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METHOD FOR HELICAL SCANNING WITH A
STATIONARY DETECTOR USING REBINNING
AND SPLICING TO CREATE DETECTOR VERTEX
PROJECTION SETS

BACKGROUND OF THE INVENTION

This invention relates to fourth generation computed
tomography using helical scanning. More specifically,
the invention concerns an image reconstruction method
for reducing image artifacts that resuit from acquiring
tomographic projection data in a helical scan.

In a fourth generation computed tomography system,
an x-ray source is collimated to form a fan beam with a
defined fan beam angle. The fan beam is orientated to lie
within the x-y plane of a Cartesian coordinate system,
termed the “imaging plane”, and to be transmitted
through an imaged object to an x-ray detector array
orientated within the imaging plane. The x-ray source
may be rotated on a gantry within the imaging plane,
around the imaged object, so that the fan beam inter-
cepts the imaged object at different angles.

The detector array is comprised of detector elements
which each measure the intensity of transmitted radia-
tion along rays projected from the x-ray source to that
particular detector element. However, unlike the case
of conventional third generation CT scanning where
the detector array moves with the source, with a fourth
generation system the detector array is fixed and so
each detector element receives rays at a variety of an-
gles as the source is rotated around the imaged object.

At each angle of the source, a data is acquired from
each exposed detector element. This data, collected at a
single source position, will be termed a *‘source-vertex”
projection, and is similar to the projections acquired in
third generation CT imaging.

The source is then rotated to a new angle and the
process is repeated with the detectors receiving rays at
new angles. The data for a given detector over 360° of
source rotation will be termed a “detector-vertex™ pro-
jection to be distinguished from the source-vertex pro-
jections described above. The detector-vertex projec-
tions are derived from the acquired source-vertex data.

The acquired detector-vertex projection set is typi-
cally stored in numerical form for computer processing
to “reconstruct” a slice image according to detector-
vertex reconstruction algorithms known in the art. The
reconstructed slice images may be displayed on a con-
ventional CRT tube or may be converted to a film
record by means of a computer controlled camera. The
use of detector-vertex projections in the reconstruction
process rather than source-vertex projections reduces
certain image artifacts associated with varying sensitivi-
ties among the detectors.

A typical computed tomographic study entails the
imaging of a series of slices of an imaged object with the
slices displaced incrementally along a z-axis perpendic-
ular to the x and y axes, so as to provide a third spatial
dimension 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
comprising the set of reconstructed slices may be com-
piled by computer programs to produce shaded, per-
spective representations of the imaged object in three
dimensions.

As the resolving power of computed tomography
methods increases, additional slices are required in the
z-dimension. The time and expense of a tomographic
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study increases with the number of slices reguired.
Also, longer scan times increase the discomfort to the
patient who must remain nearly motionless to preserve
the fidelity of the tomographic reconstructions. Ac-
cordingly, there is considerable interest in reducing the
time required to obtain a slice series.

The time required to collect the data for a series of
slices depends in part on four components: a) the time
required to accelerate the gantry to scanning speed, b)
the time required to obtain a complete tomographic
projection set, c) the time required to decelerate the
gantry and d) the time required to reposition the patient
in the z-axis for the next slice. Reducing the time re-
quired to obtain a full slice series may be accomplished
by reducing the time required to complete any of these
four steps.

The time required for acceleration and deceleration
of the gantry may be avoided in tomographic systems
that use slip rings rather than cables to communicate
with the gantry. The slip rings permit continuous rota-
tion of the gantry. Hereafter, it will be assumed that the
CT systems discussed are equipped with slip rings or
the equivalent to permit continuous rotation of over
360°.

The time required to acquire the tomographic data
set is more difficult to reduce. Present CT scanners
require on the order of one to two seconds to acquire
the projection set for one slice. This scan time may be
reduced by rotating the gantry at a faster speed. A
higher gantry speed, in general, will reduce the signal-
to-noise ratio of the acquired data by the square root of
the factor of rotational rate increase. This may be over-
come to some extent in transmission tomography de-
vices by increasing the radiation output of the x-ray
tube, but is subject to the power limits of such devices.

A reduction in patient repositioning time may be
accomplished by translating the patient in the z-axis
synchronously with the rotation of the gantry. The
combination of constant patient translation along the
z-axis during the rotation of the gantry and acquisition
of projection data has been termed “helical scanning”
and refers to the apparent path of a point on the gantry
with respect to a reference point on the imaged body.
As used herein, “helical scanning” shall refer generally
to the use of continuous translation of the patient or
imaged object during the acquisition of tomographic
imaging data, and “constant z-axis scanning” shall refer
to the acquisition of the tomographic data set without
translation of the patient or imaged object during the
acquisition period.

Continuous translation of the imaged object during
scanning shortens the total scanning time required for
the acquisition of a given number of slices by eliminat-
ing the length of time normally required for reposition-
ing the patient between scans. However, helical scan-
ning introduces certain errors with regard to the data in
the acquired tomographic projection sets. The mathe-
matics of tomographic reconstruction assumes that the
tomographic projection set is acquired along a constant
z-axis slice plane. The helical scan path clearly deviates
from this condition and this deviation results in image
artifacts in the reconstructed slice image if there is any
significant change in the object in the z-axis. The sever-
ity of the image artifacts depends generally on the
“helix offset” in the projection data, measured as the
difference between the table locations of the scanned
data and the z axis value of the desired slice plane. Er-
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rors resulting from helical scanning will be referred to
collectively as “skew” errors.

Several methods have been used to reduce skew er-
rors in helical scanning. A first approach disclosed in
U.S. Pat. No. 4,789,929 issued Dec. 6, 1988, interpolates
between projections of consecutive 360° tomographic
projection sets. This approach of interpolating over
720° generally increases partial volume artifacts. Partial
volume artifacts are image artifacts arising when certain
volume elements of the imaged object contribute to
only some of the projections of the projection set. In a
second approach, described in co-pending U.S. patent
application Ser. No. 07/435,980, filed Nov. 13, 1989
entitled “Extrapolative Reconstruction Method for
Helical Scanning™, and assigned to the same assignee as
the present invention, skew artifacts are reduced by
interpolating and extrapolating between two partial
projection sets of only 180° of gantry rotation. This
application is incorporated by reference.

SUMMARY OF THE INVENTION

It is understood in the art, that a tomographic image
may be prepared from projection data acquired over
less than 360° of gantry rotation. Generally, this result
arises from the equivalence in attenuation of certain
rays in projections acquired at gantry angles 180° apart.
This method of reconstructing a tomographic image is
termed *‘half scan” reconstruction. The weighting and
reconstruction of images from a half scan data set are
discussed in detail in “Optimal Short Scan Convolution
Reconstruction for Fanbeam CT”, Dennis L. Parker,
Medical Physics 9(2) March/April 1982.

The present invention reduces skew artifacts in heli-
cally acquired data by interpolating and extrapolating a
projection set with reduced helical offset from two
detector-vertex half scans acquired near the slice plane.
The half scans are created from data acquired over only
27 of gantry rotation by means of a splicing procedure.

Specifically, source-vertex projection data is ac-
quired during 27r of gantry rotation and rebinned into
corresponding detector-vertex projection sets. Two
half scans are divided out of the rebinned detector-ver-
tex projections set. The data from these half scans is
spliced so as to create a full 27r of detector-vertex pro-
Jjections. The half scans are weighted to permit interpo-
lation and extrapolation to the slice plane and then re-
constructed to form an image.

It is one object of the invention to permit the acquisi-
tion of projection data for a single slice image over a
shorter z-axis distance. The splicing process allows the
detector-vertex half scans to be acquired in 360°. For a
given scan pitch, the use of two detector-vertex half
scans acquired in 360° rather than two full scans ac-
quired in 720°, requires less z-axis travel in a helical
scan. This in turn concentrates the projections acquired
at points closer to the slice plane and thus improves the
accuracy of the interpolation and extrapolation and
decreases partial volume artifacts.

It is another object of the invention to permit the
acquisition of projection data for a single slice image
over a shorter time period. Image artifacts may result
from patient motion during the acquisition of the pro-
jection data of a tomographic projection set. For a
given gantry speed, the use of detector-vertex half scans
acquired in only 360° of gantry rotation permits the
reconstruction of images that are less susceptible to
motion artifacts.
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It is another object of the invention to improve the
efficiency of the half scanning process. By splicing data
acquired in 360° of gantry rotation to form the two
detector-vertex half scans, the total x-ray exposure to
the patient may be reduced.

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 pictorial representation of a fourth genera-
tion CT apparatus including gantry, table and imaged
object, and showing the relative positions of the imaged
object, the fixed detector array and the moving x-ray
source;

FIG. 2 is a diagram showing the geometry of a detec-
tor element with respect to the moving source and the
variables describing their relative positions;

FIG. 3(a) and 3(b) are schematic illustrations of the
imaged object of FIG. 1 showing the relative orienta-
tion of the gantry and imaging plane with respect to the
imaged object for constant z axis scanning and helical
scanning respectively. The pitch of the helical scanning
is exaggerated for clarity;

FIG. 4 is a block diagram of a CT control system that
may be used with the CT apparatus of FIG. 1, and that
is useful for practicing the present invention;

FIG. §(a) is a graphical representation of the argu-
ments ¢ and a associated with the projection data of
two source-vertex partial projection sets acquired in a
helical scan with the CT apparatus of FIG. 1;

FIG. 5(b) is a graphical representation of the source-
vertex partial projection sets of FIG. 5(a) rebinned to
detector-vertex partial projection sets;

FIG. 6(a) is a graphical representation of a first and
second half scan divided from the rebinned projections
of F1G. 5(b); and

FIG. 6(b) is a graphical representation of a 360° de-
tector-vertex projection set spliced from the first and
second detector-vertex half scans.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Referring to FIGS. 1 and 2, a CT gantry 16, a “fourth
generation” CT scanner 16 includes an x-ray source 10
oriented to project a fan beam of x-rays 24 through
imaged object 12 to stationary detector array 18. The
fan beam 24 is directed along an x-y plane of a Cartesian
coordinate system, the “imaging plane”, and includes a
plurality of rays 21 at angles a measured along the
imaging plane from the centermost ray 20. The source
10 is attached to a gantry (not shown) to orbit the im-
aged object 12 at angle ¢ arbitrarily referenced to zero
when the fan beam’s center most ray 20 is vertical and
directed downward. The source 10 is coupled to the
gantry associated control modules 48, shown in FIG. 4
and to be described below, by means of slip rings (not
shown) and is therefore free to rotate continuously
through angles greater than 360° to acquire projection
data.

The detector array 18 is formed in a ring lying sub-
stantially within the imaging plane and comprised of a
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number of detector elements 26 which together receive
and detect a value proportional to the magnitude of a
projected image resulting from the transmission of x-
rays through the imaged object 12. The angle of the ray
received by the detector element 26, for a given source
10 position ¢, is measured by 7y and referenced to a line
of radius from the detector element 26 to the center of
the ring of the detector array 18. The detector ring 18
may nutate to avoid interference with the rotating
source 10.

As depicted in FIGS. 1 and 2, the radius of rotation of
the source 10 and the radius of the ring of the detector
array 18 are equal and hence a equals — . This choice
of radii simplifies the following discussion, however, it
will be understood to those of ordinary skill in the art
that the radius of the detector ring may be made larger
or smaller than the radius of the source’s rotation with
appropriate changes in the below described relation-
ships between the detector and source-vertex projection
sets.

The imaged object 12 rests on table 22 which is radio-
translucent so as to minimize interference with the im-
aging process. Table 22 may be controlled so that its
upper surface translates along the z axis perpendicular
to the x-y imaging plane moving the slice plane 14 de-
fined with respect to the imaged object 12 across the
imaging plane swept by the fan beam 24. For simplicity,
it will be assumed henceforth that the table 22 moves at
a constant velocity and therefore that the z axis position
of the table 22 is proportional to the angular position ¢
of the source 10.

Referring to FIGS. 3(a) and 3(b), the angular position
of the source 10 and the z-axis position of the imaging
plane with respect to the imaged object is shown by
projection arrows (equivalent to centermost ray 20) for
a constant z-axis scan and a helical scan, respectively. In
the constant z-axis scan, shown in FIG. 3(g) data is
acquired at a constant z-axis position and the imaged
object 12 is moved along the z-axis to the next slice
plane 14 between such acquisitions.

This differs from the helical scan in FIG. 3(b) where
the z-axis position of the imaged object 12 with respect
to the imaging plane changes constantly during the
acquisition of data. Accordingly, arrows 20 trace a helix
within the imaged object 12 along the z-axis. The pitch
of the helix will be referred to as the scanning pitch.

Referring now to F1G. 4, the control system of a CT
imaging system suitable for use with the present inven-
tion has an x-ray control 54 which provides power and
timing signals to the x-ray source 10, gantry motor
controller 56 which controls the rotational speed and
position of the source 10 and provides information to
computer 60, and data acquisition system 62, regarding
source 10 position, and image reconstructor 68 which
receives sample and digitized signals from the detector
array 18 via the data acquisition system 62 to perform
high speed image reconstruction according to methods
known in the art.

The speed and position of table 22 along the z-axis, is
communicated to and controlied by computer 60 by
means of table motor controller 52. The computer 60
receives commands and scanning parameters via opera-
tor console 64 which is generally a CRT display and
keyboard which allows the operator to enter parame-
ters for the scan and to display the reconstructed image
and other information from the computer 60. A mass
storage device 66 provides a means for storing operat-
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ing programs for the CT imaging system, as well as
image data for future reference by the operator.

Referring to FIG. 5(a) a source-vertex projection set
70 is acquired in two stages: first, the source angle ¢ is
advance by 7 to acquire a first partial fan beam projec-
tion set 72. The angle ¢ of the first projection will arbi-
trarily be designated ¢ =0 regardless of the initial gan-
try angle. Hence the final projection will be at $=1. At
the conclusion of this acquisition, the slice plane 14 of
the imaged object 12 (shown in FIG. 1) has been aligned
with the imaging plane corresponding to a z axis posi-
tion of z=zg. A second partial fan beam projection set
74 is then initiated starting at gantry angle ¢=7 and
continuing to gantry angle ¢=2m. As a result of the
continuous table motion, the z axis position of the im-
aged object 12 is generally proportional to the gantry
position ¢, that is:

z=k¢ @
where k is a constant.

As the data 71 is acquired, it is sorted or ‘“rebinned”
as shown in FIG. 5(b), according to the following rela-
tionship:

For data element Pg(d, a) in a source-vertex projec-
tion and P43, 7) in the detector-vertex projection:

Pskd, a)=Pald+2a, —a) @

Regions 74 and 72 of FIG. 5(a) map to regions 74’ and
72" of FIG. 5(b), respectively.

In non-helical third generation scanning an image
may be formed from a “half scan™ projection set con-
taining less than 27 of projections by making use of the
fact that rays traveling through the imaged object 12
along the same path but in opposite directions provide
similar data. In an analogous manner, images may be
reconstructed from a detector-vertex half scan projec-
tion. Specifically, for any two points in a detector-ver-
tex projection set, Py and P3, acquired in a non-helical
scan:

P18, Y)=P2AB+7+2y, —7) 3)

This relationship does not hold exactly in helical
scanning. The imaged object 12 moves with rotation of
the gantry 16 and hence the projection data obtained for
two rays 21 of opposing angle will differ. Nevertheless,
the relation (3) above describes pairs of data elements
between projections that may be expected to be more
highly correlated than other pairs of data elements. The
relationship of equation (3) for data obtained from heli-
cal scanning will be termed “redundancy”.

Referring to FIG. 6(a), the detector-vertex projec-
tion sets of FIG. 5(b) may be divided into two equal
regions 80 and 82 of corresponding redundant data per
equation (3) above. Each of these regions could be used
to reconstruct the full detector-vertex projection set 71
and hence each region 80 and 82 is also a half scan.

The reconstruction methods for fourth generation
detector-vertex projection sets require a complete de-
tector-vertex projection set. A complete, detector-ver-
tex projection set comprises projections over 2w of
detector elements 26 each containing rays acquired
over 2Ymax Where Y max is determined by the maximum
angle subtended by the imaged object 12. Referring to
FIG. 5(a) and 5(b), the rebinning of 0<d <27 of
source-vertex projections does not completely fill 0<-
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B< 2w of detector vertex projections. Specifically, only
partial projections are available for the region
27> B>27—2vy identified as region 76 and for the
region 0< 8 <27y identified as region 78.

Accordingly, in order to obtain 27 of detector-vertex
projections for reconstruction into an image, data is
“spliced into areas 76 and 78 from elsewhere in the
"detector-vertex data. Such spliced data is preferably
related to the missing data of regions 76 and 78 by the
redundancy equation (3) above. Also, it is preferable for
reasons of signal-to-noise ratio to splice data from areas
that would otherwise be unused in the reconstruction
process. Regions 77 where 2mr<B8<2m+2y and 79
where —2vy < 8<0 satisfy these requirements. Accord-
ingly, the data of region 79 is spliced into region 76 and
the data of region 77 is spliced into region 78 according
to the relationship of equation (3) and as shown in FIG.
6(b).

It will be apparent from the above description that
other regions may be spliced to similar effect. For exam-
ple, the entire region 82 may be spliced to the top of
region 80 by shifting the data of region 82 by 2. Again,
the net effect is to create 27 of complete detector vertex
projections.

The data of the two half scans 80 and 82, as spliced to
form data set 86, may now be interpolated and extrapo-
lated to the slice plane by weighting their data accord-
ing to its displacement from the slice plane and recon-
structing both 80 and 82 as a single 27 of detector-ver-
tex projection set. The summing of the weighted data
required for the interpolation and extrapolation is car-
ried out by the image reconstruction process as is under-
stood in the art.

The interpolation and extrapolation weights required
for each data element in the spliced detector-vertex
projection set will depend on the data element’s dis-
tance from the slice plane relative to the distance from
the slice plane of its corresponding redundant data ele-
ment per equation (3) above. The weighting is accom-
plished by multiplying the values of the redundant data
elements by their respective weights.

Specifically, for any two redundant data elements
Pi(B1, 1) it appears at Z, and P2(B82, 2) at zy, the
weight wi for point P for linear interpolation or extrap-
olation to a slice plane at z is:

wy = 222 )
22 — 21
and for data element P, the weight w3 is:
wi=1—w; )

Calculation of these weights requires that the redun-
dant data elements within the spliced detector-vertex
projection set 86 of FIG. 6(b) be determined. Referring
to FIG. 6(a), regions 80 and 82 are redundant per equa-
tion (3) and therefore require separate weighting func-
tions per equation (4) and (5) above. Further, the splic-
ing operation displaced some of the data elements of
regions 8 and 82 creating regions of dislocated data that
require additional unique weighting functions that ac-
count for the dislocation.

Referring to FIG. 6(b), the result of the splicing oper-
ation is to create four regions within the spliced data set
86, of 0<B< 2w, each which will require a different
weight.
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Region Argument
1 8>
2 < B <2 — 2y
1 B >2m — 2y
g B< -2y

Regions 1’ and 2’ are named to reflect their origins as
portions of set 82 and 80, now identified as region 1 and
2 in FIG. 6(b). The data in Regions 1 and 1’ are redun-
dant with data in Regions 2 and 2'.

With the regions of corresponding redundant data
elements identified, the z values of the data elements of
those regions must be determined. The z value of each
data element is proportional to the value of ¢ for the
corresponding data element of the fan beam projection

set per equation (1) above. Therefore:
2B, y) = k¢ ©
= k(8 + 27y)per equation (2) Q]

The z value of the slice plane is k(s7) as defined previ-
ously.

The weighting function w1(j3, ) for region 1 may be
now readily determined.

= ®
Wi == 2y
Similarly, for region 2 the weighting factor is:
=2 =B )
w2 = + 2y

The weighting factor for region 1’ is the same as that
for region 1 but shifted by 27 as a result of the splicing
procedure. Hence:

wp = B2 (10)
T — 2y

And for region 2', wy' is:

T+ 2y

Wy = an

The boundary between the regions 1 and 2' and the
boundary between regions 1’ and 2 will have disconti-
nuities as a result of the discontinuities in the weighting
factors used for the interpolation of the data described
above. These discontinuities may create streak image
artifacts in the final image. The discontinuity may be
eliminated by feathering wj, wi’, w2’ and w3’ near the
interfaces of their regions. The feathering is performed
over an area between the regions of height w. A value
of @ equivalent to the angle subtended by ten source 16
increments is believed to be sufficient.

Specifically, w1, wy, w2, and wy are multiplied by
respective feathering functions f1(8, ), fi(B, ¥), f2(8,
¥), f2¢(8, ) and the product applied to the data of the
entire projection set where:



5,208,746

9
12)
3x2(8) — 2x3(B) for —2y — w/2 =
B=E -2y + w/2
AB.7 = 7
forr > 8> — 2y + w/2
0 elsewhere
for
v+ & a2
x(B, v) = p” + .5
and
(14)
3x%(8) — 2x3(B) for 2w — 2y — w/2 =
B=2r — 2y + w2
S28.7) =% 1 forw >8>
27 — 2y — w/2
0 elsewhere
where
—yrr-£ as)
x(B, ) = p" + .5
and
(16)
3x4(B) — 2x3(B) for 2w — 2y — w/2 =
B =E2m — 2y + w/2
HB Y= 7
for 8 > 27 — 2y + w/2
0 elsewhere
where
yomr & an
x(B,y) = P + .5
as)
3By — 2x¥4B) for —2y — w/2 =
= -2y + w/2
LB = 7
for B < —2y — w/2
0 elsewhere
where
VR - % (19)
2
x(B, v) = -+ .5

w

Many modifications and variations of the preferred
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, other interpola-
tion or extrapolation methods may be used including
those using data from additional haif scans before and
after the half scans on either side of the slice plane and
those using higher order interpolation methods. Further
this method may be utilized in situations where the
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gantry does not move at a constant speed with respect
to the table, provided the z-axis position associated with
each data element may be determined. Finally, for the
purposes of simplifying the discussion, it has been as-
sumed that the gantry is positioned at 7 radians when
the slice plane is crossed. Clearly, any starting gantry
angle is acceptable, provided the partial projection sets
are properly referenced from the gantry position at the
slice plane. The extrapolation method describes also
means that the slice plane need not be centered within
the half scan data.

We claim:

1. A method producing a tomographic image of an
imaged object from data acquired in a helical scan, the
data acquired as a series of source-vertex projections at
a plurality of gantry angles ¢ about a z-axis and within
an image plane at detectors at detector angles 3, the
source-vertex projections including a plurality of data
at ray angles a, comprising the steps of:

(a) identifying a slice plane z;, relative to the imaged

object and parallel to the image plane;

(b) acquiring a source-vertex projection set of data
over 27 of source rotation;

(c) moving the imaged object along the z-axis and
rotating the source so that the imaging plane
crosses the slice plane during the acquisition of a
source-vertex projection set;

(d) rebinning the source-vertex projection set into a
detector vertex projection set including redundant
data and missing data relative to a complete detec-
tor-vertex projection set;

(e) dividing the detector-vertex projection set into
two half scans, each including portions of the re-
dundant data and the missing data;

(f) splicing data between the half scans by using the
redundant data of each half scan as the missing data
from the other half scan to create a complete detec-
tor-vertex projection set over 27 of detector angle
B, the splicing being effected by changing at least
the gantry angle 8 of the redundant data;

(g) extrapolating and interpolating the data of the half
scans into a slice plane detector-vertex projection
set; and

(h) reconstructing the slice plane detector-vertex
projection set into a slice image.

2. The method of claim 1 where the data of the half
scan are extrapolated and interpolated per step (g) by
applying a weighting function to the half scans and
reconstructing the half scans as weighted and after
splicing per step (f) into a slice image per step (h).

3. The method of claim 2 wherein the weighting
function for pairs of redundant data within the each half
scan add to a constant and the weight for any such
datum is a function of ¢.

4. The method of claim 1 including the step of apply-
ing a feathering weighting to the half scans.

§5. The method of claim 1 where the slice plane
crosses the imaging plane midway through the acquisi-

tion of the source vertex projection set.
* * - * *



