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TOMOGRAPHIC IMAGE RECONSTRUCTION
USING CROSS-PLANE RAYS

BACKGROUND OF THE INVENTION

This invention relates to computed tomography (CT)
systems and specifically to CT systems in which projec-
tions of the imaged object are taken both along rays
within the gantry plane and rays crossing the gantry
plane.

In a typical computed tomography system, an x-ray
source, mounted to a rotating gantry, is collimated to
form a fan beam with a defined fan beam angle. The fan
beam is typically oriented to lie within the “gantry
plane”, a plane normal to the axis of rotation of the
ganiry, and is transmitted through an imaged object to
an x-ray detector array also oriented within the gantry
plane. The axis of rotation of the gantry is also referred
to as the z-axis.

The detector array is comprised of a line of detector
elements, each of which measures the intensity of trans-
mitted radiation along a ray projected from the x-ray
source to the particular detector element. The intensity
of the transmitted radiation is dependent on the attenua-
tion of the x-ray beam along that ray by the imaged
object.

The x-ray source and detector array may be rotated
on the gantry within the gantry plane and around a
center of rotation so that the “gantry angle” at which
the fan beam axis intersects the imaged object may be
changed. At each gantry angle, a projection is acquired
comprised of the collected intensity signals from each
detector element. The gantry is then rotated to a new
angle and the process is repeated to collect projections
data along a number of gantry angles to form a tomo-
graphic projection set.

Often, 27 radians or 360° of gantry rotation will be
used to collect the projection set; however, for fan
beam CT systems, it has been determined that a mathe-
matically complete projection set may be obtained with
as little as 7 radians, plus the angle of the fan beam of
gantry rotation. The use of less than 27 radians of gan-
try rotation to collect a projection set will be referred to
generally as “half scan”.

The acquired tomographic projection sets are typi-
cally stored in numerical form for later computer pro-
cessing to ‘“reconstruct” a slice image according to
reconstruction algorithms known in the art. A projec-
tion set of fan beam projections may be reconstructed
directly into an image by means of fan beam reconstruc-
tion techniques, or the intensity data of the projections
may be sorted into parallel beams and reconstructed
according to parallel beam reconstruction techniques.
The reconstructed tomographic images may be dis-
played on a conventional CRT tube or may be con-
verted to a film record by means of a computer con-
trolied camera.

A typical computed tomographic study involves the
acquisition of a series of “slices” of an imaged object,
each slice parallel to the gantry plane and having a slice
thickness dictated by the size of the focal spot, the
width of the detector array, the collimation, and the
geometry of the system. Each successive slice is dis-
placed incrementally along a z-axis, perpendicular to
the x and y axes, so as to provide a third spatial dimen-
sion of information. A radiologist may visualize this
third dimension by viewing the slice images in order of
position along the z-axis, or the numerical data compris-
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2

ing the set of reconstructed slices may be compiled by
computer programs to produce shaded, perspective
representations of the imaged object in three dimen-
sions.

As the resolving power of computed tomography
methods increases, a growing number of slices are re-
quired in the z-dimension. The time and expense of a
tomographic study increases with the number of se-
quential slices required. Also, the longer scan times
necessary to acquire more slices increases the discom-
fort to the patient who must remain nearly motionless to
preserve the fidelity of the tomographic reconstruc-
tions. Accordingly, there is considerable interest in
reducing the time required to obtain a slice series.

One method of decreasing the scanning time needed
to collect multiple slices of data is to acquire projection
data for more than one slice during a given gantry rota-
tion. This may be done by using a two-dimensional
detector array extending along the z-axis to obtain pro-
jection data on either side of the gantry plane, and by
changing the collimation of the x-rays from that of a fan
beam to, for example, a cone beam having rays diverg-
ing from a focal spot not only within the gantry plane
but to either side of the gantry plane as well. It will be
recognized that such a cone beam generally need not be
a true cone but may also include, for example, pyrami-
dal dispersions of x-rays in three dimensions. The col-
lection of radiation from more than a single plane dur-
ing one projection will be referred to generally as three
dimensional scanning.

Despite the potential advantages of three-dimensional
scanning, the images are frequently degraded by arti-
facts which obscure structures within the imaged ob-
Ject.

SUMMARY OF THE INVENTION

The present invention is based on the discovery of the
source of certain of the image artifacts produced by
cone beam systems and provides two means for elimi-
nating these artifacts.

Specifically, in a first embodiment, a two-dimensional
detector array collects radiation along first, in-plane
rays passing through the imaged object perpendicular
to the axis of rotation of the gantry and along second,
cross-plane rays passing through the imaged object but
not perpendicular to that axis. The detector array pro-
duces first and second signals indicating the intensities
of the first and second rays respectively. The gantry to
which the detector array is attached is rotated to move
the detector array in an orbit about the axis, and the
imaged object, over an angular range equaling an inte-
ger multiple of 27 radians. The first and second signals
obtained within this angular range form the projection
set.

It is one object of the invention to eliminate certain
image artifacts caused by the use of cross-plane rays in
conjunction with half scanning. It has been determined
that, unlike with in-plane rays, in half scanning with
cross-plane rays, critical projection information is lost.
This information is recaptured only by ensuring that the
projection set is taken over 24 radians of gantry rota-
tion.

In a second embodiment, two dimensions of projec-
tion information are collected in a half scan over a range
of gantry angles less than 2+ radians, and for a number
of positions along the z-axis, by rotating the detector
array around the axis and translating in-plane and cross-
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plane rays along the axis. The first and second signals
from the detector array produce a first and second data
set respectively. The first data set is then used to esti-
mate values for second data, at gantry angles not within
the range of measured gantry angles; to produce a third
data set, the second and third are combined, and the
combined data set is reconstructed with the first data set
to produce an image set.

Thus it is another object of the invention to allow the
cross-plane rays to augment the information obtained
from the in-plane rays when half scanning is desired and
yet to reduce the image artifacts that would result from
a simple combining of the two sets of data. The third
data set forms an estimate of the missing data from the
second data set, such missing data being the source of
the artifacts.

The estimation process may be performed by recon-
structing the first data to a three-dimensional image
matrix and re-projecting this image matrix along the
cross-plane rays for each z-axis position, and at gantry
angles not within the range of measured gantry angles
to produce the third data set.

It is thus another object of the invention to provide a
simple means of estimating the missing data of the sec-
ond data set without the need for complicated splicing
and weighting procedures.

The foregoing and other objects and advantages of
the invention will appear from the following descrip-
tion. In the description, reference is made to the accom-
panying drawings which form a part hereof and in
which there is shown by way of illustration, a preferred
embodiment of the invention. Such embodiment does
not necessarily represent the full scope of the invention,
however, and reference must be made therefore to the
claims herein for interpreting the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of a CT system,
as may be used with the present invention, including a
gantry holding an x-ray source and x-ray detector for
obtaining projections of a patient;

FIG. 2 is a simplified perspective view of the gantry
of FIG. 1 showing the cone beam of x-rays from the
x-rays source and the two-dimensional detector array
suitable for three dimensional scanning;

FIG. 3 is a geometric representation of a volume of
the patient as illuminated by the cone beam of x-rays
showing the parallelism of cross-plane rays for small
subvolumes;

FIG. 4 is a diagrammatic representation of the Three
Dimensional Fourier Slice Theorem showing the gener-
ation of Fourier space data from multiple projections of
Cross-axis rays;

FIG. S is a diagram of the three dimension Fourier
space of FIG. 4 for half scans, with cross-plane rays,
over less than 27 radians showing the asymmetric data
loss which causes image artifacts in the reconstructed
image;

FIG. 6 is a cross-section of the three dimension Fou-
rier space of FIG. 5 showing the areas of missing and
redundant data collected in a scan of less than 27 radi-
ans; and

FIG. 7 is a block diagram of a process of the present
invention for estimating the lost data of cross-plane rays
in a half scan from the reprojection of in-plane data
from that half scan.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Referring to FIGS. 1 and 2, a CT system 10 represen-
tative of a three-dimensional CT scanner includes an
x-ray source 12 oriented to project a cone beam of
x-rays 14 from a focal spot 16 through a patient 18 to be
received by a two-dimensional detector array 20.

The two-dimensional detector array 20 is comprised
of a number of detector elements 22 arranged over the
area of the detector array 20 in generally perpendicular
columns and rows together to detect a projected image
from the transmission of the x-rays 14 through the pa-
tient 18.

The x-ray source 12 and the two-dimensional detec-
tor array 20 are mounted on either side of a gantry 24 so
as to rotate in opposition about an axis of rotation 26
generally positioned within the patient 18. The axis of
rotation 26 forms the z-axis of a Cariesian coordinate
system generally having its origin centered within the
cone beam 14. The plane defined by the x and y axes of
this coordinate system thus defines a plane of rotation,
specifically the gantry plane 28 of the gantry 24.

Rotation of the gantry 24 is measured by angle y from
an arbitrary reference position within the gantry plane
28. Angle 7y varies between 0 and 27 radians (360°).

The x-rays of the cone beam 14 diverge from the
gantry plane 28 by angle ¢ and diverge along the gantry
plane 28 by angle ©. Correspondingly, the two-dimen-
sional detector array 20, is arranged generally as a sec-
tion of the surface of a sphere having a center at the
focal spot 16, and has its grid of detector elements 22
arranged so as to receive and make intensity measure-
ments along the rays of the cone beam 14 throughout
the angles of ¢ and © of the cone beam 14. Rays 25 of
the cone beam 14 having values of ¢=0, lie in the gan-
try plane 28 and will be termed ‘“‘in-plane rays”. The
in-plane rays 25 are those rays used in conventional fan
beam CT systems. Those rays 27 having values of ¢pz£0
will be termed “cross-plane rays™.

Referring to FIG. 1, the control system of the CT
scanner 10 has gantry associated control modules 30
which include: x-ray controller 32, which provides
power and timing signals to the x-ray source 12, gantry
motor controller 34, which controls the rotational
speed and position of the gantry 24, and data acquisition
system (IDAS) 36, which receives projection data from
the two-dimensional detector array 20 and converts the
data into digital words for later computer processing
preserving also the values of ¢, and the gantry angle
< at which the data was taken. The x-ray controller 32,
the gantry motor controller 34 and the data acquisition
system 36 are connected to computer 38 for control by
computer 38 and to transmit data to computer 38.

The computer 38 is a general purpose mini-computer
and may be programmed to acquire and manipulate
projection data per the present invention as will be
described in detail below. The computer 38 is con-
nected to an image reconstructor 40 which performs
high speed image reconstruction according to methods
known in the art. The image reconstructor 40 is an array
processor. The computer 38 receives commands and
scanning parameters via operator console 42 which is
generally a CRT display and keyboard which allow an
operator to enter parameters for the CT scan and to
display the reconstructed image or other information
from computer 38. A mass storage device 44 provides a
means for storing operating programs for the CT imag-
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ing system 10 as well as storing projection and image
data for future reference by the operator.

Referring to FIG. 3, for a given projection, the cone
beam of x-rays 14 strikes a volume 46 of the patient 18.
Within that volume 46, a first subvolume 48 receives
in-plane rays 25 from the cone beam 14 having a ¢ value
of zero. These in-plane rays 25 are detected by the de-
tector elements 22 of the two-dimensional detector
array 20 within the gantry plane 28 (shown in FIG. 2)
along a single row within the gantry plane 28. A second
subvolume 50, displaced along the z-axis from the first
subvolume 48, receives cross-plane rays 27 having ¢
values not equal to zero. These cross-plane rays 27 are
detected by other rows of detector elements 22 of the
two-dimensional detector array 20, such rows not lying
within the gantry plane 28.

Provided subvolume 50 is small, the cross-plane rays
27 intercepting subvolume 50 are essentially parallel to
each other.

Referring to FIG. 4, during scanning an object 52
within sub-volume 50 is illuminated by essentially paral-
lel cross-plane rays 27 to create a parallel, two-dimen-
sional projection 54. The plane of projection 54 is per-
pendicular to the cross-plane rays 27 i.e. the normal to
the plane 54 is parallel to rays 27, and is centered on a
Z'-axis 26’ parallel to Z-axis 26. The Three Dimensional
Fourier Slice Theorem states that the two-dimensional
Fourier transform of a two-dimensional parallel projec-
tion of an object provides the values of three-dimen-
sional Fourier transform of the object in a correspond-
ing radial plane in Fourier space, where the normal to
the corresponding radial plane in Fourier space plane is
parallel to the direction of the projection. Accordingly,
the two-dimensional parallel projection 54, when oper-
ated on by a two-dimensional Fourier transform 56
provides a similar plane 58 of data in Fourier space 57.

The two-dimensional projection 54 has a first axis 51
perpendicular to the Z’-axis 26’ and a second axis 53
tipped with respect to the Z-"axis 26’ by angle ¢ so as to
receive the cross-plane rays 27 of the cone beam 14
perpendicularly to its surface. The first axis 51 of the
two-dimensional projection 54 is rotated around the
Z’-axis 26’ by an amount vy from reference angle 23
determined by the position of the gantry 24, as previ-
ously described.

Similarly, by the above theorem, the two-dimensional
Fourier transform 56 of the two-dimensional projection
54 yields the values of the three-dimensional Fourier
transform of the object 52 in Fourier space 57 along a
plane 58 having a first axis 59 rotated by angle y around
perpendicular Fourier space axis F; with respect to a
reference 60, and a second axis 63 rotated by angle ¢
with respect to F.. The axis F; is simply a Cartesian
coordinate axis of Fourier space 57 defined as corre-
sponding to the Z-axis 26.

For different projections 54 obtained at different
angles v by rotation of gantry 24, additional planes 58 of
Fourier data will be obtained. Each plane 58 of Fourier
data will have same angle ¢ with respect to F, as fixed
by the angle ¢ of the cross-plane rays 27, but will be
rotated around F; so as to sweep out a cylinder of data
62 in Fourier space 56 excluding two conical areas 64.
The excluded conical areas 64 are cones having bases
abutting the bases of the cylinder 62 and vertices meet-
ing at the centerpoint of cylinder 62. The vertex angle
of these conical areas 64 is equal to 2¢, and thus the
conical areas grow larger as the ¢ value of the cross-
plane rays 27 increases. The cylinder 62 and the cones
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6
64 bound the data obtained in Fourier space for projec-
tions 54 taken at angles of y ranging over 27 radians
during rotation of the gantry 24.

Reconstruction of an image of the object 52 requires
taking the inverse Fourier transform of the data of cyl-
inder 62. Generally this inverse Fourier transform is
taken along a single plane through cylinder 62 so as to
produce a tomographic or slice image.

The effect of the missing data of the conical areas 64
on the reconstructed image is to eliminate low spatial
frequencies from the reconstructed image. Provided the
angles ¢ of the cross-plane range 27 are low, however,
such loss of low frequency information, although not
desirable, may be tolerated for many imaging applica-
tions. -

When three-dimensional scanning is used with half
scanning techniques, in which the gantry 24 does not
rotate by 27 radians, but by a lesser amount on the
order of s radians, the data 62 collected by the cross-
plane rays 27 will exhibit a much more pronounced
shortfall.

Referring to FIG. 5, in a half scan with cross-plane
rays 27, data will be lost from the cylinder 62 along
v-shaped channels 68 proceeding radially out from the
axis Iz in opposite directions for each cone 64. Thus,
unlike the case of in-plane rays 25, where no significant
data is lost from the Fourier space 57 for a half scan, in
the case of cross-plane rays 27, the use of half scans will
cause significant data loss in the Fourier space 57. In
particular, the lost data of channels 68 includes high
frequency components of the reconstructed image
asymmetrically disposed about the axis F, and thus
creates ghost artifacts that may obscure important detail
in the reconstructed image.

In summary, and referring also to FIG. 6, for a given
plane of FIG. § along the Fxand Fjaxes, orthogonal to
F:in the Fourier space 57, data will be lost within the
conical area 64 and v-shaped channel 68. Important
also, however, in the area at 70 directly opposite the
v-shaped channel 68 reflected about the axis F,, the
cross-axis beams 27 provide redundant data. That is, the
area 70 is swept twice by the rotating plane 58. This
non-uniform: data sampling contributes to image arti-
facts.

The sweeping of the cylinder 62 in Fourier space 57,
by the canted plane 58 along the cross section of FIG.
6, can be visualized by imagining the movement of a line
65 tangent to the circle forming the cross section of
conical area 64 in that cross-section, as that point of
tangency moves around the circle with changing .

The image artifacts identified to the use of cross-plane
rays 27 with half scanning techniques may thus be elimi-
nated by insuring that a full scan of 27 radians of gantry
rotation is taken if cross-plane rays 27 are used. In this
case, the missing data will be confined to the radially
symmetrical cones 64 whose volumes may be limited by
limitation of the angle ¢ of the cross plane rays 27.

In a second embodiment, the cross-plane rays 27 of
the cone beam 14 may be used to supplement the infor-
mation obtained by the in-plane rays 25 of the cone
beam 14. In this embodiment every sub-volume 50 and
48 (shown in FIG. 3) is half scanned both by cross-plane
rays 27 and by in-plane rays 25. The in-plane rays 25
may produce a complete set of image data with a half
scan of gantry rotation. Nevertheless, as described
above, image artifacts will result if the projection data
from the cross-plane rays 27 is combined with the pro-
jection data from the in-plane rays 25 because of the
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missing data of the cross-plane range as shown in FIG.
5.

However, provided each sub-volume 48 and 50 is
scanned both by cross-plane and in-plane rays 27 and 25,
the image artifacts may be reduced by using the projec-
tion data from the in-plane rays 25 to estimate values for
these missing data obtained from the cross-plane rays
27.

Referring to FIGS. 1, 2 and 3, the half scanning is
performed by first positioning the patient 18, and hence
the volume 46, along the z-axis at a first position. The
gantry 24 is then rotated throughout a half scan angular
range of less than 277, while data for the in-plane rays 25
and the cross-plane rays 27 is acquired at discrete angu-
lar intervals. At the conclusion of the rotation of the
gantry 24 through this angular range, the patient 18 is
translated to a second position along the z-axis 26 and
the gantry 24 is again rotated through its half scan while
data is again collected for in-plane rays 25 and the cross-
plane rays 27 at discrete angular intervals.

Typically the data for each z-axis position in the half
scan is obtained by rotating the gantry 24 over a range
of 7 radians +2¢, the cone beam angle, in between
translations of the volume 46 along the z-axis 26.

Referring to FIGS. 7 and 3, the half scanned data for
the cross-plane ray 27, produces incomplete cross-plane
projection data 74, and the half scanned data for the
in-plane rays 25 produces in-plane projection data 72.
Projection data 72 produces a single three dimensional
array of projection data points corresponding to the
projections of the in-plane rays 25 as received by a
single row of detector elements 20 for each gantry angle
v and for each z-axis position. The collected projection
data 74 comprises multiple three dimensional arrays of
data, one corresponding to each row of detector ele-
ments 20 outside of the gantry plane 28 as identified by
different angles ¢ of the received cross-plane rays 27.

Projection data 72 from the in-plane rays 25 is recon-
structed, by well known fan beam reconstruction tech-
niques, as indicated by process block 76 to produce
in-plane image data 78 for the volume 46. As is under-
stood in the art, the image data 78 consists of a matrix of
values, each representing the x-ray absorptivity of a
volume element of the patient 18 within the volume 46.

This image data 78 is then re-projected mathemati-
cally, as indicated by process block 79, along the cross-
plane rays 27 for gantry angles vy beyond the range of
the half scan. For example, if the half scan is over gan-
try angles -y from O to 7 radians +2¢, the re-projecting
occurs from the values 7 radians +2¢ to 27 radians.
The process of re-projecting 79 is well understood in
the art and involves summing the values of the image
data 78 along lines through the matrix corresponding to
the cross-plane rays 27 of the cone beam 14. The sums
represent the total absorption along those lines and thus
create a simulated projection along those rays 27 analo-
gous to the projection that would be obtained from the
volume 46 of the patient 18. The re-projecting process
79 produces a new set of estimated cross-plane projec-
tion data 82 analogous to the projection data 74, but, as
described, covering the gantry angles v beyond those
used in the half scan. Thus, projection data 82 and 74
combine to provide an effective 2o radians of projec-
tion data for the cross-plane rays 27 despite the actual
half scan.

The projection data 82 and 74 are combined, as
shown in process block 80, by splicing the estimated
projection data 82 into the array elements of projection
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data 74, at the sites of previously missing projection
data, to produce completed cross-plane projection data
84.

This completed cross-plane projection data 84 is then
reconstructed with the in-plane projection data 72 by
3D reconstruction techniques, as indicated by block 86,
which incorporates both in-plane and cross-plane rays
to produce tomographic image data 88. Tomographic
image data 88 may be selectively displayed along planes
within its matrix of values as is well understood in the
art to produce tomographic images.

Thus, the in-plane projection data 72 may be used to
provide the missing data from the cross-plane projec-
tion data 74 compensating for the fact that a half scan by
cross-plane rays 27 does not provide a complete set of
data in Fourier space 57. The combination of the in-
plane projection data 72 with the cross-plane projection
data 74 improves the signal-to-noise characteristics of
the image data 88 over that obtained with the projection
data 72 alone. It should be noted that even after this
augmentation process, that the conical areas 64 are still
missing from the projection data 74. However, as men-
tioned, the symmetrical low frequency data losses re-
sulting from areas 64 may be tolerated in many applica-
tions.

As described above, the data for the v-shaped chan-
nel 68 of FIG. §, missing from the projection data 74, is
provided by the expedient of re-projecting an image 78
constructed from the projection data 72 derived from
in-plane rays 25. It will be understood to those of ordi-
nary skill in the art, however, from the above descrip-
tion identifying the cause of the artifacts, that other
means may be adopted to provide the missing data of
the v-shaped channel 68 and to effectively de-weight
the redundant data in area 70. For example, correspond-
ing data from set 72 may be removed and spliced into
the area 68 of the data set 74. In addition, each of the
data values in area 70 may be de-weighted by one-half.
Additionally, to prevent artifacts caused by discontinu-
ities between the spliced data from set 72 and the data of
sets 74, the boundaries between data within region 68
may be blended to the data outside of region 68 by
appropriate weighting schemes.

Many other modifications and variations of the pre-
ferred embodiment which will still be within the spirit
and scope of the invention will be apparent to those
with ordinary skill in the art. For example, the tech-
niques described herein may be applied to other imag-
ing modalities such as position emission tomography
where the source of cross-plane and in-plane rays is a
decaying isotope within the body or “fourth genera-
tion” CT scanning where a stationary detector array
receives radiation from an orbiting radiation source. In
order to apprise the public of the various embodiments
that may fall within the scope of the invention, the
following claims are made:

We claim:

1. A method of producing a tomographic image from
projection data collected by a two-dimensional detector
array receiving radiation along first rays perpendicular
to a z-axis and second rays not perpendicular to the
z-axis, said detector array producing first and second
data indicating the intensities of the first and second
rays respectively, comprising the steps of:

a) collecting a first and second projection set com-

prising first and second projection data, respec-
tively, over a range of gantry angles around the
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axis of less than 27 radians and for a number of
z-axis positions;

b) estimating from the first projection set, values for
the second projection set at the z-axis positions but
at gantry angles not within the range of gantry
angles, to produce a third projection set;

¢) combining the second and third projection sets to
produce a completed projection set; and

d) reconstructing the completed projection set and
the first projection set to produce the tomographic
image.
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2. The method recited in claim 1 wherein the first
rays are received over a fan angle and wherein the
range of gantry angles equals @ radians plus the fan
angle.
3. A method as recited in claim 1 wherein step (b)
comprises the steps of:
reconstructing the first projection set to a three di-
mensional image set; and
re-projecting the three dimensional image sct along
the second rays for each z-axis position at gantry
angles not within the range of gantry angles to

produce the third projection set.
£ * * % *



