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[57] ABSTRACT

A nutating slice CT image reconstruction apparatus and
method generates a set of projection data using helical
cone-beam scanning. The three-dimensional projection data
is used to recomstruct a series of planar image slices. The
slices are selected such that they define a tilt angle and a
rotation angle with respect to the longitudinal axes of the
object being scanned. Successive slices have equal tilt
angles but changing rotation angles such that normal axes of
successive slices define a nutation and precession about the
longitudinal axis of the object. Projection data for the tilted
slices are formed of selected one-dimensional fan-beam
data. As such, the projection data can be applied to conven-
tional two-dimensional reconstruction approaches to gener-
ate an image.

49 Claims, 16 Drawing Sheets
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NUTATING SLICE CT IMAGE
RECONSTRUCTION APPARATUS AND
METHOD

FIELD OF THE INVENTION

The present invention relates generally to computed
tomography (CT) imaging and more particularly to three-
dimensional CT imaging with improved efficiency and
reduced image artifacts.

BACKGROUND OF THE INVENTION

FIG. 1 is a schematic axial view of a typical conventional
CT scanner 19 which includes an x-ray source 12 and an
x-ray detector system 14 secured to diametrically opposite
sides of an annular shaped disk 16. The disk 16 is rotatably
mounted within a gantry support (not shown), so that during
a scan the disk 16 continuously rotates about a z-axis while
x-rays pass from the source 12 through an object, such as a
patient 20 positioned on a patient table 56 within the opening
of the disk 16. The z-axis is normal to the plane of the page
in FIG. 1 and intersects the scanning plane at the mechanicat
center of rotation 18 of the disk 16. The mechanical center
of rotation 18 of the disk corresponds to the “isocenter” of
the reconstructed image.

In one conventional system. the detector system 14
includes an array of individual detectors 22 disposed in a
single row in a shape of an arc having a center of curvature
at the point 24, referred to as the “focal spot,” where the
radiation emanates from the x-ray source 12. The source 12
and array of detectors 22 are positioned so that the x-ray
paths between the source and each detector all lie in a
“scanning plane™ that is normal to the z-axis. Since the x-ray
paths originate from what is substantially a point source and
extend at different angles to the detectors, the x-ray paths
form a “fan beam” 26 that is incident on the detector array
14 in the form of one-dimensional linear projection. The
X-rays incident on a single detector at a measuring instant
during a scan are commonly referred to as a “ray.” and each
detector generates an output signal indicative of the intensity
of its comresponding ray. Since each ray is partially attenu-
ated by all the mass in its path, the output signal generated
by each detector is representative of the attenuation of all the
mass disposed between that detector and the x-ray source,
i.e., the attenuation of the mass lying in the detector’s
corresponding ray path.

The output signals generated by the X-ray detectors are
normally processed by a signal processing portion (not
shown) of the CT system. The signal processing portion
generally includes a data acquisition system (DAS)., which
filters the output signals generated by the x-ray detectors to
improve their signal-to-noise ratio (SNR). The output sig-
nals generated by the DAS during a measuring interval are
commonly referred to as a “projection” or “view” and the
angular orientation of the disk 16. source 12 and detector
system 14 corresponding to a particular projection is
referred to as the “projection angle.”

FIG. 2 illustrates the orientation of the disk 16, x-ray
source 12 and detector system 14 for generation of a fan
beam data point P, (B, Y) at a projection angle B and a
detector angle y. A ceater line 40, which is used to define
reference orientations, extends from the focal spot of the
x-ray source 12 through the z-axis at the mechanical center
of rotation 18. The projection angle B is defined as the angle
between a vertical axis and the center line 40. Each indi-
vidual detector in system 14 has an associated detector angle
Y that is also defined with respect to the center line 40. By
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definition, the center line 40 intersects the detector system
14 at a reference detector angle y of 0°.

A symmetric detector system 14 as shown in FIG. 2
extends from a detector angle of -8 to +3., where & is
one-half the fan angle. A fan beam view or projection P{B.y)
generated by symmetric detector system 14 includes a set of
data points P/B.y). generated by all the detectors at the
detector angles from -8 to +8 for the projection angle B.
Asymmetric detector systems are also well known.

During a scan, the disk 16 rotates smoothly and continu-
ously around the object being scanned, allowing the scanner
10 to generate a set of projections P{B.y) at the correspond-
ing set of projection angles B. In a conventional scan. the
patient remains at the constant z-axis position during the
scan. When obtaining multiple scans, the patient is stepped
along the z-axis between scans. These processes are com-
monly referred to as “step-and-shoot” scanning or “‘constant-
z-axis” (CZA) scanning. Using well-known algorithms,
such as the inverse Radon transform. a tomogram may be
generated from a set of projections that all share the same
scanning plane normal to the z-axis. This common scanning
plane is typically referred to as the “slice plane.”

A tomogram is a representation of the density of a
two-dimensional slice along the slice plane of the object
being scanned. The process of generating a tomogram from
the projections is commonly referred to as “reconstruction.”
since the tomogram may be thought of as being recon-
structed from the projection data. The reconstruction process
can include several steps including convolution to deblur the
data. rebinning to form parallel-ray data from the fan-beam-
ray data and back projection in which image data for each
image pixel is generated from the projection data. In CZA
scanning. for a particular image slice. all the projections
share a common scanning plane, so these projections may be
applied directly to the back projector for generation of a
tomogram.

The step-and-shoot CZA scanning approach can be a slow
process. During this time consuming approach, the patient
can be exposed to high amounts of x-ray radiation. Also, as
the scanning table is moved between each scan. patient
motion can result, causing motion and misregistration arti-
facts which result in reduced image quality.

Several approaches have been developed to decrease the
time required to obtain a full scan of an object. One of these
approaches is helical or spiral scanning in which the object
being scanned is translated along the z-axis while the disk 16
with source 12 and linear detector array 14 are rotated about
the patient. In helical scanning, the projections Py (B. v) are
normally acquired such that z is linearly related to the view
angle 3 so that z()=cf. where c is a constant. This form of
helical scanning is commonly referred to as constant-speed-
helical (CSH) scanning.

FIG. 3A illustrates the data collected during a conven-
tional CZA scan. and FIG. 3B illustrates the data collected
during a CSH scan. As shown in FIG. 3A. if the x-ray source
12 and the detector system 14 are rotated about the object 20
while the object remains at a fixed z-axis location, the
scanning planes associated with all the projections collected
by the detector system 14 will all lie in a common slice plane
50. As shown in FIG. 3B, if the object 20 is continuously
translated in the direction of the z-axis while the disk is
rotated about the object 20. none of the scanning planes will
be co-planar. Rather, the scanning plane associated with
each projection will lie at a unique position along the z-axis
at a locus point on a helical set of loci. FIG. 3B illustrates
the z-axis coordinate of the scanning planes corresponding
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to helical projection angles in the interval (0, 10m). Since the
value of each projection depends on the z-axis location of
the patient, each projection may be considered a function of
two variables B and z.

In CZA scanning. all the projections share a common
scanning plane, so these projections may be applied directly
to the back projector to generate a tomogram. In CSH
scanning however, each projection has a unique scanning
plane located at a unique z-axis coordinate. so CSH projec-
tions may not be applied directly to a back projector.
However, the data collected during a CSH scan can be
interpolated in various fashions to generate a set of inter-
polated projections that do all share a common scanning
plane extending normal to the z-axis. Each interpolated
projection. for example, may be generated by combining
two projections taken at equivalent projection angles and at
different z-axis positions. These interpolated projections
may be treated as CZA data and applied to a back projector
to generate a tomogram.

CSH scanning requires some form of interpolation to
generate a tomogram, and tomograms generated by CSH
scanning therefore tend to be characterized by image arti-
facts. Also, since the CSH scan projection data, which are
collected over an interval of z-axis locations, are combined
to generate the interpolated CZA scan data, tomograms
generated during CSH scanning have a wider effective slice
plane width and, therefore, lower z-axis resolution, than
tomograms generated by CZA scanning. However, helical
scanning advantageously permits rapid scanning of a large
volume of a patient. For example, in a time interval short
enough to permit a patient comfortably to hold his or her
breath (and thereby remain relatively motionless), a helical
scan can collect enough data to fully scan an entire organ
such as a kidney.

Another approach to decreasing scan time over CZA
scanning is commonly referred to as “cone-beam scanning.”
in which a three-dimensional volume of the object or patient
is scanned at once. In cone-beam scanming, the detection
system includes a two-dimensional array of detectors instead
of the one-dimensional array used in conventional scanning.
The x-ray output from the source diverges in two dimensions
to produce the equivalent of multiple fan beams along the
z-axis dimension which illuminate multiple rows of plural
detectors and therefore form a two-dimensional projection
on the array.

In one form of a cone-beam system, the patient or object
is maintained in a stationary z-axis position while the source
and two-dimensional detector array are rotated around the
patient or object. The patient is then moved to a new z-axis
position. and the scan is repeated. In this type of step-and-
shoot or “stationary cone beam” system, rather than sweep-
ing out a plane, a volume of the object is scanned. After one
volume is scanned. the source and detector are stepped along
the z-axis to scam the next volume. Still another approach
used to decrease scan time is helical cone-bcam (HCB)
scanning, in which a cone-beam configuration, i.e., a source
and two-dimensional detector array. are rotated around the
patient while the patient is continuously translated in the
z-direction.

Standard two-dimensional reconstruction techniques.
such as 2D filtered back projection (FBP). are used to
reconstruct CZA and interpolated CSH data in non-cone-
beam systems. FBP requires that the set of projections used
for reconstruction lie in the same plane. This condition is
satisfied in CZA scanning. and interpolation is used in CSH
scanning to produce a set of interpolated or simulated linear
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projections which effectively meet this requirement. In
either case, 2D FBP is an efficient means of producing image
data from the 1D fan beam projection data.

In cone-beam geometry, the required condition is only
satisfied for a detector row coplanar with the source in a
plane perpendicular to the z-axis, ie.. the center detector
row. In stationary cone-beam CT, a 1D projection defined by
the source and a given detector row will intersect a different
slice in the object as the pantry rotates. Conventional 2D
FBP can be used to reconstruct cone-beam data by treating
each row as an independent 1D projection. This approxima-
tion ignores the cone-beam geometry and results in image
artifacts such as streaks and lowering of the reconstructed
density. A better approximate method used to reconstruct
cone-beam data is known as the Feldkamp algorithm and is
described in L. A. Feldkamp, ct al., “Practical cone-beam
algorithm.” J. Opt. Soc. Am. 1, pp. 612619, (1984).

In the Feldkamp algorithm, the rays are back projected in
the three-dimensional cone. Algorithms such as Feldkamp,
which attempt to incorporate the true cone-beam geometry
of the data, are referred to as three-dimensional filtered back
projection (3D-FBP) algorithms. Three-dimensional algo-
rithms reconstructing HCB data have also been developed.
Examples of these algorithms are described in the following
papers.

1. H. Kudo and T. Saito. “Three-dimensional helical-scan
computed tomography using cone-beam projections,”
Journal of Electronics, Information, and Communica-
tion Sociery, Y74-D-II, 1108-1114, (1991).

2. D. X. Yan and R. Leahy, “Cone-beam tomography with
circular, elliptical and spiral orbits.” Phys. Med. Biol.
37. 493-5006, (1992).

3. S. Schaller, T. Flohr and P. Steffen, “New efficient
Fourier reconstruction method for approximate image
reconstruction in spiral cone-beam, CT at small cone
angles.” SPIE International Symposium on Medical
Imaging, February, 1997.

4. G. Wang. T-H Lin, P. Cheng and D. M. Shinozaki. “a
general cone beam algorithm,” IEEE Trans. Med. Imag.
12, 486496, (1993).

A disadvantage of 3D reconstruction algorithms is that they
cannot be used with common 2D reconstruction hardware,
and. consequently. custom 3D back projection hardware
must be built to accommodate them.

OBJECTS OF THE INVENTION

It is an object of the present invention to substantially
overcome the above-identified drawbacks of the prior art.

Another object of the invention is to provide a CT system
with reduced image artifacts.

Yet another object of the invention is to provide a CT
system which provides the image quality of a three-
dimensional reconstruction algorithm using two-
dimensional reconstruction hardware.

Still another object of the invention is to realize the
foregoing objects in a helical cone-beam scanning CT sys-
tem.

SUMMARY OF THE INVENTION

Accordingly, the present invention is directed to a CT
apparatus and method for generating image data for a region.
The region defines a longitudinal axis and an orthogonal
transverse axis. A radiation source and an array of detectors
are used to scan the region 10 generate scanned data that is
representative of the region. In one embodiment. a helical
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cone-beam scanning approach is used to scan the region. At
each of a plurality of positions along the longitudinal axis.
or. equivalently, at each of a plurality of projection angles,
a two-dimensional image data slice is defined. Each data
slice defines a slice plane which is tilted with respect to the
longitudinal axis of the region. That is, the normal axis of
each slice plane is tilted at a tilt angle with respect to the
longitudinal axis of the region. The normal axis also defines
a rotation angle with the transverse axis of the region.
Successive slices along the longitudinal axis define normal
axes that define equal tilt angles with the longitudinal axis of
the region. Also, the rotation angle for successive slices
increases along the lomgitudinal axis. The result of the
constant tilt angle and increase in rotation angle is that the
normal axes describe a precession and nutation about the
longitudinal axis of the region through successive slices. In
this geometry, the slices can be said to be nutated with
respect to each other. At each of the image slices, image data
is computed from the scan data to produce the image of the
region. The reconstruction process for successive slices is
hereinafter referred to as the “nutating slice reconstruction”
(NSR) approach.

The NSR approach of the invention is preferably used to
reconstruct helical cone-beam data using conventional two-
dimensional filtered back projection. In NSR, a set of 1D
fan-beam projections is extracted from the 2D cone-beam
projection data set using interpolation. NSR therefore
involves the selection of 2D fan-beam data from 3D cone-
beam data. The 1D projection set corresponds to reconstruct-
ing a tilted slice whose geometry is chosen to minimize the
adverse effects of the cone angle on image quality when
using 2D FBP.

Traditionally, when reconstructing a series of slices, each
slice is the x-y plane at a different location along the z-axis.
That is. all the slices in the series are parallel to each other.
In NSR, the normal vector to the reconstructed slice plane is
tilted by a small angle with respect to the z-axis. In a series
of adjacent slices reconstructed with NSR. the normal vector
1o the slice plane precesses about the z-axis and the slices are
not parallel to each other. The term “nutated” in NSR refers
to the relative orientation of adjacent slices. If parallel slices
are required. the resultant NSR image data can be interpo-
lated to provide parallel slices.

In one embodiment, the X-ray source is a cone-beam
source. and the array of detectors is a two-dimensional array.
The scan data for each projection is determined from a
predefined one-dimensional line of detectors on the array.
The detectors used for a given projection or slice are
associated with the projection angle or position along the
longitudinal axis. At each positior or projection angle, a
group of detectors is chosen which minimizes the error in the
measurement. Each slice is therefore associated with a
projection angle, a longitudinal position and a group of
detectors which in general defines a one-dimensional “fan-
beam” projection on the two-dimensional detector array.
When a particular slice is reconstructed, its scan data is
generated from its associated detectors in the two-
dimensional array.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features and advantages
of the invention will be apparent from the following more
particular description of preferred embodiments of the
invention. as illustrated in the accompanying drawings in
which like reference characters refer to the same parts
throughout the different views. The drawings are not nec-
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6

essarily to scale, emphasis instead being placed upon illus-
trating the principles of the invention.

FIG. 1 is a schematic axial view of a typical conventional
computed tomography (CT) scanner.

FIG. 2 is a schematic diagram which illustrates the
projection angle and the detector angle of a CT scanning
system.

FIG. 3A illustrates the scanning path for a constant z-axis
(CZA) scanning mode in a CT scanner.

FIG. 3B illustrates the scanning path for constant-speed-
helical (CSH) scanning in a CT scanner.

FIG. 4 is a simplified schematic diagram which illustrates
the spatial relationships among the source, detectors and
scanning object in a CT scanner in accordance with the
present invention.

FIG. 5§ is a simplified schematic illustration of the pro-
jection of a tilted slice onto a two-dimensional detector
array. '

FIG. 6 is a simplified schematic illustration of the tilt and
rotation angle of a tilted slice in accordance with the present
invention.

FIG. 7 is a simplified schematic diagram of projections of
a tilted slice onto a flat detector array.

FIG. 8 is a simplified schematic diagram of projections of
a tilted slice onto a curved detector array.

FIG. 9 contain schematic plots of the total projected area
of a tilted slice and a perpendicular slice versus view angle.

FIG. 10 is a simplified schematic diagram of a slice
projection onto a curved detector array.

FIG. 11 is a simplified diagram showing slice projection
lines on a two-dimensional curved array for projection
angles between 0° and 240°, in increments of 20°.

FIG. 12 is a schematic plot which shows slice separation
in the z-axis direction in accordance with the present inven-
tion.

DETATLED DESCRIPTION OF THE DRAWINGS

FIG. 4 is a schematic diagram which illustrates the
functional operation of one embodiment of the CT scanning
system 100 of the invention. The system includes an x-ray
source 110 which emits x-rays toward a two-dimensional
x-ray detector array 112. The detector array 112 is shown as
a flat array having coordinates z" and q. A curved array can
also be used. The x-rays diverge in a cone-beam which
passes through an object 116 being scanned. The x-rays.
attenuated by the object 116. are detected by the individual
detectors 118 in the detector array 112. The array 112 of
detectors includes multiple rows 120 of detectors along the
z'-axis and multiple columns 124 along the q-axis. The
cone-beam 114 therefore can be considered to consist of
multiple fan beams spread along the g-axis and adjacent to
each other along the z'-axis. The object 116 defines a z-axis
(also referred to herein as the longitudinal axis) and an
orthogonal x-axis (also referred to herein as the transverse
axis).

As discussed above. the x-ray source 110 and detector
array 112 are secured to diametrically opposite sides of an
annular shaped disk (not shown). The disk is rotatably
mounted within a ganitry support (not shown) such that the
source 110 and detector array 112 are simultaneously rotat-
able about the z-axis and. hence. about the object 116 being
scanned.

In one embodiment. the system 100 uses helical cone-
beam scanning such that, as the gantry rotates about the
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z-axis, the gantry and object 116 are also translated relative
to one another along the z-axis. The gantry with source and
detector array rotate through an increasing projection angle
B as the gantry translates along the z-axis. At each projection
angle, scan data are collected by the detector array. Image
data in the form of a series of image slices are then
reconstructed from the projection data. Each slice defines a
planar configuration of image data and is generated from a
predefined collection of scan data gathered as the source and
detector array rotate.

In the present invention, even though a three-dimensional
scanning approach, namely. helical cone-beam scanning, is
used, a two-dimensional reconstruction approach can be
used to generate the image data. To accomplish this, the
present invention projects a two-dimensionat data slice onto
the two-dimensional array of detectors such that the projec-
tion of the slice at each projection angle can be considered
a one-dimensional fan beam projection. In the general case,
the projection onto the array falls on a group of detectors
which are not necessary in a single row or column. In fact,
in general, the projection will extend across several rows and
columns. In the present invention these rows and columns
are identified for each projection angle. A value is generated
for each location at each projection angle from the projec-
tion data. in one embodiment, by interpolating the projection
data. Thus, for each projection angle, a “fan beam” of
detector data is generated. very much analogous to the fan
beam data generated in two-dimensional fan beam scanning
applications which use a linear detector array. The result is
a set of “fan beam” data for each projection angle. In the
present invention, once these data are generated, they can be
applied to any suitable two-dimensional back projection
algorithm to reconstruct image slices as if it were actual fan
beam data.

In the present invention, at each projection angle the rows
and columns of the detector array which receive the asso-
ciated fan beam are identified before an actual scan is
performed. In one embodiment. a simulation or calibration
scan, which simulates helical cone-beam scanning of an
opaque disk, can be performed. At each projection angle. the
simuated projection of the disk onto the array is recorded in
the detector data. After the disk is entirely scanned, the
projection data is analyzed to determine which rows and
columns of the array receive the projection of the disk at
each projection angle. The simulation process creates a
“z-interpolation table™ in which each projection angle is
associated with a group of detector rows and columns which
should be read during subsequent scans of actual objects to
generate the 1D fan beam data. When the desired slices are
reconstructed, the fan beam data at each projection angle are
detected from the associated array row and columns stored
in the z-interpolation table. In another embodiment. an
actual opague disk can be subjected to helical cone-beam
scanning with an actual source and detector array to gencrate
the z-interpolation table.

Many fan beam projections are collected for each slice to
be reconstructed. For example. in one embodiment. data is
collected for one half of a complete revolution of the gantry
(180°) plus the angle subtended by the detector array. In one
embodiment, the array subtends a 60° angle; hence, each
slice is generated from data collected during 240° of gantry
revolution. In one embodiment. projections are produced
every 1° of projection angle. Therefore, in this embodiment,.
each slice is generated from 240 fan beam projections. The
groups of projections for successive slices along the z-axis
can overlap each other. For example. slices may be gener-
ated every 12° of rotation. Therefore. in the embodiment
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described above, 228 out of 240 projections are shared by
each pair of adjacent slices.

As mentioned above, in general, the reconstructed slices
in the present invention are not perpendicular to the z-axis
as in conventional non-cone-beam scanning. Instead. they
are tilted or nutated with respect to the z-axis, and the normal
axes of successive slices precess about the z-axis. Each slice
defines a slice plane having a normal axis which forms an
angle with the longitudinal or z-axis about which the scan-
ning system rotates. The use of a tilted slice reduces the error
in the reconstructed slice data. The angie of tilt can be
determined using the simulation scan mentioned above and
also described below in more detail. The selected angle is the
angle at which the projection of the opaque disk onto the
array produces the least image reconstruction error.

FIG. S is a schematic diagram which illustrates acquisi-
tion of data during the simulation scan for a single projection
at a single angle using a tilted reconstruction image slice
represented by the titled opaque disk 132. The cone beam of
x-rays 114 is emitted by the source 110 and passes through
the object (not shown) and illuminates the flat two-
dimensional detector array 112. As shown, the plane of the
slice or disk 132 forms an angle 8 with an axis orthogonal
to the z-axis. Equivalently, the normal axis to the slice plane
forms the angle O with the z-axis.

An elliptical projection or shadow 130 of the tilted disk
132 is projected onto the detector array 112. As the source
110 and detector array 112 rotate about and move along the
z-axis, the location and shape of the projection 13 of the
disk 132 changes. As the disk 132 moves through the
scanning volume, or, equivalently. as the source and detector
are scanned past the slice. the area of the projected ellipse
changes. The tilt angle 0 is fixed as the disk 132 translates
through the detector array.

The spread of the ellipse (the length of its minor axis) at
each projection angle is an indication of the error introduced
in reconstructing the slice at that projection angle. The
object is to select a disk geometry that minimizes the total
projected ellipse arca over all of the projection angles. e.g.,
240°, for the tilted slice being reconstructed. The area is
minimized by reconstructing a tilted slice where the normal
to the slice plane is tilted by a small angle O.

FIG. 6 is a schematic diagram which illustrates the
relationship between a tilted slice 132 and the system axes.
As mentioned above, the normal 140 to the slice plane forms
an angle 6 with the z-axis, which is referred to herein as the
tilt angle or nutation angle. The normal axis 140 also forms
a rotation angle g with the x-axis or transverse axis of the
system.

As described above, each slice can be reconstructed from
projections whose projection angles span the range of 0° to
180° plus the array angle (60°). At one degree per projection,
each slice is reconstructed from 240 projections. For any
given slice. a particular slice tilt angle © and rotation angle
¢ will yield the smallest error over all 240 projections. In one
embodiment. adjacent slices are reconstructed every twelve
degrees of rotation from overlapping sets of 240 projections
shifted by twelve degrees. Each slice is associated with a glt
angle © and rotation angle ¢ which minimize the reconstruc-
tion error in the slice. In one embodiment, for successive
slices, the tilt angle © remains constant and the rotation angle
¢ increases or decreases to define a rotation or precession of
the normal axes of slices about the z-axis, as illustrated by
the arrow 142 in FIG. 6. The error at each tilt angle is
determined by summing the total area of all disk projections
over the entire 240° of data. The tilt angle yielding the
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minimum total error is taken as the tilt angle. In one
embodiment, a tilt angle of approximately 1.45° is used.

FIG. 7 is a schematic diagram showing projections of the
disk 132 at a tilt angle of 1.4° passing through the scan
region. The curves show projections at projection angles of
B=0°, 60°, 120°, 180°, and 240°. The figure assumes a flat
detector array.

As noted above, the detector array can also be curved. In
that case, the projections of the disk or slice onto the array
will not be ellipses as shown in FIG. 7. They will actually
be curved figures as shown in FIG. 8. FIG. 8 shows the same
projections as FIG. 7 with a tilt angle of 1.4°, except that the
detector array 112 is curved.

An example of the total projection area plotted as a
function of view is shown in FIG. 9. The dashed line shows
the area for a tilt angle of 1.45° and the solid curve shows
the area for no tilt angle. The tilt angle is chosen as the angle
which minimizes the total area, which in one embodiment is
determined to be 1.45°.

As described above, the simulation scan can also be used
to identify the pixel rows and columns used for each
projection at each different projection angle. FIG. 10 is an
example of a single tilted slice projection onto the curved
detector array. All of the detectors on the array are read to
identify the location of the projection 150 and, therefore, the
detector rows and columns which should be read during
future scans of actual objects at the particular projection
angle. In this embodiment. the array includes ten rows i of
252 detectors j each. The dashed line 150 indicates the
spread of the curved elliptical projection on the array. The
solid line 152 identifies the line of detectors that are read
during subsequent scans at this particular projection angle.
The line 152 is identified by computing the centroid of the
detector values across each row. It is this solid line 152 that
defines the detectors to be read during subsequent scans of
an actual object. This process is completed at each projec-
tion angle for the slice to be reconstructed. The simulation
or calibration process associates each projection angle with
a row and column value and stores them together in a
“‘z-interpolation table.” This table is read during subsequent
scans to identify the scan data used to reconstruct actnal
slices. FIG. 11 shows a set of disk projections on a two-
dimensional curved array for a slice tilted at 1.45° at view
angles between 0° and 240°. spaced by 20° each. These are
the array row/column lines generated for each projection
angle during the calibration scan. The row/column numbers
plotted for each projection angle are stored in the
z-interpolation table. The array used for this plot is a
standard array consisting of 24 detector rows i of 252
detectors j each. As described above, each of the curved lines
is identified by computing the centroid of the projection on
the array at each view angle.

After the simulation scan is performed as described above
to generate the z-interpolation table. actual scans of objects
can be performed according to the following procedure.
First, the projection data can be obtained by helical cone-
beam scanning. Next, the projection data can be corrected
for offsets. gain error and non-linear effects. Next, the HCB
data is applied to the z-interpolation process. which extracts
the desired fan-beam data. At each projection angle, detector
row and column numbers are retrieved from the
Z-interpolation table, and x-ray intensity values at the iden-
tified detector rows and columns are recorded as the fan-
beam data. In one embodiment. the z-interpolation process
can proceed as follows: At each view, the process steps
through each detector j. one at a time. For each detector, a
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row number I is identified from the z-interpolation table,
which is in general some real number. Where the row
number i is not a whole number, interpolation can be
performed on the actual data values at the appropriate row
numbers to identify a value for the particular detector as
described below. In one embodiment, linear interpolation is
used., but other forms of interpolation can be used.

For the remainder of the reconstruction process, the
interpolated data values can be treated as if they were fan
beam values obtained during a conventional two-
dimensional scanning procedure. They can optionally be
applied to a rebinning process to produce parallel-ray data.
The rebinned two-dimensional data can then be applied to a
conventional one-dimensional convolution procedure.
Finally, the parallel-convolved data can be applied to a
conventional two-dimensional back projection algorithm.
The above process is repeated for each slice in the region.

A detailed mathematical description of the approach of
the invention follows.

Let a continuous cone beam data set be given by C(B.Z,
q). where f is the gantry rotation angle (or view angle), and
q and z' are the position on the detector as shown in FIG. 4.
To reconstruct one slice, the angular range of B must be at
least 180° plus the fan angle. A reconstruction using the
minimum number of projections is referred to as a halfscan.
Let B, be the range of projection angles used for halfscan
reconstruction. More views can be used if an overscan
correction is desired. The method of overscan is discussed in
detail below.

The method of NSR can be summarized as follows:

1. For a given B, where 0=8B<p,. extract a fan beam

projection, F(f3.q), from the cone beam data C(p.z'.q).
The fan beam data are given by

F(Ba)=C(B.L(B.9»a) (1),

where L(f.q) is the line of the desired 1D projection
(z=L(B.q)). F(B.q) may optionally be rebinned to parallel
data at this stage. The rebinning is the preferred method due
to the computational efficiency of backprojecting parallel
views rather than fan views. The rebinning procedure is
discussed in detail below.

2. Convolve F(f3.q) with an appropriate convolution ker-

nel.

3. Backproject the convolved data using 2D-FBP.

The method of determining 1.(B, q) and the optimization of
the tilt angle are discussed below.

In reality. the cone beam data does not exist in continuous
form and a method for discrete implementation is used.
Specifically. the data on the line I(f.q) must be determined
by interpolating from discrete detectors. Let the cone beam
data be given by C[v.r.d], where v is the view number (in the
B direction). r is the detector row number (in the z-direction),
and d is the detector channel number (in the g-direction) in
a given row. Also let the limits be defined as 0=v<N,,
O=r<N,. and 0=d<N,. where N, is the number of half scan
views, N, is the number of rows, and N is the number of
detectors per row. The relations between the discrete and
continuous variables are

B=vAg (2)
Z=(r-r.w, 3)
q={d—dw, @)

where Ag is the angle between views. w, is the distance
between rows, w, is the distance between detectors in a
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given row, 1. is the row location of z'=0 and d_. is the detector
channel location of g=0.

r.=N—1/2 )

d=N172 ©)
As in the continuous case, the desired data lies along a line
which intersects the ellipse. Let F[v.d] be the fan beam data
selected from C[v.r.d). The interpolation in the 1 direction is
referred to as the z-interpolation. Let r'[v.d] be a lookup table
which gives the location of the desired point in r for a given
v and d. The fan data can be obtained by using linear
interpolation in r. Namely,

FludI=(1-p)Cly rodHpClu rot+1.4] o))

where I, is the largest integer value less than or equal to r',
and p=r'-1,.

The z-interpolation table can be determined by simulating
projection data for the simulated tilted disk, as described
above. The simulated disk has thickness equal to the detector
row width projected to the isocenter. The attenuation coef-
ficient is constant throughout the disk. and the photon energy
is monoenergetic. In this way. a given projection ray mea-
sured through the disk is directly proportional to the thick-
ness traversed. The center of the disk is located at the
isocenter and oriented with a fixed tilt angle 6. The disk
travels in the z-direction at the specified table speed of the
scanner. The location of the disk’s center at the beginning
and the end of data collection (i.e., at v=0 and v=N,—1) is
symmetric about z=0. The radius of the disk is equal to the
scan radius R given by

R=r, sin § B}
where 1, is the distance from source to isocenter and 3 is half
the fan angle given by

ANy ®)

d=——

where A, is the angle between detectors in a given row. The
full detector width in the z-direction at isocenter is given by

D=w N (r/ra) (10)

where r, is the distance from the source to the detector. We
define the pitch. p. as the ratio of the table translation in 360
degrees of gantry rotation to D. Namely,

sT
D

(11

p=

where s, is the table speed and T is the gantry rotation period.
For example, for a pitch of one. the table moves a distance
D in one rotation.

The simulation can use the same geometry of the scanner.
Alternatively. the simulation can use more detector rows to
improve the resolution in determining the z-interpolation
table. See Table 1.

TABLE 1

Parameter values and definitions.

Ny Number of detector channels per row
N, Number of rows

N, Number of half scan views per image
N, Number views per rotation
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TABLE 1-continued

Parameter values and definitions.

Number of rows in simulation

Number of degrees per view

Angle between detector channels in a row

Slice separation in views

Full width of detector array at isocenter in z

Scan radius

Distance between detector channels in q

Distance between detector rows z

Distance between detector channels in q at isocenter
Distance between detector rows in z used in simulation
Distance from source to isocenter

Distance from source to center of detector array
Table velocity

Gantry rotation period

Pitch

Tilt angle

EEW Ufggaz

2¢

Y HA DD

As mentioned above, the interpolation line is determined
by computing the ceatroid in the row direction of the
resuitant projection data. Let m be the simulation row index
where

O=m<N,

12

The interpolation point m'[v.d]. is given by calculating the
centroid as follows:

N1
p> :
) mClv,m,d]
m'[vd] = N1
z ,
Clv.m.d]

(13)

The value of m'[v.d] is then converted into the true
detector row variable r'[v.d] where (0=r'<N,). The
z'-location of m' is given by

z=(m—m W, 14)

where m,, is the row location of =0 and w,,, is the distance
between detectors in a given row in the simulation. The
value of ' is then obtained by substituting Equation (14) into
Equation (3) for z' and solving for r, which gives

Win (15)
Fivdl=—2— (mind] - me)

The z-interpolation table is a function of the tilt angle. the
geometry of the scanner, and the pitch. The pitch is fixed by
the table speed. the gantry rotational speed. and detector size
per Equation (11). The tilt angle can be chosen by a method
described below.

Let the range of views from the scanner be given by

0Sv<oo (16)

A slice is reconstructed by using a set of N, views. To
reconstruct a series of adjacent slices. Steps 1 through 3
above are repeated for a different set of N, views for each
slice. Let j be the slice number in the series of N, slices.
O=j<N,. Also let vy, be the first view for a given slice j such
that a given slice j uses the views v, Ev<vy,+N,.

VoA an
where A, is the separation in views between adjacent slices.
The fan data for slice j are extracted from the cone beam data
as follows:

Flv,dI=Clv,rlv,dld) (18)
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where

s (19)

and where 0=v,<N,. Note that the z-interpolation table can
be the same for each slice.

The plane of a tilted slice can be described by two
rotations. The first rotation is about the x-axis by an angle 8
and the second rotation is about the z-axis by an angle ¢. The
equation of the nutated plane is given by

x sin & sin B+y cos @ sin 6+(z—z4) cos H=0 20)

where z, is the location of the center of the plane in z (i.e..
in FIG. 6. 2,=0).

In a series of slices, the precession angle, g, is related to
the view angle B. Let the gantry angle corresponding to Voy
be denoted as B, The precession angle for slice j is given
by

¢j=30j+8_% @y
where § is half the fan angle as shown in FIG. 2 and defined
in Equation (9).

The nutated slice geometry causes the slice separation in z
to be a function of the location in x and y, as well as the
pitch. At the center. (x.y)=(0.0), the location in z is given by

Zaf=(j- Nj;l )Aw

where A, is the separation of slices at isocenter given by

) (23)

where N_ is the number of views per rotation. In general, the
separation at any point (x.y) is obtained by solving Equation
(20) for z for two adjacent slice and taking the difference,
namely.,

(22)

5T

Am=A~f(T.

Az (24)
A, is sinusoidal. and oscillates about the nominal separation
at isocenter which is a constant. FIG. 12 shows the slice
separation for pixels located at (x,y)=(0.0). (R.0), and (0O.R)
where R is the scan radius. Each point on the curve repre-
sents a different slice in a series of 36 slices. The slices are
separated by 10 views. The curves for (R.0) and (0.R) give
the maximum amplitude. Pixels within R will give a smaller
amplitude in the slice separation.

Once the fan beam projection data are selected for a given
tilted slice, it can be rebinned to paralilel beam projection
data. One rebinning procedure for continuous variables is
disclosed in U.S. Pat. No. Re. 30.947. which is incorporated
herein by reference. Here we will describe the rebinning in
terms of the discrete data.

Consider rebinning the fan data to 180 degrees of parallel
data. As stated previously, the fan views needed to form 180
degrees of parallel views is equal to the number of fan views
contained in 180423 degrees of gantry rotation. If an over-
scan correction is used, more fan views are needed as
discussed below. However, the rebinning procedure is the
same with or without overscan.

The rebinning can be done in two steps by separating the
radial (q-direction) and tangential (v-direction) interpola-
tions. The relation between fan and parallel views is given
by

B=Bryr (25)
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where B, is the parallel view angle, f3,is the fan view angle,
and Yy, is the fan detector angle. Let v, be the parallel view
index, (0=v,<N,). and v be the fan view index (0=v,<N,).
The parallel view angile is given by

Bolv. v Ag+d 26)

where Ag is the view angle spacing and 6 is half the fan
angle. For cach parallel view and fan detector d. the
interpolation point in fan view is calculated,

V= By 351 - D 7
where yld/] is the fan detector angle given by
Ndd=a(drd (28)

and where d_, is the center fan detector. A hybrid parallel
projection, P,[v,.d. is obtained with interpolation in the fan
view direction

Py, d=F1Vpd]

The radial interpolation is done as follows. Let t be the
location of the desired equi-spaced parallel detectors.

(29)

Ad, [=Waio(d,—d.,) (30)
where w,;,, is the detector channel spacing (in q) at
isocenter, d, is the parallel detector channel number,
(0£4,<M,}. and d, is the center parallel detector. The
number of parallel detectors per view is given by

2R
Wdiso

(31)

=

The location of t in the fan detector array is given by

32
ddd,l =sint ( ) G

The parallel projection P|v,,..d, ] is obtained by interpolating
the hybrid projection data in the d,

1d,}
R

Plv,d,J=Pilv,d 7 (33)
The combination of the z-interpolation and rebinning
consists of interpolation of the cone beam data in all three
directions, i.e.. v, d. and r. The z-interpolation can be done
first, or it can be inserted into the rebinning procedure.

In stationary CT, parallel views should be symmetric over
arange of 180 degrees. That is, a view taken at  degrees and
a view at 180 degrees should contain the same information
in the absence of motion duc to symmetry. Object (or
patient) motion destroys this symmetry and causes a dis-
continuity in the projection data for views separated by 180
degrees. This discontinuity results in artifacts in the recon-
structed image which lead to the development of correction
schemes such as the comrection scheme described in U.S.
Pat. No. 4,580.219, incorporated herein by reference.

Overscan correction is a method to smooth the disconti-
nuity and decrease motion artifacts. This is accomplished by
measuring extra views and weighting them before convolv-
ing and backprojecting. The number of extra views is
usually small compared to the total number of views con-
tained in 7. Let the number of extra views be N such that
the parallel view data set is given by 0=v,<N,,,. where
N,»=N,+N_,. The data are first multiplied by weights to
give weighted data

PoulVosdp =WV, IP[Vogd, ) (34)
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where the weight w is given by
33)
3x2 —2x Vos < Nos
wivesl= 4 1-3x2-2%° o2 N,
1 clsewhere
and where
Vor+ 172 36)
M=
_ Vet L2-N, (€5}
RETT Ne

After the weighted data are defined. there are at least two
ways to proceed. Let P, be the output parallel projections
that are convolved and backprojected. In the first method,
the output projections are equai to the weighted projections,
namely

Pl Vosrdp FP W [Vosrdy] (38)
and the number of views is N,.. In the second method. the
output projections are given by

Pulvos — Np, dp] + PywlVos dp] (39)

Pulvos dp]

Vos = Np

Poudvp, dpl = [ elsewhere

where

I=M,-1—d (40)
and where 0=v_<N,,. The second method has less output
views than the first method. At first it may scem advanta-
geous to backproject less views for computational efficiency.
However. in a pipelined architecture the first method may be
more efficient. This is because in the second method two
views separated by N,, are added together. It may not be
possible in a pipeline to save a view in order to add it to
another view that is acquired at a later time. Both methods
will produce the same final image.

The CT apparatus and method of the invention provide
numerous advantages over prior approaches. It provides a
three-dimensional scanning approach in the form of helical
cone-beam scanning., which is far less time consuming than
prior approaches using linear detector arrays. It provides a
reconstruction process which results in image quality
equivalent to three-dimensional reconstruction algorithms,
but does not require three-dimensional reconstruction hard-
ware. The much simpler two-dimensional reconstruction
hardware is used.

While this invention has been particularly shown and
described with references to preferred embodiments thereof,
it will be understood by those skilled in the art that various
changes in form and details may be made therein without
departing from the spirit and scope of the invention as
defined by the following claims.

What is claimed is:

1. A method of reconstructing image data for a region
having a longitudinal axis, said method comprising:

scanning the region with an array of detectors to generate

scan data representative of the region;

defining a plurality of image data slices corresponding to

a plurality of positions along the longitudinal axis of
the region. successive image data slices being non-
parallel with each other; and

using the scan data, generating image data for the plurality

of image data slices.

2. The method of claim 1, wherein the region is scanned
with a computed tomography (CT) device to generate the
scan data.
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3. The method of claim 1, wherein the region is scanned
with a radiation source which directs radiation through the
region onto the array of detectors.

4. The method of claim 3, wherein the radiation source is
a cone-beam source.

5. The method of claim 1. wherein successive image data
slices are nutated with respect to each other.

6. The method of claim 1, wherein the array of detectors
is a two-dimensional array.

7. The method of claim 1, wherein the step of generating
image data comprises applying a two-dimensional back
projection computation to the scan data.

8. The method of claim 1, wherein the step of generating
image data comprises applying a two-dimensional recon-
struction computation to the scan data.

9. The method of claim 1, wherein the scan data is
generated using a helical scan.

10. The method of claim 1. wherein the scan data is
generated using a helical cone-beam scan.

11. The method of claim 10, wherein the step of gener-
ating image data comprises applying a two-dimensional
back projection computation to the scan data.

12. The method of claim 10, wherein the step of gener-
ating image data comprises applying a two-dimensional
reconstruction computation to the scan data.

13. The method of claim 1. further comprising rebinning
the scan data to paraliel-ray scan data.

14. The method of claim 1, further comprising providing
overscan correction to the scan data.

15. A method of reconstructing image data for a computed
tomography (CT) image of a region, said region having a
longitudinal axis and a transverse axis orthogonal to the
longitudinal axis. said method comprising:

scanning the region with a radiation source and an array

of detectors to generate scan data representative of the
region;

at each of a plurality of positions along the longitudinal

axis of the region, defining image data slice. said image
data slice defining a slice plane having a normal axis
forming a tilt angle with the longitudinal axis of the
region and a rotation angle with the transverse axis of
the region such that the normal axes of successive
image data slices have the same tilt angle and different
rotation angles; and

using the scan data, generating image data for the plurality

of image slices.

16. The method of claim 15, wherein the radiation source
is a cone-beam source.

17. The method of claim 15. wherein the array of detec-
tors is a two-dimensional array.

18. The method of claim 15, wherein the step of gener-
ating image data comprises applying a two-dimensional
back projection computation to the scan data.

19. The method of claim 15, wherein the step of gener-
ating image data comprises applying a two-dimensional
reconstruction computation to the scar data.

20. The method of claim 1S, wherein the scan data is
generated using a helical scan.

21. The method of claim 15, wherein the scan data is
generated using a helical cone-beam scan.

22. The method of claim 21. wherein the step of com-
puting image data comprises applying a two-dimensional
back projection computation to the scan data.

23. The method of claim 21, wherein the step of gener-
ating image data comprises applying a two-dimensional
reconstruction computation to the scan data.

24. The method of claim 15, further comprising rebinning
the scan data to parallel-ray scan data.
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25. The method of claim 15, further comprising providing
overscan correction to the scan data.

26. The method of claim 1S. further comprising, before
scanning the region. performing a calibration scan with a
tilted opaque disk to determine the tilt angle.

27. The method of claim 26, further comprising comput-
ing an area of a projection of the opaque disk on the array
of detectors to minimize error in the reconstructed image
data.

28. In a computed tomography (CT) system, a method of
generating a reconstructed slice of image data comprising:

scanning a region with a radiation source and an array of

detectors to generate a plurality of scan data, the region
including an axis;

identifying a slice angle between the axis and a slice plane

defined by the reconstructed slice such that error in the
reconstructed slice image data is minimized; and

using the scan data, computing the image data for the

reconstructed slice at the slice angle.

29. The method of claim 28, wherein the radiation source
is a cone-beam source.

30. The method of claim 28, wherein the array of detec-
tors is a two-dimensional array.

31. The method of claim 28. wherein the image data is
computed from the scan data using a two-dimensional
reconstniction computation.

32. The method of claim 28, wherein the scan data is
generated using a helical scan.

33. The method of claim 28, wherein the scan data is
generated using a helical cone-beam scan.

34. The method of claim 28, wherein identifying the slice
angle comprises, before scanning the region, performing a
calibration scan with a tilted opaque disk.

35. The method of claim 28, further comprising comput-
ing an area of a projection of the opaque disk on the array
of detectors to minimize error in the reconstructed image
data.

36. A system for generating image data for a region
having a longitudinal axis, said system comprising:

an array of detectors for scanning the region to generate

scan data representative of the region;
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processing means for defining a plurality of image data
slices at a plurality of positions along the longitudinal
axis of the region such that successive image data slices
are non-parallel with each other; and

generating means for computing image data for the plu-

rality of image slices.

37. The system of claim 36, wherein the system is a
computed tomography (CT) system.

38. The system of claim 36, further comprising a radiation
source for directing radiation through the region and onto
the array of detectors to scan the region.

39. The system of claim 38, wherein the radiation source
is a cone-beam source.

40. The system of claim 36, wherein the array of detectors
is a two-dimensional array.

41. The system of claim 36, wherein the generating means
comprises two-dimensional back projection means for gen-
erating the image data.

42. The system of claim 36, wherein the generating means
comprises two-dimensional reconstruction means for gen-
erating the image data.

43. The system of claim 36, further comprising two-
dimensional back projection hardware for generating the
image data.

44. The system of claim 36, wherein the array of detectors
is adapted to perform a helical scan of the region.

45. The system of claim 36, wherein the array of detectors
is adapted to perform a helical cone-beam scan of the region.

46. The system of claim 36, further comprising means for
rebinning the scan data to parallel-ray scan data.

47. The system of claim 36, further comprising means for
providing overscan correction to the scan data.

48. The system of claim 36, further comprising means for
performing a calibration scan with a titled opaque disk
before scanning the region.

49. The system of claim 48, further comprising means for
computing an area of a projection of the opaque disk on the
array of detectors to minimize error in the reconstructed
image data.



