
line scan using line scan collimation according to an embodiment of the present invention;
[0096] Figure 20F is another view of a FOV in a method of reducing an exposure dose of the
line scan using line scan collimation according to an embodiment of the present invention;
[0097] Figure 21 is an example of a collimation window for active collimation;

[0098] Figure 22 is a further illustration of geometry according to the present invention;
[0099] Figure 23A is a graph of filter lines in line scan data;

[00100] Figure 23B is a graph of a number of the filter lines in line scan data;
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[00101] Figure 24 is block diagram of a method of a line and circle algorithm according to
another embodiment of the present invention;

[00102] Figures 25A is an example of a family of curves used in a short scan convolution;
[00103] Figure 25B is an example of another family of curves used in a short scan
convolution;

[00104] Figure 25C is another representation of the family of curves in Figure 25A;
[00105] Figure 25D is another representation of the family of curves in Figure 25B;
[00106] Figure 26A is an example of a full scan convolution in which lines from plural
families;

[00107] Figure 26B is a single dimensional view of the overlap of the lines of the two
families of Figure 26A,

[00108] Figure 27A is an example of inverse rebinning curves according to an embodiment
of the present invention;

[00109] Figure 27B is an example of reverse rebinning processing;

[00110] Figure 28A is an example of expanding a reconstructed volume of interest (VOI)
according to an embodiment of the invention;

[00111] Figure 28B is a line view of the shapes of FDKVOI Extended FDK VOI;

[00112] Figure 29A is an example of combining data from plural circle scans with one or
more line scans, according to another embodiment of the present invention;

[00113] Figure 29B is an example of combining data from plural circle scans with one or
more line scans, according to another embodiment of the present invention;

[00114] Figure 29C is an example of combining data from plural circle scans with one or
more line scans, according to another embodiment of the present invention;

[00115] Figure 29D is an example of combining data from plural circle scans with one or
more line scans, according to another embodiment of the present invention;

[00116] Figure 29E is an example of combining data from plural circle scans with one or
more line scans, according to another embodiment of the present invention; and

[00117] Figure 29F is an example of combining data from plural circle scans with one or

more line scans, according to another embodiment of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
[00118] Referring now to the drawings, wherein like reference numerals designate identical
or corresponding parts throughout the several views, and more particularly to Figure 3

thereof, which is a block diagram of an embodiment of an x-ray computed tomography
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imaging apparatus according to the present invention. The imaging apparatus includes gantry
1 having an x-ray source 3 that generates a cone-beam of x-ray flux approximately cone-
shaped, and a two-dimensional array type x-ray detector 5 including a plurality of detector
elements arranged in two-dimensional fashion, i.e., a plurality of elements arranged in one
dimension stacked in a plurality of rows. X-ray source 3 and two-dimensional array type x-
ray detector 5 are installed on a rotating ring 2 and facing opposite sides of a subject, who is
laid on a sliding bed 6. Two-dimensional array type x-ray detector 5 is mounted on the
rotating ring 2. Each detector element corresponds to one channel of sensed data. X-rays from
x-ray source 3 are directed on to subject through an x-ray filter 4. X-rays that pass through
the subject are detected as an electrical signal by the two-dimensional array type x-ray
detector 5.

[00119] X-ray controller § supplies a trigger signal to high voltage generator 7. High voltage
generator 7 applies high voltage to x-ray source 3 according to a timing with which the
trigger signal is received and causing x-rays to be emitted from x-ray source 3. Gantry/bed
controller 9 synchronously controls the revolution of rotating ring 2 of gantry 1 and the
sliding of the sliding sheet of bed 6. System controller 10 constitutes the control center of the
entire system and controls x-ray controller 8 and gantry/bed controller 9 such that, as seen
from the subject, x-ray source 3 executes circle scans and line scans.

[00120] During a circle scan according to the present embodiment, rotating ring 2 (including
the source 3 and the detector 5) is continuously rotated with a fixed angular speed while the
sliding bed 6 remains in a fixed position, and x-rays are emitted continuously or
intermittently at fixed angular intervals from x-ray source 3. Thus, as the bed 6 remains
stationary, the circle detector 5 moves along a true circular path with respect to the object
being scanned, and does not move in a helical path. During a line scan, the bed 6 is moved
linearly through the gantry with a fixed speed while x-rays are emitted continuously or
intermittently from x-ray source 3, which is held in a stationary position, for example directly
over the bed 6.

[00121] In the embodiment of the linear scan described above, the patient or object to be
imaged is moved through the gantry while the source and detector are held in a fixed position.
However, the invention also includes embodiments in which the object is held in a fixed
position and the detector moves along the object, as well as embodiments in which both the
object and the detector move. The circle scan and the line scan are performed one after the

other, in any order.
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[00122] In the embodiment of circular scanning described above, the path of the detector 5 is
indicated as being circular. However, the invention is not limited to circular paths but also
includes other curved paths around the object.

[00123] The output signal of two-dimensional array type x-ray detector 5 is amplified by a
data collection unit 11 for each channel and converted to a digital signal, to produce
projection data, and in particular to produce line projection data, during a line scan, and circle
projection data during a circle scan. The projection data is pre-processed using methods
known to one of skill in the art, and the pre-processed data is output from data collection unit
11 to reconstruction processing unit 12. Reconstruction processing unit 12 uses the
preprocessed data to produce a volume image of the object being scanned.

[00124] The reconstructed volume image may be sent to display device 14, where it is
displayed visually as a three-dimensional image or tomographic image.

[00128] For the purposes of this description we shall define a volume image to be a
representation of the physical object being scanned, in which the image has been generated
by some imaging technology. Examples of imaging technology could include television or
CCD cameras or X-ray, sonar or ultrasound imaging devices. The initial medium on which an
image is recorded could be an electronic solid-state device, a photographic film, or some
other device such as a photostimulable phosphor. That recorded image could then be
converted into digital form by a combination of electronic (as in the case of a CCD signal) or
mechanical/optical means (as in the case of digitizing a photographic film or digitizing the
data from a photostimulable phosphor).

[00126] A detector 5 used in the present embodiment may include a 256-detector row
medical CT scanner detector [1-4], which has 120-millimeter volume coverage. One of skill
in the art would also recognize that the present invention also applies to other conventional
CT scanner detectors. Additional scanner parameters according to the present embodiment

are shown in Table 1.

Table 1. Scanner parameters

Number of detector rows 256
Number of detector channels 896
Detector row height 0.5 mm
Number of projections per rotation 900
Full fan angle 49.2°
Field of view 320 mm
Full cone angle 12.18°
Line view pitch 0.3 mm

17



WO 2008/064367 PCT/US2007/085510

Tube voltage 120 kVp
Tube current for circle scan 200 mA
Tube current for line scan 50 mA
Rotation speed 0.5 sec/rot

[00127] Figure 4 is a block diagram of an example of a definition of a physical coordinate
system of the imaging apparatus. Circle source position is given by yc (f) = (R cos f, R sin f3,
0), where R is the radius of circle trajectory and f is the view angle; line source position is
given by y(4) = (R cos 6, R sin 0, k), where 6 is the fixed line angle and 4 is the line source
vertical coordinate along the z-axis. An equation for a conventional exact algorithm [11]
consists of a sum of two integral terms that correspond to integrals of circle and line data,

respectively, as shown in equation (1):

0= L5 2t |t Lol

[00128] In equation (1), x is the reconstruction point, yis the fan angle, v is the vertical

detector coordinate. #2' | i=1, 2, is the 1-dimensional directional Hilbert filter, with kernel

siny »
1/sin(y). Note that the filtering directions for line and circle scans are different.

[00129] On the other hand, according to the present invention, the exact algorithm of
equation (1) is simplified. First, it can be shown that filtering directions on the curved
detector are almost horizontal for the circle data (they are exactly horizontal on the flat
detector). Therefore, according to the present invention, rebinning is not applied for the circle
data. Secondly, it has been suggested [12] that the Hilbert convolution applied to the y-
derivative can be replaced by the ramp convolution. However, the present invention goes
further and replaces the whole first term in equation (1) by the FDK reconstruction to not
only improve speed and efficiency, but also improve resolution compared to Hilbert
reconstruction (see [12] for comparison).

[00130] According to the present invention, the circle scan data is reconstructed using a
reconstruction algorithm having a ramp filter, such as an FDK reconstruction algorithm or a
ZTS reconstruction algorithm. Further, according to the present invention, the line scan data
is reconstructed for calculation of the low-frequency correction terms to supplement the
reconstructed circle scan data.

[00131] Figure S is a flow chart of a method of performing image reconstruction according
to an embodiment of the present invention. In Figure S, the method includes step S500 in

which preprocessed circle projection data is received, for example, from a preprocessor or
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detector including a preprocessor. In step S502, the received data is reconstructed to produce
a circle projection volume image. In step S501, the preprocessed line scan projection data is
received, and in step S503 the preprocessed line scan projection data is reconstructed using an
filtered-backprojection (FBP) Hilbert reconstruction, to produce a line projection volume
image. In step S504, the circle projection volume image and the line projection volume
image are combined to produce the final and total volume image of the sensed object.
[00132] Figure 6 is a flow chart of a method of performing reconstruction of a line volume
image, for example performing step S503 in Figure 5, according to the present invention. In
Figure 6, step S601 performs a differentiation of the received preprocessed line projection
data. In step S602, the differentiated data is rebinned along filtering lines, in step S603, the
rebinned data is filtered with a Hilbert filter along the filtering lines. In step S604, the Hilbert
filtered data is rebinned back to the detector space or grid, in step S603, the rebinned data is
3D back-projected to produce the line projection volume image.

[00133] Figure 7A is an example of filtering lines on the detector for data collected during a
circular scan. Figure 7B is an example of filtering lines on the detector for data collected
during a line scan. In the circle data, the filtering direction is almost horizontal, and for the
line data, the filtering directions are tilted.

[00134] Convolution of the Line Data. First, let introduce the concept of Pl-lines. Given a
reconstruction pixel x, a Pl-line is the line connecting some point on the circular trajectory
and some point on the line trajectory and crossing the pixel x. It was shown in [11] that a PI-
line can be found for each reconstruction pixel x. The PI-window (traced by the Pl-lines

between the line and circle parts of trajectory) on the flat detector is given by the parabola:

vq = —7—2-5u2 —-l;—, where u and vy are the horizontal and vertical flat detector coordinates,

respectively. The vertex of the parabola is located at (0, —4/2). Using p = tan y as a parameter
of filtering lines, and taking into account that line vy = mu + b on the flat detector is projected
into the curve v = b cos ¥+ mR sin ¥ on the curved detector [13], we obtain the following
equations of the convolution lines, as shown in Figure 7B (the vertical axis of Figure 7B

corresponds v, and the horizontal axis corresponds to 7):

2

v(y,p,h):—h[l-zp cosy+psiny} (2)

[00135] The filtering family provides double coverage of the detector area. That is, for

every pixel within the PI-window one can find two filtering lines through the pixel. In the full
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scan mode contributions from both lines are added; in the short scan mode only one sub-
family is used.

[00136] Differentiation is performed in the direction of the source parameter (d/dh) and may
be performed as a simple projection subtraction between two consecutive projections, divided
by the linear distance between them. Alternatively, it can be implemented by a 3- or more
point finite difference formula.

[00137] Further, rebinning to filtering lines may be performed as part of the Hilbert
reconstruction of the line data. Note that rebinning is performed by resampling from
Cartesian detector coordinates to non-Cartesian filtering coordinates. Usually that would
require 2-dimensional interpolation; however, we apply resampling using only one-
dimensional interpolation in the v-direction, and we keep sampling the same in the 5
direction.

[00138] Backprojection of the Line Data. Backprojection of the data can be performed
directly from the filtering lines or directly from the filtering lines. Thus, only data within the
Pl-window is used (i.e., v > v4()., so that redundancy of the line data is taken into account.
Another way is to apply the inverse rebinning to the detector coordinates; in this case line
detector data should be masked by PI-window, given by equation (3):

ve=-h/(2cosy. (3)

[00139] Figure 8 is a block diagram of an example of the range of the line scan. Let Wbe
the width of the detector at the isocenter. Then the required length of the line scan is 27, i.e.,
the length of the line scan should be twice the detector size at the isocenter, or roughly the
size of the physical detector. In this case, line data completely covers the hexagonal region
that can be accurately reconstructed by FDK (shaded region in Figure 8), i.e. the line data is
sufficient for an exact reconstruction of the field of view according to a ramp filter based
algorithm that includes a ramp based filter, such as the FDK filter or a ZTS filter [15] and
[16].

[00140] Figure 9 is a block diagram with further nomenclature for considering the
geometries of flat and curved detectors. ¥ is the detector half-width (e.g., W = 64 mm), H is
line scan length in one direction, and / is the line source position, # < H. Here we only
describe the case when % > 0, and the case when /1 < 0 may be treated similarly. (v, ») are the
cylindrical detector coordinates: v is the vertical coordinate, yis the fan angle. (w, p) are the

flat detector coordinates: w is the vertical coordinate, w = v/ cos 7. pis the horizontal
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coordinate, p = tan y. The vertical axis of each of Figures 7A and 7B corresponds to v, and
the horizontal axis corresponds to y.

[00141] Flat Detector. First, equations for the flat detector are shown, and then those
equations are converted to apply to the cylindrical detector using the relationship indicating
that a line on the flat detector w =m p + b corresponds to the curve v =5 cos y+ m sin ¥ on
the cylindrical detector.

[00142] Projection boundary of the PI window is given by equation (4):
h
wa(p )= =2lep?). @

[00143] According to the equation above, convolution lines on the flat detector are the
tangent lines to the parabola wp; (p, #). The slope of the tangent line to a point (w, p) on the

parabola is given by:

m= gy ()
dp

Thus, the equation of the line with the slope m through the point (xo, o) is given by:
y=yo=mx-x)  (6)

For a given point (wy, ) on the parabola wp (p, /), the slope of the tangent line through this
point is m = — hpy and wo =—h (1 + py” ) /2. Then the equation of the tangent line through
this point is:

w=—h(1+ po’)/2-hpo(p— po). Working out this equation we obtain the equation of the

tangent line on the flat detector:

wilpu)=(hpo)o+ 2 (03 -1 7
Next, the limits of pg, namely o min and pmax, are selected such that filtering lines cover the
whole BPJ area on the detector, in each of two cases: full scan and half scan.
[00144] In the full scan case, the filtering family is symmetric, that is, Pmin = —0 max-
Therefore, it is sufficient to find o nax. The parameter p .« is determined by the filtering line
that covers the peak point 4 of the FDK volume projection (critical case). Thus, coordinates
of the point 4 are (p= 0, w= W~ h). Plugging in these coordinates into equation (7) we can

find pg corresponding to P max:

Wbt -1 ®)

From which is obtained:

2w
Pmax = —h_.—l =NPX > Pamin =~y Px (9)
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where py :%-1. (10)

[00145] Equations (9)-(10) impose a restriction on the length of the line scan, H. The
coordinate px has to be nonnegative, which enforces the following condition: 4 <2W.
Therefore, for FDK-volume reconstruction the length of the line scan has to be exactly twice
the detector extent, H =2W.

[00146] Figure 10 is a plot of the BPJ area on a graph of w vs p according to an example of
the present embodiment in which W= 64 mm, / = 100 mm, and px = 0.28.

[00147] In the half scan case, the filtering family is not symmetric, since it should cover the
BPJ are on only one side. If we cover the BPJ from the right, then p .y is given by equation
(10).

[00148] The parameter p i, is determined by the BPJ area. Let p| = tan . Then

Py, ifpy<p
p{ Texse
P if py > py

[00149] Projection boundary of the PI window is given by

h
2cosy (12)

vei(ph)= —

[00150] Convolution lines. From equation (7) we see that:

m=-hp
b:_g(l_pz) (13-14)

(we now write “p” instead of “p” for simplicity), and we obtain the equations of the

filtering curves on the flat detector:

1_ 2
)| E

cosy+,osin7/] (15)

Note that the filtering family on the cylindrical detector uses the same indexing parameter as
the family on the flat detector. Therefore, we can use equations (10)-(11) to find limits for p.
[00151] Figure 11A is an isometric view of an embodiment of the present invention
including a tilted gantry. Figure 11B is an isometric view of tilted coordinates associated
with the circular trajectory. In the tilted geometry the structure of the algorithm remains
similar to the non-tilted case described above, and image reconstruction is performed in the
tilted coordinate system, which implies that reconstruction of the circle data stays the same as
without the gantry tilt. Therefore in this section we describe only the reconstruction from the

line data in the tilted geometry.
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[00152] According to this embodiment, let £be the gantry tilt angle as shown in Figure 11A,
and z the unit directional vector of the line trajectory g as shown in Figure 12A, where the
shaded region of Figure 12A represents the reconstruction volume (i.e., the largest region
where no data extrapolation is required). It is convenient to rotate axes x;, x; such that the
point of intersection between the circle and line, 7,, has coordinates (R, 0, 0), as shown in
Figure 12B.

[00153] In this embodiment, vector iz has coordinates

24 400,105 )= (sin A, sin &, cos A, sin&, cosé), (16)

and the coordinates of the line source are given by:

F(h)= 5o + mh =R+ h, hpsy, ). (17)

[00154] Equation (18) is for filtering lines on the flat detector, and equation (19) is for
filtering lines on the curved detector, as follows:

hiss (2, + Rl ~1) (18)
2R - hlg (p? =1)-2u,p, )

Rhy, (ZpL siny + (pz - l)cos y)
2R - h(ﬂl (PZ - 1)_ 2mp, )

VL(u;huDL):

w(vih, p, )= (19)

In equations (18) and (19), p is a filtering parameter based on the equation p, = —~cot(~§-] ,

where/ is the angle to the point of tangency of the filtering plane.
[00155] The range of the line scan is determined by

_2WR(Ruy + W)
"R -+ )

h h>0. (20)

It can be easily seen that in the case of zero gantry tilt, equation (20) reduces to Ay, = 2W, as
described above.

[00156] All embodiments of the present invention conveniently may be implemented using a
conventional general purpose computer or micro-processor programmed according to the
teachings of the present 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.,
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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.

[00157] 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.

[00158] 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.

[00159] The source of image data to the present invention may be any appropriate image
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 image data being
obtained and process ed 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.
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[00160] Performance of an embodiment of the invention, including complete elimination of
the cone beam artifact, was evaluated using an example of simulated noise-free torso dated
with a spine that has rapid transitions in the z-direction.

[00161] Figure 13A is an example of a reconstructed image of the simulated data using a
conventional circular FDK method.

[00162] Figure 13B is an example of a reconstructed image of the simulated data using an
embodiment of the invention having ramp based circle data reconstruction combined with
line data reconstruction, as described above. The display window in Figures 13A and 13B is
L/W = 0/200.

[00163] Performance of an embodiment of the invention was also evaluated using a dynamic
torso phantom, which realistically simulates human heart motion.

[00164] Figures 14A-14F are examples of the results of the simulated heart motion
evaluation.

[00165] Figure 14A is a reconstructed image showing the effects of heart motion when the
image is reconstructed using only gated circle scan data.

[00166] Figure 14B is a reconstructed image showing the effects of heart motion when the
image is reconstructed using gated circle scan data and non-gated line data according to an
embodiment of the present invention.

[00167] Figure 14C shows the difference between Figures 14A and 14B.

[00168] Figure 14D is a reconstructed image showing the effects of heart motion when the
image is reconstructed using only non-gated circle scan data.

[00169] Figure 14E is a reconstructed image showing the effects of heart motion when the
image is reconstructed using non-gated circle scan data and non-gated line data.

[00170] Figure 14F shows the difference between Figures 14D and 14E.

[00171] The example images show that reconstruction is improved and cone beam artifacts
are removed by gating the circle scan data without requiring gating of the line scan data.
Further, reduction of the cone beam artifacts is not affected by organ motion in the circle scan
data.

[00172] The gated circle data has the effect of limiting the circle data only to include images
captured during a same particular phase of heart activity when the heart is relatively non-
moving. Gating may be performed by only creating scan data during the desired heart phase
(e.g., only radiating the patient with the source at times corresponding to that phase), or by
capturing data during plural heart cycles and only extracting data corresponding to a desired

heart cycle time.
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[00173] Projection data of an anthropomorphic phantom were acquired on the 256-slice
scanner along the circle and line trajectory. Figure 15 is an image of the anthropomorphic
phantom. Several datasets were acquired to investigate performance depending on the line
radiation dose tube current (mA) settings and body part, i.e., head, chest, and abdomen.
Scanning parameters for this example are given in Table 1. In this example, the full cone
angle is over 12 degrees. Note that the tube current for the line scan is much lower than that
of the circle scan.

[00174] Figure 16A is an example of a reconstructed image using only FDK circle scan data.
Figure 16B is an example of line reconstruction data. Figure 16C is an example of a
reconstructed image using an embodiment of the present invention, as described above. In
the examples of Figures 16A-16C, the display window is L/W = 40/200. This example
further illustrates that the inventive approach eliminates the visible cone beam artifact.
[00175] Further, Figure 16B illustrates that the line scan data contributes only to the cone
beam artifact correction and does not include any anatomical structure. The line scan data
represents high-frequencies only in the z-direction, and only very low frequencies in the x-y
planes.

[00176] Further, it is possible to perform the line scan using a very low dose of radiation,
corresponding to a very low tube current (mA). Performance evaluations of embodiments of
the present invention as described above show that cone beam artifacts may be reduced using
a tube current of less than 50 mA, or preferably less than 20 mA, or about 10 mA.

[00177] Figure 17A is an example of an image reconstructed using only FDK circle data.
Figure 17B is an example of an image reconstructed using circle and line data according to an
embodiment of the present invention, with a tube current of 50 mA. Figure 17C is an example
of only the line data used in the example of Figure 17B. Figure 17D is an example of an
image reconstructed using circle and line data according to an embodiment of the present
invention, with a tube current of 30 mA. Figure 17E is an example of only the line data used
in the example of Figure 17D. Figure 17F is an example of an image reconstructed using
circle and line data according to an embodiment of the present invention, with a tube current
of 50 mA. Figure 17G is an example of only the line data used in the example of Figure 17F.
Accordingly, this example shows that the additional dose of the line scan to the patient is
minimal, while still reducing the cone beam artifact.

[00178] Further, the embodiments described above may be sensitive to inaccuracies in the
data regarding the couch position. For example, Figure 18A is an image reconstructed using

only FDK circle data reconstruction. Figure 18B is an image reconstructed according to an
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embodiment of the invention described above, and with accurate couch position information.
Figure 18C is an image reconstructed according to an embodiment of the invention described
above, and with inaccurate couch position information, and in particular, +/- 0.3 mm
inaccuracy in the couch position information. The example of Figure 18C shows streak
artifacts resulting from the inaccurate couch position information.

[00179] A further embodiment of the present invention includes compensating for a couch
inaccuracy by adjusting a reconstruction parameter that is used to produce either one or both
of the line reconstruction or circle reconstruction. The reconstruction parameter is
determined based on a correlation between the circle projection data and circle projection
data near the common point of the circular and linear trajectories (note that at this point
projections from both trajectories should coincide).

[00180] The reconstruction volume coverage of the line scan may be further reduced by
using a virtual expanded detector. In FDK circle path only reconstruction, the FOV, as shown
in the example of Figure 19A, is limited by a hexagonal shape (e.g., hexagon shaped ROI
region in Figure 19A. To increase the FDK FOV, the virtual expanded detector may be used.
Unmeasured data in the extended detector rows may be obtained by duplicating measured
data in the boundary detector rows, or by extrapolation. Figure 19B shows extended FOV
obtained using the virtual expanded detector. Note that reconstruction in the extended region
outside the FDK FOV is less accurate than inside the FDK FOV.

[00181] Figures 20A-20F are plural line view in a method of reducing an exposure dose of
the line scan using line scan collimation. In each view, 4 is the view z-coordinate on the line
scan path, and the shaded region shows data used in the line scan backprojection step.
Further, although Figures 20B-20F only show the case when # > 0 (upper portion of the line
scan), the case when A < 0 is symmetric and may be handled in a corresponding fashion.
Thus, according to this embodiment, the dose of radiation received by the patient during the
line scan may be reduced using active collimation to prevent radiation outside the shaded
region.

[00182] Figure 21 is an example of a collimation window for active collimation. According
to this example, using equations (9), (10), (13), (15) we obtain for vertical top and bottom

boundaries, vrop(h) and vor(h), respectively:

- .
VTOP (h) = —h(“—“zgﬁ‘ COs }/max - IOX sin 7/max ] (2 1)
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h

Vsor(h)= ‘“W

(22)

In addition, equation (21) is only used to calculate vypp for 4> 5.81 mm, for # < 5.81 mm,
vrop = W.

[00183] Figure 22 is a further illustration of geometry according to the present invention.
According to the present invention, the following parameters are determined by the system
operator according to the scan conditions:

Detector half-size W =Nseg*Wseg/2 (23)

Zstart Line scan start z-position

Zend Line scan end z-position

Zcirc  Circle z-position

TotalViews Total number of line views

The following parameters are calculated according to embodiments of the present invention:
Half-line-scan length for recon H =2W  (24)

Nview Number of views for reconstruction

ViewJump First view for reconstruction.

Ah Line view pitch

h Line view position, relative to the circle
[00184] Further, according to:
— Zend — Zstart )
TotalViews —1
or,
— Zend — Zstart (26)
TotalViews

equation (27) is satisfied.

h(view) = Zstart - Zcirc + view - Ah  (27).

and, such definition is independent if Zend > Zstart, or Zend < Zstart.). Further,

Nview = 2W / Ah (28)

ViewJump = (Zcirc — Zstart — H) / Ah (29)

[00185] Figure 23A is a graph of filter lines in line scan data.

[00186] Figure 23B is a graph of a number of the filter lines in line scan data. In particular,
according to this example, the number of filtering lines is proportional to the length of line
segment AC = W - h/2. Preferably, the number of filtering lines /I is calculated as follows:
Nfl=(W—1h|/2)/SegSize * 4. (30)
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[00187] Figure 23B is a graph of a number of filter lines N/I.

[00188] Figure 24 is block diagram of a method of a line and circle algorithm according to
another embodiment of the present invention, in which a number of samples (channels) in the
collected line data can be reduced by a factor Kps, where the down-sampling factor Kpg can
be equal to 2, 3, 4, or 5, for example.

[00189] Figures 25A and 25B show an example of two families of curves used in short scan
convolutions. Figure 25C and 25D show a further representation of the two families of
curves. Note that filtering planes (or curves) are obtained by intersection of the filtering
planes with the detector plane (flat or cylindrical, depending on the detector type). In
particular, the curves shown in Figure 25A correspond to the filtering planes tangential to the
arc A in Figure 25C, and the curves in Figure 25B correspond to the filtering planes
tangential to arc B in Figure 25D.

[00190] According to an embodiment of the invention, a short scan, which scans along only
a portion of a circle arc, uses only one family of lines (i.e., one of Figure 25A or Figure 25B)
depending on which part of the circle scan is used. Each family covers the detector only one
time. That is, for each detector pixel there is only one filtering line.

[00191] Figure 26A is an example of a full scan convolution in which lines from plural
families (i.e., all the lines in Figure 26A) are used. This family covers the detector two times.
That is, for each detector pixel there are two filtering lines. To obtain values corresponding
to each filtering line, take the difference between the two values:

ConvData = ConvDataA - ConvDataB  (31)

[00192] Figure 26B is a single dimensional view of the overlap of the lines of the two
families of Figure 26A.

[00193] Figures 27A and 27B are examples of reverse rebinning according to an
embodiment of the present invention. Figure 27A shows inverse rebinning curve 270 for
channel 10, inverse rebinning curve 271 for channel 447 (e.g., a center channel), and inverse
rebinning curve 272 for channel 887.

[00194] Figure 27B is an example of reverse rebinning processing. According to this
example, first obtain p4 and pp of the intersection of the segment coordinate Seg with the
inverse rebinning curve 274. Next, interpolate CONV values at these p, and pg and take the
difference:

ConvFinal(ch, seg) = ConvRebin(ch, r4) - ConvRebin(ch, rB)  (32)

[00195] Figure 28A is an example of expanding a reconstructed volume of interest (VOI)

according to an embodiment of the invention. The physical detector 282 receives data
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corresponding to region 284. However, a virtual expanded detector 286 having a length 2%
in the z axis receives data corresponding to region 288. Thus, within the display volume 290,
are FDK VOI 292 corresponding to the physical detector, and Extended FDK VOI 294
corresponding to the virtual expanded detector. Figure 28B is a line view of the shapes of
FDKVOI 292 and Extended FDK VOI 294 separately, for clarity.

[00196] Plural images, each of a different portion of a large scanned object, may be
successively captured by the inventive system and combined to produce one image of the
total object. In particular, data from plural circle scans may be combined with data from one
or more line scans, to produce the image of the total object.

[00197] Figures 29A-F show examples of combining data from plural circle scans with one
or more line scans. In each of Figures 29A-F, each separate horizontal line 300 corresponds
to a single line scan, and each circle 301 corresponds to a single circle scan path (which may
include one or more circular scans through that path). Further, the various line and circle
scans may be performed in any convenient order.

[00198] In addition, the pre-processed circle data may be given different weighting for
singly-measured and doubly measured rays in the received circle projection data. For
example, when using data from less than a full revolution of redundancy weighting such as
described by (Parker, Silver) [17], [18] may be used.

[00199] Let g(B, v, o) represent a collected line integral along a ray from the source position
a(f) in direction given by two angles (y, a), where y denotes a fan angle, and o a cone angle.
Note that angles y and o are limited by the physical detector, i.e., — Yy <7 < ym and — o < @
< oun. For example, some scanners have -30°< y < 30°, -6°< a < 6°. Note that for fan beam
geometry g(f, v) = g(f + n+ 2y, — ). Hence if we acquire the whole revolution of fan beam
data (so-called full-scan), each ray is counted twice, and we may weight data with w(f, v) =
2. It 1s not necessary to scan over the whole revolution to reconstruct an image. From relation
g(B,v)=g(f + m+2y,—7v), we can see that only 7t + 2v,, reconstruction range is sufficient for
exact fan beam reconstruction . Here y,, is the maximum fan angle allowed by detector.
[00200] In (Parker) [17] it was suggested to weight data in the minimal complete data set

(7 + 2ym) such that the discontinuity is as uniformly distributed as possible, and the following

weighting function was proposed:

we(fB, 1) +wp(B+m+2y,—y)=1 (33)
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sinz{zn—ﬁ——} 0<p<2y, =2y
V=Y
wp(fy) =41, 2y, —2r<p<m-2y (34)
, +2y, -
cos‘(z”———u], m-2y<p<m+2y,
4 Vaty
[00201] Here and below, weight is zero if not defined, E.g. wp(f, y) = 0if f< 0 or >+

2ym. This weighting implies minimal angular reconstruction range 7 + 2y,,. Note also that by
virtually increasing v, we can obtain larger reconstruction range and hence better noise
properties (Silver) [18]. Replacing physical maximum fan angle v, with virtual I' (I" 2 y,,)) in
equation for wp(f, y), we obtain another weighting function:
sin?( 22| 0< B <2l -2y

4T -y
WMﬁs(ﬂ, ’Y): 1, 2F~2}/Sﬂ§_7[“27 (35)

sinz(z[—w} 7-2y<pB<m+20
4 TI'+y

[00202] Note that the Parker weight function is a particular case of MHS weighting, and

hence it is preferred to use wyus(f, v) instead of wp(f, v).

[00203] Another weighting function was suggested in (Noo)[19], which advantageously
allows arbitrary reconstruction range A = ([, 1), where [ and f; are starting and ending
points of the reconstruction angular range. This weight can be used for ROI reconstruction
with reconstruction range less than half-scan. It is given by:

o(p)
C(ﬂcomp > ycomp

wy (s,7)= 5 j (36)

comp

where,

> By Veomp )= lB) + (B + 7+ 27) 4 (B =7 +27) + (B +27) + (8 - 27).

comp

and the function ¢(f) is given by:

cos? 7 ‘2@; ) g <pep,sap
) =11, ﬁo‘*”AﬂS/BSﬁ;“Aﬁ
cos’ ﬂ(ﬁﬁzi‘ﬁ+Aﬂ), B —ABSPp

where Af3 1s a smoothing interval that can be chosen as fixed number (20°), or a percentage of

the whole reconstruction range (4 —/) (but not exceed 50%).
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[00204] Numerous modifications and variations of the present invention are possible in light
of the above teachings. It is therefore to be understood that within the scope of the appended

claims, the invention may be practiced otherwise than as specifically described.
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CLAIMS:

1. A volume image reconstruction apparatus, comprising:

a data collection unit configured to receive circle projection data collected by a
detector along a circular path with respect to an object, produce pre-processed circle
projection data from the received circle projection data, receive line projection data collected
by the detector along a linear path with respect to the object, and produce pre-processed line
projection data from the received line projection data;

a circle projection data reconstruction unit configured to produce a reconstructed
circle path volume image of the object from the pre-processed circle projection data using a
reconstruction algorithm that includes a ramp filter;

a line projection data reconstruction unit configured to produce a reconstructed line
path volume image of the object from the pre-processed line projection data using a
reconstruction algorithm that includes a Hilbert filter; and

an image volume processing unit configured to combine the reconstructed circle path
volume image and the reconstructed line path volume image to produce the volume image of

the object.

2. The apparatus of claim 1, wherein the linear path is not perpendicular to the plane

of the circular path.

3. The apparatus of claim 1, wherein the circle projection data reconstruction unit
comprises a backprojecting unit and a directional filtering unit, the backprojecting unit
configured to produce the reconstructed circle path volume image based on filtered detector-

space data, and the directional filtering unit comprises:
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a resampling section configured to resample the pre-processed circle projection data
onto filtering curves representing pre-specified filtering directions to produce rebinned data;

a filtering section configured to filter the rebinned data along the filtering curves with
the ramp filter to produce filtered data; and

an inverse rebinning section configured to inverse rebin the filtered data to a detector

grid to produce the filtered detector-space data.

4. The apparatus of claim 1, wherein the circle projection data reconstruction unit
comprises:

a pre-weighting section configured to pre-weight the pre-processed circle projection
data by a cosine of a fan angle of the detector and a cosine of a cone angle of the detector to
obtain pre-weighted data;

a filtering section configured to filter the pre-weighted data with a Feldkamp, Davis,
Kress (FDK) ramp filter along rows of the detector or along pre-specified filtering curves to
produce filtered data, and

a backprojecting section configured to backproject the filtered data to produce the

reconstructed circle path volume image.

5. The apparatus of claim 1, wherein the circle projection data reconstruction unit
comprises:

a pre-weighting section configured to pre-weight the pre-processed data by a cosine of
a cone angle of the detector to obtain pre-weighted data;

a hybrid filtering section configured to filter the pre-weighted data with a Zamyatin,
Taguchi, Silver (ZTS) ramp filter along rows of the detector or along pre-specified filtering

curves to produce filtered data, and
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a backprojecting unit configured to backproject the filtered data to produce the

reconstructed circle path volume image.

6. The apparatus of claim 1, wherein the data collection unit is further configured to
receive circle projection data collected by the detector along the circular path comprising a
portion of a full circle, and produce the pre-processed circle data having different weighting

for singly-measured and doubly measured rays in the received circle projection data.

7. The apparatus of claim 1, wherein the line projection data reconstruction unit
comprises:

a differentiator configured to calculate a derivative of the detected line projection data
to produce derivative data;

a rebinning section configured to rebin the derivative data onto filtering curves to
produce rebinned data;

a Hilbert filtering section configured to Hilbert filter the rebinned data along the
filtering curves to produce filtered data;

an inverse rebinning section configured to inverse rebin the filtered data to a detector
grid to produce filtered detector-space data; and

a backprojecting unit configured to backproject the filtered detector-space data to

produce the reconstructed line path volume image.

8. The apparatus of claim 1, wherein the line projection data reconstruction unit
comprises:
a downsampling section configured to downsample the pre-processed line projection

data by a sampling factor selected from 2, 3, 4, or 5 to produce downsampled data;
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a differentiator configured to calculate a derivative of the downsampled data to
produce derivative data;

a rebinning section configured to rebin the derivative data onto filtering curves to
produce rebinned data;

a Hilbert filtering section configured to Hilbert filter the rebinned data along the
filtering curves to produce filtered data;

an inverse rebinning section configured to inverse rebin the filtered data to a detector
grid to produce filtered detector-space data;

a backprojecting unit configured to backproject the filtered detector-space data to
produce a downsampled line path volume image; and

an upsampling unit configured to upsample the downsampled line path volume image

by the sampling factor to produce the reconstructed line path volume image.

9. The apparatus of claim 1, further comprising:

an x-ray tube configured to expose the object to a radiation corresponding to an
electric current in the x-ray tube, and the electric current is less than or equal to 20 mA; and

a detector configured to produce the line projection data when the object is exposed to

the radiation.

10. The apparatus of claim 1, further comprising:

a couch inaccuracy compensating unit configured to adjust a reconstruction parameter
based on a correlation between the pre-processed circle projection data and the pre-processed
line projection data, and the line projection data reconstruction unit is further configured to
produce the reconstructed line path volume image of the object based on the reconstruction

parameter.
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11. The apparatus of claim 1, wherein the line projection data reconstruction unit
COmprises:

a differentiator configured to calculate a derivative of the detected line projection data
to produce derivative data;

a rebinning section configured to rebin the derivative data onto filtering curves to
produce rebinned data;

a Hilbert filtering section configured to Hilbert filter the rebinned data along the
filtering curves to produce filtered data; and

a backprojecting unit configured to backproject the filtered data directly from the

filtering curves to produce the reconstructed line path volume image.

12. The apparatus of claim 1, further comprising:

a source configured to controllably expose the object to a radiation;

a detector configured to produce the line projection data when the object is exposed to
the radiation; and

an active collimation unit configured to control the source to expose the object to the
radiation with an exposure aperture that corresponds to a part of the detector that receives

data to be filtered by a filtering unit.

13. The apparatus of claim 1, wherein the data collection unit is further configured to
receive the circle projection data collected by the detector along plural portions of the circular
path at different capture times and produce plural pre-processed circle projection data each

corresponding to a different capture time, and the image volume processing unit is further
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configured to produce plural volume images of the object based on the plural pre-processed
circle projection data, the apparatus further comprising:

an aggregating unit configured to aggregate the plural volume images of the object
from the image volume processing unit and produce aggregated data of the plural volume
images; and

a compositing unit configured to produce a composite volume image of the object

from the aggregated data of the plural volume images.

14. The apparatus of claim 13, wherein the object exhibits repeated phases, the
apparatus further comprising:

an object repetitive mode determining unit configured to identify a phase time when
the object exhibits a phase of interest in the repeated phases; and

the compositing unit is further configured to produce the composite volume image
based on at least one of the plural volume images corresponding to the phase time when the

object exhibits the phase of interest.

15. The apparatus of claim 1, wherein the object exhibits repeated phases, the
apparatus further comprising:

an object repetitive mode determining unit configured to identify a phase time when
the object exhibits a phase of interest in the repeated phases; and

the data collection unit is further configured to receive the circle projection data
collected by the detector along plural portions of the circular path at different capture times
and produce plural pre-processed circle projection data each corresponding to a different

capture time, and produce the pre-processed circle projection data from the plural pre-
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processed circle projection data corresponding to the time interval when the object exhibits

the phase of interest.

16. The apparatus of claim 1, wherein the data collection unit is further configured to
receive the circle projection data collected by the detector along plural circular paths and
produce plural pre-processed circle projections each corresponding to a different circle path
in the plural circular paths,

the image volume processing unit is further configured to produce plural volume
images of portions of the object based on plural reconstructed circle path volume images each
corresponding to one of the plural pre-processed circle projections, and combine the plural

volume images of the portions of the object to produce the volume image of the object.

17. A method of reconstructing a volume image of an object, the method comprising:

receiving circle projection data collected by a detector along a circular path with
respect to the object;

producing pre-processed circle projection data from the received circle projection
data;

receiving line projection data collected by the detector along a linear path with respect
to the object;

producing pre-processed line projection data from the received line projection data;

producing a reconstructed circle path volume image of the object from the pre-
processed circle projection data using a reconstruction algorithm that includes a ramp filter;

producing a reconstructed line path volume image of the object from the pre-
processed line projection data using a reconstruction algorithm that includes a Hilbert filter;

and
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combining the reconstructed circle path volume image and the reconstructed line path

volume image to produce the volume image of the object.

18. The method of claim 17, wherein the linear path is not perpendicular to the plane

of the circular path.

19. The method of claim 17, wherein the producing the reconstructed circle path
volume image further comprises:

resampling the pre-processed circle projection data onto filtering curves representing
pre-specified filtering directions to produce rebinned data;

filtering the rebinned data along the filtering curves with the ramp filter to produce
filtered data;

inverse rebinning the filtered data to a detector grid to produce the filtered detector-
space data; and

backprojecting the filtered detector-space data to produce the reconstructed circle path

volume image.

20. The method of claim 17, wherein the producing the reconstructed circle path
volume image further comprises:

pre-weighting the pre-processed circle projection data by a cosine of a fan angle of the
detector and a cosine of a cone angle of the detector to obtain pre-weighted data;

filtering the pre-weighted data with a Feldkamp, Davis, Kress (FDK) ramp filter along
rows of the detector or along pre-specified filtering curves to produce filtered data, and

backprojecting the filtered data to produce the reconstructed circle path volume image.
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21. The method of claim 17, wherein the producing the reconstructed circle path
volume image further comprises:

pre-weighting the pre-processed data by a cosine of a cone angle of the detector to
obtain pre-weighted data;

hybrid filtering the pre-weighted data with a Zamyatin, Taguchi, Silver (ZTS) ramp
filter along rows of the detector or along pre-specified filtering curves to produce filtered data,
and

backprojecting the filtered data to produce the reconstructed circle path volume image.

22. The method of claim 17, wherein:

the receiving the circle projection data receives the circle projection data collected by
the detector along the circular path comprising a portion of a full circle; and

the producing the pre-processed circle projection data produces the pre-processed
circle data having different weighting for singly-measured and doubly measured rays in the

received circle projection data.

23. The method of claim 17, wherein the producing the reconstructed line path
volume image further comprises:

calculating a derivative of the detected line projection data to produce derivative data;

rebinning the derivative data onto filtering curves to produce rebinned data;

Hilbert filtering the rebinned data along the filtering curves to produce filtered data;

inverse rebinning the filtered data to a detector grid to produce filtered detector-space
data; and

backprojecting the filtered detector-space data to produce the reconstructed line path

volume image.
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24. The method of claim 17, further comprising:

downsampling the pre-processed line projection data by a sampling factor selected
from 2, 3, 4, or 5 to produce downsampled data;

calculating a derivative of the downsampled data to produce derivative data;

rebinning the derivative data onto filtering curves to produce rebinned data;

Hilbert filtering the rebinned data along the filtering curves to produce filtered data;

inverse rebinning the filtered data to a detector grid to produce filtered detector-space
data;

backprojecting the filtered detector-space data to produce a downsampled line path
volume image; and

upsampling the downsampled line path volume image by the sampling factor to

produce the reconstructed line path volume image.

25. The method of claim 17, further comprising:
exposing the object to a radiation corresponding to an electric current in an x-ray tube,
and the electric current is less than or equal to 20 mA; and

producing the line projection data when the object is exposed to the radiation.

26. The method of claim 17, further comprising:

compensating a couch inaccuracy by adjusting a reconstruction parameter based on a
correlation between the pre-processed circle projection data and the pre-processed line
projection data; and

producing the reconstructed line path volume image of the object based on the

reconstruction parameter.
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27. The method of claim 17, wherein the producing the line path volume image
further comprises:

calculating a derivative of the detected line projection data to produce derivative data;

a rebinning section configured to rebin the derivative data onto filtering curves to
produce rebinned data;

a Hilbert filtering section configured to Hilbert filter the rebinned data along the
filtering curves to produce filtered data; and

a backprojecting unit configured to backproject the filtered data directly from the

filtering curves to produce the reconstructed line path volume image.

28. The method of claim 17, further comprising;

controllably exposing the object to a radiation;

producing the line projection data when the object is exposed to the radiation; and

controlling the exposing to expose the object to the radiation with an exposure
aperture that corresponds to a part of the detector that receives data to be filtered by a filtering

unit.

29. The method of claim 17, wherein the receiving the circle projection data receives
the circle projection data collected by the detector along plural portions of the circular path at
different capture times, the producing the pre-processed circle projection data produces plural
pre-processed circle projection data each corresponding to a different capture time, and the
combining produces plural volume images of the object based on the plural pre-processed
circle projection data, the method further comprising:

aggregating the plural volume images of the object;
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producing aggregated data of the plural volume images; and
producing a composite volume image of the object from the aggregated data of the

plural volume images.

30. The method of claim 29, wherein the object exhibits repeated phases, the method
further comprising:

identifying a phase time when the object exhibits a phase of interest in the repeated
phases; and

producing the composite volume image based on at least one of the plural volume

images corresponding to the phase time when the object exhibits the phase of interest.

31. The method of claim 17, wherein the object exhibits repeated phases, the method
further comprising:

identifying a phase time when the object exhibits a phase of interest in the repeated
phases;

receiving the circle projection data collected by the detector along plural portions of
the circular path at different capture times;

producing plural pre-processed circle projection data each corresponding to a different
capture time; and

producing the pre-processed circle projection data from the plural pre-processed circle
projection data corresponding to the time interval when the object exhibits the phase of

interest.

32. The method of claim 17, wherein:
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the receiving the circle projection data receives the circle projection data collected by
the detector along plural circular paths;

the producing the pre-processed circle projection data produces plural pre-processed
circle projections each corresponding to a different circle path in the plural circular paths;

producing plural volume images of portions of the object based on plural
reconstructed circle path volume images each corresponding to one of the plural pre-
processed circle projections; and

the combining combines the plural volume images of the portions of the object to

produce the volume image of the object.

33. A computer-readable medium storing computer program instructions, which
when executed by a computer, cause the computer to perform steps comprising:

receiving circle projection data collected by a detector along a circular path with
respect to an object;

producing pre-processed circle projection data from the received circle projection
data;

receiving line projection data collected by the detector along a linear path with respect
to the object;

producing pre-processed line projection data from the received line projection data;

producing a reconstructed circle path volume image of the object from the pre-
processed circle projection data using a reconstruction algorithm that includes a ramp filter;

producing a reconstructed line path volume image of the object from the pre-
processed line projection data using a reconstruction algorithm that includes a Hilbert filter;

and
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combining the reconstructed circle path volume image and the reconstructed line path

volume image to produce a volume image of the object.
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