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[57] ABSTRACT

Equipment and methods are presented for rearranging
divergent beam derived data into parallel data to enable
decreasing the number of preprocessing computations
and improving the quality of the resulting tomograph.
The equipment and method comprise means and steps
which vary the spacing of at least portions of the result-
ing parallel projections, so that when the parallel pro-
jections with varied spacings are combined with the
parallel projections that have not had their spacing
varied, the cupping artifacts normally present when
using projections obtained from rearranging are can-
celled.

22 Claims, 6 Drawing Figures
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COMBINING REBINNED AND UNREBINNED
PARALLEL RAY DATA WITH UNEQUAL
LATERAL SPACING TO CREATE TOMOGRAPH
IMAGES

FIELD OF THE INVENTION

This invention relates to divergent beam radiation

tomography and more particularly to methods for rear- 10

ranging such divergent beams to facilitate their use in
tomography.

BACKGROUND OF THE INVENTION

Medical imaging apparatus such as CT Scanners use
a plurality of processors to obtain the desired tomo-
graph. The scientists who design such equipment are
continuously seeking ways and means for reducing the
quantity of computations required to obtain the tomo-
graph, while maintaining high picture quality of good
resolution with minimal artifacts. Such designers are
continuously compromising between quantity of com-
putations required and the quality of the tomograph.

Examples of such comprises are found, for example,
in U.S. Pat. Nos. Re. 30,947 and 4,075,492, which are
also concerned with CT Scanners using fan or diver-
gent beams. Rather than proceeding with the signifi-
cantly greater number of computations, required with
divergent beams, the patents offer the compromise solu-
tion of reordering the divergent rays of the fan beam to
parallel rays. However, the spacing between rays ob-
tained by the reordering process in laterally unequal.
The unequal spacing results in artifacts (diminution of
picture quality).

To remove the artifacts, the Re. 30947 patent teaches
interpolation of all the shadowgram data to *‘reposi-
tion” the parallel rays to laterally equal spacing. The
patented system performs significantly fewer computa-
tions than would be required if the back-projection
reconstruction used the original divergent beams. How-
ever, the process still requires a great number of compu-
tations. :

SUMMARY OF PRESENT INVENTION

Accordingly, the present invention provides a
method of rearranging divergent beam-derived data
using fewer compuiations while nonetheless improving
the quality of the resulting tomograph. The inventive
method includes the steps of:

a. directing divergent beams of penetrating radiation
through a body being examined from source means on
one side of said body,

b. angularly displacing the divergent beam relative to
the body, :

c. detecting radiation that has passed through the
body at a number of angularly spaced positions within
the angle subtended by the divergent beams to derive
sets of detected radiation data representative of a plural-
ity of angularly spaced shadowgrams indicative of the
absorption of the radiation by different portions of the
body,

d. reordering the sets of detected radiation data from
sets of data corresponding to divergent projections to
sets of data corresponding to parallel projections, the
spacing between rays in said parallel projections being
laterally unequal.

e. rebinning all or a portion of the sets of data corre-
sponding to said parallel projections to form another set
of parallel laterally unequally spaced projections with

15

20

25

30

35

40

45

50

55

60

65

2

the unequal lateral spacing chosen to compensate for
artifacts normally caused by the original unequally lat-
erally spaced parallel projections, and

f. combining the non-rebinned portions and the re-
binned portions to form a tomographic image by back-
projecting.

In a preferred embodiment the original unequal lat-
eral spacing generally follows a cosine function. The
rebinned projections are spaced apart following a *‘re-
flection” of the cosine function.

Thus the method operates on only a portion of the
reordered divergent projections but none the less pro-
vides a tomograph with image quality equivalent to
tomographs obtained in the prior art when performing
an equivalent number or even greater number of com-
putations.

BRIEF DESCRIPTION OF THE DRAWINGS

Other features and advantages of the present inven-
tion will become more apparent from the description
that follows taken in conjunction with the attached
drawings showing the apparatus required to implement
the present invention, wherein

FIG. 1 is a pictorial block diagram showing a CT
Scanner using a divergent ray source and equipped to
perform the inventive method;

FIG. 1A is a diagram showing the lateral spacing
between parallel projections after reordering;

FIGS. 2, 3 and 4 show different embodiments of
details of the block diagram of FiIG. 1; and

FIG. 5 demonstrates results of the rebinning and
combining process of at least one preferred embodiment
of the invention.

DETAILED DESCRIPTION

A typical fan or divergent beam source 12 is shown in’
the CT Scanning equipment 11 of FIG. 1. The diver-
gent beam shown as 13 goes through a body 14. The
beam is angularly displaced relative to the body by
moving the source 12. Shadowgram data is taken in
angular steps shown as the angle “theta” in the example.

In a preferred embodiment the radiation that has
passed through the body is detected by an array of
angularly spaced detectors 16 located within the angle
“psi”’ subtended by the divergent beam. However, the
array need not be restricted to the angle “psi” for pur-
poses of the invention. This condition provides for an
embodiment in which different sets of detectors are
used for each fan-beam projection.

The detectors are used to derive sets of angularly
spaced shadowgrams which indicate the absorption of
radiation by different parts of the body. Equivalently
the vertex of the fan can be either the source of radia-
tion or individual detectors.

The sets of detected radiation data are reordered in
preprocessor 17 to, among other things, change the
fan-beam projections to parallel projections. The reor-
dering is accomplished in any manner well known to
those skilled in the art. The reordered data provides
projections which have samples corresponding to rays
that are parallel, but the lateral spacing between the
rays is unequal. The spacing in the preferred embodi-
ment generally follows a cosine function, such as shown
in FIG. 1A.

The data in preprocessor 17 is further manipulated to
reduce artifacts even while performing a minimum
number of computations.
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More details of preprocessing stage 17 are shown in
FIGS. 2, 3, and 4. As indicatd therein, the sets of diver-
gent shadowgram data received from the front end
detection system 18 are first reordered, as indicated by
block 19, into sets of shadowgram data corresponding
to absorption shadowgrams of parallel rays. In block 21,
the rebinning operates on the projection data to reduce
artifacts. The rebinned data is filtered as indicated by
filter means 22a. Filter means 22a and 226 could be
obtained with only one unit instead of the two units
depicted in FIGS. 2 and 3. The filtered rebinned and
unrebinned data are separately back-projected by back-
projection means 23a and 23b to provide images that are
“averaged” in a display device 24. Back-projction
means 23z and 23b could be obtained with only one unit
instead of the two units depicted in FIGS. 2 and 3.

The rebinning means 21, in the embodiment shown in
FIG. 2, processes all the data to generate laterally un-
equally spaced data of the type to act with the original
data provided at line 26 to cancel out the artifacts nor-
mally caused by the unequal lateral spacing. Thus,
when the lateral spacing of the original data follows a
cosine law the lateral spacing of the rebinned data fol-
lows an “inverse” cosine. The cosine and inverse cosine
are typified in FIG. 5.

In a preferred embodiment shown in FIG. 3 only a
portion of the data is rebinned. For example, the even
parallel projections on line 27 are rebinned while the
odd parallel projections on line 28 are left in the later-
ally unequally spaced condition in which they arrive

- from the reordering means 19. Both the rebinned and
- unrebinned data are filtered at 22 and used by the back-
' projector to obtain the tomograph on display means 24.

In the embodiment shown in FIG. 4, the preprocessor
reorders the data to obtain parallel projections from the
divergent projections. Then the individual shadow-
grams are further processed. More particularly, the
individual samples 36 from the individual shadowgrams
are rebinned to cancel out or minimize artifacts.

In one embodiment the individual samples 36 from
the detectors are subdivided into two sets 37 and 38.
One set is rebinned at 39 to be a “reflection” of the
unrebinned set in a manner analagous to the rebinning
operations of FIG. 3.

FIG. 5 shows the spacing of the unrebinned data
following a cosine function shown at 31, while the re-
binned data which follows a “reflection” of the cosine
function is shown at 32. The results are that fewer com-
putations are required in the preprocessing stage and
relatively artifact-free tomographs are obtained.

The rearranging algorithm described in the prior art
can be segmented into two steps: reordering and rebin-
ning. The former step results in parallel projections that
contain samples that are unequzally laterally spaced.
Tomographic reconstructions from data obtained at this
stage yield images that contain a low-frequency error
term. The rebinning step transforms the samples in each
parallel projection so that equally laterally spaced par-
allel projections are obtained. Reconstruction made
with this projection set are without the low-frequency
error term.

The improvement over the prior art, U.S. Pat. No.
Re. 30,947, can be shown as follows. Consider the sam-
pling intervals of the unrebinned data. In FIG. 1 let the
straight line passing through the vertex of the divergent
fan and the origin of the scan be called the ‘“‘center line”.
Let Line 15 be a ray connecting the source and a detec-
tor. Let “a” be the angle that is subtended by this ray
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4
with the “center line”. Let “R” denote the distance
from the origin, “O”, of the scan system to the vertex of
the fan. Let “t” be the perpendicular distance from “O”
to Line 15. It is given by:
r=R* sin (a). (Eq. 1)
In a real system there exists a finite number of discrete
rays. Assume that there are ‘“N” rays. The angle of each
ray is denoted as “‘a(i)”’, where i=1,2, ... N. In a pre-
ferred embodiment, the angle between adjacent rays is a
constant. Thus:
a(i+ 1 —a(N=d_a, (Eq. 2)
where “d_a” is a constant. The samples of the parallel
projections that are obtained after reordering are lo-
cated at the positions given by:
oi)=R* sin (a()), (Eq. 3)
where we have assumed for the purposes of this exam-
ple that the angle between source positions is also given
by “d—a”. The distance between adjacent samples in
the parallel projection, “d_t(i)”, is given by:
d__t(D)=1t(i+ 1) —(i). (Eq. 9
“d—t(i)” can be evaluated by substituting (2) and (3)
into (4). The result is:

d__HH) = R *sin(a(i + 1)) — sin{a(i))
= R * sinfa() + d__a) — sin{a(i))
= R * sin(a()) * cos(d__a) +
cos(a(i)) * sin(d__a)y — sin(a(i))

(Eq. 5

= R *d__a* cos(a(i)).

where “d__a” is small enough so that:
cos {(d—_a)l

and
sin (d—a)d__a.

If the rearranging method is implemented without the
rebinning step, then the cosine term in (5) leads to the
aforementioned low-frequency error term in the result-
ing tomogram. The low-frequency error term results in
a cupping artifact that is well known in tomographic
imaging. ’

The new rebinning described in this invention also
results in parallel projections with unequal lateral spac-
ing. Assume that the distance between adjacent samples
in the unrebinned data set is given by “d—1(i)”’. Consider
the case where “d__t(i)”, the intersample distance in a
rebinned data set, is given by the “reflection’ or “nega-
tive” of the original intersample distances. Thus:

d_t'()=c—d_1(), (Eq. 6)

where “‘c” is a constant chosen so that the average
intersample distance in the unrebinned and rebinned
data are approximately equal.

If this new rebinning method is applied to all of the
parallel projections, an image with another form of
low-frequency error term is obtained. This error is also
a cupping artifact, however, it is upside down with
respect to the original cupping artifact. Averaging the
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two images with the opposite cupping artifacts causes
the artifacts to cancel each other and yield an image free
of cupping artifacts. However, as presented here, this
method is relatively slow. The above method can be
speeded up so that a faster algorithm can be obtained.
The faster method follows the steps of:

a. reordering the divergent fan beam data so that
unequally laterally spaced parallel projections are ob-
tained;

b. segmenting the parallel projections into two sets,
one set containing all of the even-numbered projections
and the other set all of the odd-numbered projections;

c. rebinning only one projection set so that the inter-
sample distance is given by (6);

d. filtering all of the projections;

e. back-projecting all of the filtered projections; and

f. displaying the resulting image.

In the above method, step ¢ is twice as fast as the
equivalent step in the referred to prior art. Because step
b takes negligible time, this new method is faster than
the method presented in the prior art.

The invention as described herein can be carried out
using variations and permutations of the above six step
method. For example, separate filters can be used for
each of the subsets. In addition, the “averaging” of the
different subsets can be accomplished by separately
back-projecting the filtered subsets. Another variation
in the six step method described above replaces steps ¢
and d by a step that includes:

rebinning each parallel projection to distances given
alternately by equations (5) and (6).

It is believed that the advantages and improved re-
sults furnished by the apparatus and methods of the
present invention are apparent from the foregoing de-
scriptions of the invention, and that various changes
may be made without departing from the spirit and
scope of the invention as sought to be defined in the
claims that follow:

‘What is claimed is:

1. A method of rearranging divergent beam derived
data to obtain tomographic images with minimum arti-
facts, said method being amenable to fast processing,
the method including the steps of:

a. directing divergent beams of penetrating radiation
through a bedy being examined from source means
on cone side of said body,

b. angularly displacing the divergent beam relative to
the body,

c. detecting radiation that has passed through the
body at a number of angularly spaced positions
within the angle subtended by the divergent beams
to derive sets of detected radiation data representa-
tive of a plurality of angularly spaced shadow-
grams indicative of the absorption of the radiation
by different portions of the body,

d. reordering the sets of detected radiation data from
sets of data corresponding to divergent projections
to sets of data corresponding to parallel projec-
tions, the spacing between samples in said parailel
projections being laterally unequal,

e. rebinning at least a portion of the sets of data corre-
sponding to said parallel projections to form an-
other set of parallel projections also being un-
equally spaced with the spacing selected to com-
pensate for artifacts normally caused by the un-
equal lateral spacing of the parallel projections, and

f. combining the unrebinned and rebinned portions to
form tomographic images by back-projecting.
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2. The method of claim 1 wherein said unequal lateral
spacing of said reordered sets substantially follows a
cosine law.

3. The method of claim 2 wherein said rebinning
comprises the step of:

setting the lateral spacing of the other set of parallel
projections to substantially follow an “inverse”
cosine law.

4. The method of claim 1,2, or 3 including the steps

of: :

a. rebinning all of the sets of data corresponding to
said parallel projections to form another set of
parallel projections also being unequally laterally
spaced with the lateral spacing selected to compen-
sate for artifacts normally caused by the uneqgual
lateral spacing of the paraliel projections, and

b. combining the non-rebinned parallel projections
with the other set of parallel projections to form
tomographic images by back-projecting.

5. The method of claim 4 including the step of filter-

ing prior to back-projecting.

6. The method of claim 5 wherein the rebinned and
the unrebinned sets or portions of sets of parallel projec-
tions are separately filtered.

7. The method of claim 5 wherein the filtered re-
binned and filtered unrebinned parallel projections are
combined during the back-projecting step.

8. The method of claim 1 wherein the rebinning is
performed on samples comprising the individual paral-
lel projections.

9. The method of claim 8 including the step of rebin-
ning each of said parallel projections to cause the lateral
spacing between the samples in the parallel projections
to be given alternatively by:

d__H(i)=R*d__a* cos (a(f))
and
d_t({)=c—R*d_a* cos (a(i)).

10. The method of claims 8 or 9 inciuding the steps of:

a. rebinning all of the sets of data corresponding to
said parallel projections to form sets of paraliel
projections also unequally laterally spaced, with
the lateral spacing selected to compensate for arti-
facts normally caused by the unequal lateral spac-
ing of the parallel projections, and

b. combining the rebinned parallel projections to
form tomographic images by back-projecting.

11. The method of claim 10 including the step of

filtering prior to back-projecting.

12. Equipment for rearranging divergent beam de-
rived data to obtain tomographic images with minimum
artifacts, said equipment enabling fast processing, the
equipment comprising:

a. means for directing divergent beams of penetrating
radiation through a body being examined from
source means on one side of said body,

b. means for angularly displacing the divergent beam
relative to the body,

c. means for detecting radiation that has passed
through the body at a number of angularly spaced
positions within the angle subtended by the diver-
gent beams to derive sets of detected radiation data
representative of a plurality of angularly spaced
shadowgrams indicative of the absorption of the
radiation by different portions of the body,
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d. means for reordering the sets of detected radiation
data from sets of data corresponding to divergent
projections to sets of data corresponding to parallel
projections, the spacing between samples in said
parallel projections being laterally unequal,

e. means for rebinning at least a portion of the sets of
data corresponding to said parallel projections to
form another set of parallel projections also being
unequally laterally spaced with the lateral spacing
selected to compensate for artifacts normally
caused by the unequal lateral spacing of the parallel
projections, and

f. means for combining the unrebinned and rebinned
portions to form tomographic images by back-
projecting.

13. The equipment of claim 12 wherein said unequal
lateral spacing of said reordered sets substantially fol-
lows a cosine law.

14. The equipment of claim 13 wherein said rebinning
comprises the step of:

setting the lateral spacing of the other set of parallel
projections to substantially follow an “inverse”
cosine law.

15. The equipment of claims 12, 13 or 14 comprising:

a. means for rebinning all of the sets of data corre-

sponding to said parallel projections to form an-
other set of parallel projections also being un-
equally laterally spaced with the lateral spacing
selected to compensate for artifacts normally
caused by the unequal lateral spacing of the parallel
projections, and
. means for combining the non-rebinned parallel
projections with the other set of parallel projec-
tions to form tomographic images by back-project-

ing.
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16. The equipment of claim 15 including means for
filtering prior to back-projecting.

17. The equipment of claim 16 wherein the filter
means comprises means for separately filtering the re-
binned and the unrebinned portions of sets of parallel
projections.

18. The equipment of claim 16 wherein means are
provided for combining the filtered rebinned and fil-
tered unrebinned parallel projections during back-
projecting.

19. The equipment of claim 12 including means for
rebinning samples of the individual parallel projections.

20. The equipment of claim 19 including the step of
rebinning each of said parallel projections to cause the
lateral spacing between the samples in the parallel pro-
jections to be given alternatively by:

d_H)=R*d__a* cos (a()
and
d__H=c—R* d_.a* cos {(a(i)).

21. The equipment of claims 19 or 20 comprising:

a. means for rebining all of the sets of data corre-
sponding to said parallel projections to form sets of
parallel projections also unequaliy laterally spaced,
with the lateral spacing selected to compensate for
artifacts normally caused by the unequal lateral
spacing of the parallel projections, and

. means for combining the rebinned parallel projec-
tions to form tomographic images by back-project-
ing.

22. The equipment of claim 21 including means for
filtering prior to back-projecting.
* * ¥ %* %




