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(571 ABSTRACT

In an x-ray computed tomography system which ac-
quire x-ray attenuation data using a fan beam of radia-
tion, corrections for beam hardening are made by re-
projecting the CT image data. The reprojection compu-
tations are reduced by rotating and warping the CT
image data, and then performing a parallel reprojection
along columns of data.
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CORRECTION OF CT ATTENUATION DATA
USING FAN BEAM REPROJECTIONS

BACKGROUND OF THE INVENTION

The present invention relates to computed tomogra-
phy (CT) imaging apparatus; and more particularly, the
correction of acquired x-ray attenuation data using
image reprojection.

In a current computed tomography system, an x-ray
source projects a fan-shaped beam, which is collimated
to lie within an X-Y plane of a Cartesian coordinate
system, termed the “imaging plane.” The x-ray beam
passes through the object being imaged, such as a medi-
cal patient, and impinges upon an array of radiation
detectors. The intensity of the transmitted radiation is
dependent upon the attenuation of the x-ray beam by
the object and each detector produces a separate electri-
cal signal that is a measurement of the beam attenuation.
The attenuation measurements from all the detectors
are acquired separately to produce the transmission
profile.

The source and detector array in a conventional CT
system are rotated on a gantry within the imaging plane
and around the object so that the angle at which the
x-ray beam intersects the object constantly changes. A
group of x-ray attenuation measurements from the de-
tector array at a given angle is referred to as a “view”
or “projection,” and a “‘scan” of the object comprises a
set of views made at different angular orientations dur-
ing one revolution of the x-ray source and detector. In
a 2D scan, data are processed to construct an image that
corresponds to a two dimensional slice taken through
the object. The prevailing method for reconstructing an
image from 2D data is referred to in the art as the fil-
tered backprojection technique. This process converts
the attenuation measurements from a scan into integers
called “CT numbers” or “Hounsfield units”, which are
used to control the brightness of a corresponding pixel
on a cathode ray tube display.

To reconstruct an accurate image from the attenua-
tion measurements, the logarithm of the measurement
should represent the sum, or line integral, of the linear
attenuation coefficients along the x-ray beam. This
would be true if a monoenergetic x-ray source were
used but in practice, inaccuracies are introduced be-
cause broadband x-ray sources are used and the attenua-
tion coefficients of tissues vary nonlinearly as a function
of beam energy. “Beam hardening” corrections are
made to the attenuation measurements to offset these
errors, but these usually offset onty first order estimates
of the measurement errors.

An iterative beam hardening correction method has
been proposed by P.M. Joseph, et al., “A Method for
Correcting Bone Induced Artifacts in Computed To-
mography Scanners,” JCAT, Vol. 2, No. 1, pp.
100-108, 1978, which corrects for higher order beam
hardening effects. However, this method requires that a
modified version of the image be reprojected back to
the separate views so that the corrections can be applied
to the x-ray measurement made by each detector chan-
nel. Such reprojection of an image is very computation
intensive, particularly when the image is acquired with
a fan beam. There exists a need for faster and less com-
plex fan beam reprojection techniques so that iterative
beam hardening corrections can be employed in com-
mercially available CT systems. Also, such reprojec-
tions are required in streak suppression methods such as
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2

that described by G. Henrich, “A Simple Computa-
tional Method For Reducing Streak Artifacts in CT
Images,” Computerized Tormography, Vol. 4, pp. 67-71,
1980; and in artifact removal methods such as that pro-
posed for metal clips by G. H. Glover and N.J. Pelc,
“An Algorithin for the Reduction of Metal Clip Arti-
facts in CT Reconstructions,” Med. Phys., vol. 8, pg.
799, 1981.

SUMMARY OF THE INVENTION

The present invention relates to a method for re-
projecting image data into a set of fan beam projections
so that corrections can be calculated therefrom for
application to the originally acquired fan beam projec-
tion data. More specifically, the method includes: rotat-
ing the image data by an amount (8) corresponding to
the angle of a desired fan beam projection, warping the
rotated image data to change the shape of objects de-
picted therein; and reprojecting the rotated and warped
image data along parallel lines to form a fan beam pro-
jection. The method is repeated for each desired fan
beam projection.

A general object of the invention is to reduce the
computations necessary to reproject modified CT
image data into fan beam projections. The rotation and
warping operations can be less complex than fan beam
reprojection calculations. In addition, the rotation step
reduces the reprojection along parallel lines to the sim-
ple summing of data in columns of the rotated and
warped array.

A more specific object of the invention is to enable
iterative corrections to be made to CT image data ac-
quired with a fan beam. The present invention enables
image processors on commercially available CT sys-
tems to quickly reproject the fan beam projections re-
quired to calculate corrections from the CT image data
acquired using a fan beam. Beam hardening corrections
can be made in one or more iterations of the back pro-
jection, reprojection and correction cycle.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a pictorial view of a CT imaging system in
which the present invention may be employed;

FIG. 2 is a block schematic diagram of the CT imag-
ing system;

FIG. 3 is a schematic representation of scanner geom-
etry used in deriving equations employed to practice the
present invention; and

FIG. 4 is a flow chart of a program executed by the
CT imaging system of FIG. 2 to carry out the present
inventions.

GENERAL DESCRIPTION OF THE INVENTION

The present invention is based on the realization that
fan beam (FB) reprojection can be generated using a
parallel beam (PB) reprojection of a warped image. The
resulting parallel beam reprojection reduces to either a
column or row collapse if the image is also rotated
before the warp and the reprojection. The mathematical
expression of these steps in the method will now be
described for continuously sampled functions. This
description is then extended to apply to discretely sam-
pled images such as those produced in the preferred
embodiment described below.

Let ps.(t) be the PB projection of an image f(x,y) for
the path t=x cos § —y sin 8. The analytic expression for
the projection is:
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o I3 O]
o2y = J J. Sx)8(t — x cos @ + ysin B)dx dy.

Consider the (x’,y")-space that is obtained by rotating
(x,y)byé: :

x Y _(cos@ x)_[xcos@ — ysin@
v /) \sine y ) \xsin@ + ycos @

or

@

)

)

—sin @
cos @

x=x'cos @ + y' sin @
y= —x"sin @ 4+ ) cos 6.

Now substitute equation (2) into equation (1)

hd i )
po(d) = J. f f(x'cos @ + y sin@, —x"sin 6 +
bl - ] —_— o0

Y cosB) 8 (t — x)dx dy

which can be simplified to

oo (&)
po(?) =J frcos 8 + ysin B, —tsin @ + ycos B) dy

— oo

where the prime y’ has been dropped.

Let rg(s) be the FB projection of f(x,y) where the
projection or rotation angle is 8 and s is the position of
a detector. The geometry of the FB projection is shown
in FIG. 3. In this figure an equi-spaced detector array is
shown. This detector array is shown passing through
the origin for mathematical convenience, but it can be
appreciated that the detector array is actually spaced
from the origin of the imaging system. Implicit to a FB
projection is the source-to-center distance, which is
denoted D. It can be shown that FB and PB projections
are related as follows:

po(t) = rp(s) ©)
for

t = DsZ

9=/3+m—1% ™

and where

1 @)
ND2 1 2

For the moment, consider the FB projection at 8=0.
The mathematical formula for this projection is ob-
tained by inserting equations (6) and (7) into equation
).

Z =

o ©
@) = f AD2Z%s + psZ, —Ds2Z22 + yDZ)dy.

Consider the following change of variables

= —Ds2Z? + yDZ (10)

which leads to
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4
-continued
n + D222 an
=" Dz
and
dn = DZ dy. 12

Using equations (10-12), equation (9) reduces to

1 @ (13)
o = pg [ sewdn
— o

where
Fsm = Axy) (14)
and where

=D +nF a%»

y=17

The function f is a warped version of the source
function f. More specifically the function is expanded
and compressed along lines of constant Y. The expan-
sion takes place for positive values of Y and compres-
sion elsewhere. The integral equation (13) indicates that
the FB projection at 8=0 is obtained by taking the PB
projection of the warped version of the source function.
The PB projection is calculated at 6=0. The warping
step can be viewed as translating image pixels which lie
on a set of rays emanating from a single point, or vertex,
to a corresponding set of parallel rays.

The development of equation (13) was for 8=0. It
can be shown, however, that equation (13) can be used
to find the FB reprojection using the PB projection of
the warped function at any rotation angle if the image
function is first rotated by the negative of the rotation
angle. This result is particularly useful if equation (13) is
being used for FB reprojection because PB reprojec-
tions at zero rotation angle reduces to a simple projec-
tion along one of the two main axes. Such projections
are denoted as column and row collapses.

The above indicates that the image should first be
rotated by the projection angle, 8, using equation (3)
and then warped using equation (14). The rotation and
warping operations can be combined into one operation
if necessary as follows:

16}
x = [(D + 'q)%]cosﬁ + msin B8

Y=— [(D+ n)%]sinﬁ + 7 cos B.

Equation (13) shows that PB projections of the
warped object have to be scaled by 1/DZ to make them
equivalent to FB projections. The scaling can be
avoided by using the following change of variables
instead of those in equation (10):

=—2Z+Y a7

which leads to the following relationship between FB
and PB projections:
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—_—

Fmdn

where

Fsm=Ffxy) s

and where

x={(142Zn)s y=n+52Z 20)

For practical application in commercial CT systems,
equations (13) and (16) must be adapted to reproject an
image comprised of a two-dimensional array of image
sample values. The image covers a circular field-of-
view of radius R and it has N by N samples. The sam-
pled image, F(i,j), is related to the continuouns image,
f(x,y) as follows

Fip)=£fxy), 0=i jEN—-1 N

for

x=—R+iSp+5p/2 (22

and

y=R—j8p+5,/2 (23)
where §,=2R/N.

It can be seen in FIG. 3 that discrete samples of the
FB reprojection in the s coordinate system are required
in the range —s,, <{S<S;,, where

P ) S— @9
Np2 — R?
Assume that M equally spaced samples are desired.
Then the sampled reprojection, Rg(k), can be related to
the continuous projection, rg(s), as follows

Rp(k)=rg(s), 0=k=M—1 (25)

for

S=—S;p=+kBp+8,/2 (26)
where §,=2s,,/M.

The sampled warped object, F'(k,1) can be obtained
from the original unwarped and sampled image func-
tion, F(i,J), where 1=}, using the following steps for
each pixel and for a specific rotational angle, 8:

1. Calculate s using equation (26);

2. Calculate 7 using equation (23) noting that =Y

from equation (15);
3. Calculate the xy-coordinate using equation (16);
and
. Using the results of the previous step, calculate the
coordinates, i and j, of the pixel in the original
image using equations (22) and (23). In general, the
resulting values of i and j will not be integers. Bilin-
ear interpolation can be used to find the value of
the image at the desired location.

Finally, the FB reprojection at the angle 8 is obtained
by approximating the integral equation (13) with a sum-
mation
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5, M—1 ee))
Rp(k) = VA 1=EO F (kD

where Z is found using equations (8) and (26).

DESCRIPTION OF THE PREFERRED
EMBODIMENT

With initial reference to FIGS. 1 and 2, a computed
tomography (CT) imaging system 10 includes a gantry
12 representative of a “third generation” CT scanner.
Gantry 12 has an x-ray source 13 that projects a fan
beam of x-rays 14 toward a detector array 16 on the
opposite side of the gantry. The detector array 16 is
formed by a number of detector elements 18 which
together sense the projected x-rays that pass through a
medical patient 15. Each detector element 18 produces
an electrical signal that represents the intensity of an
impinging x-ray beam and hence the attenuation of the
beam as it passes through the patient. During a scan to
acquire x-ray projection data, the gantry 12 and the
components mounted thereon rotate about a center of
rotation 19 located within the patient 15.

The rotation of the gantry and the operation of the
x-ray source 13 are governed by a control mechanism
20 of the CT system. The control mechanism 20 in-
cludes an x-ray controller 22 that provides power and
timing signals to the x-ray source 13 and a gantry motor
controller 23 that controls the rotational speed and
position of the gantry 12. A data acquisition system
(DAS) 24 in the control mechanism 20 samples analog
data from detector elements 18 and converts the data to
digital signals for subsequent processing. An image
reconstructor 25, receives sampled and digitized x-ray
data from the DAS 24 and performs high speed image
reconstruction according to the method of the present
invention. The reconstructed image is applied as an
input to 2 computer 26 which stores the image in a mass
storage device 29.

The computer 26 also receives commands and scan-
ning parameters from an operator via console 30 that
has a keyboard. An associated cathode ray tube display
32 allows the operator to observe the reconstructed
image and other data from the computer 26. The opera-
tor supplied commands and parameters are used by the
computer 26 to provide conirol signals and information
to the DAS 24, the x-ray controller 22 and the gan-
trymotor controller 23. In addition, computer 26 oper-
ates a table motor controller 34 which controls a motor-
ized table 36 to position the patient 15 in the gantry 12.

The present invention is carried out by the CT system
of FIG. 2 under the direction of a program executed by
the computer 26. This method will now be described
with reference to the flow chart in FIG. 4. After each
slice of data has been acquired as indicated at process
block 160 and corrected for “dark currents,” for uneven
detector channel sensitivities and gains, and for varia-
tions in beam intensity during the scan, a beam harden-
ing correction is made to each projection as indicated at
process block 101. This first order correction is made
assuming that the x-ray beams are attenuated by soft
tissues as described, for example, in the above-cited
P.M. Joseph, et al. publication. Each set of projection
data, or view, is then filtered as indicated at process
block 102 as a prelude to image reconstruction at 103
using the well known back projection technique. As a
result, an N by N array of CT numbers are produced
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and are displayed to the operator as an image of the
slice.

The process may end at this juncture, as indicated by
decision block 104, in those instances in which artifacts
caused by bone tissue are not of concern. However, the
present invention is applied when it is determined that
further beam hardening corrections are required to
account for bone tissue. For example, in a head scan or
spine scan where large amounts of bone are present,
further correction is always performed. As indicated at
process block 105, the first step in this process is to
modify the reconstructed image by filtering out samples
corresponding to soft tissues. This is achieved by setting
to zero all image pixels in the N by N array which have
a CT number below that of bone. As indicated at pro-
cess block 106, the resulting bone image is then rotated
and warped using the above equation (16) as modified
for use with the sampled bone image as described
above. A parallel reprojection of the rotated and
warped image at the gantry angles & is then performed
at process block 107 using the above equation (27).
When bone reprojections at each of the original gantry
angles have been produced, as detected at decision
block 108, beam hardening corrections are calculated
for each bone reprojection as indicated at process block
109. These corrections are made, for example, as de-
scribed in the above-cited P.M. Joseph et al. publica-
tion, and the resulting corrections are applied to each of
the previously corrected sets of projection data as indi-
cated at process block 110. The resulting projection
data has now been corrected for beam hardening assum-
ing 100% soft tissue, and corrected again for beam
hardening to account accurately for ihe presence of
bone tissue.

The corrected projections are filtered at 102 and
backprojected at 103 to produce another image. The
process can be repeated any number of times to further
refine the image, but in practice, one iteration through
the reprojection process has been found sufficient in
most clinical applications.

Although the above description applies to the equi-
spaced detector array of FIG. 3, similar mathematics
apply to a curved, or equi-angle detector array as
shown in FIG. 2. The invention is also equally applica-
ble to fourth and fifth generation CT imaging systems.
The invention is also applicable to other imaging modal-
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8

ities which employ a fan beam, such as single photon
emission computed tomography (SPECT).

We claim:

1. In an imaging system which acquires a plurality of
fan beam projections during a scan and which recon-
structs the fan beam projections to produce image data,
a method comprising:

a) reprojecting the image data to produce a fan beam

reprojection at an angle 8 by;

i) warping the image data by translating image data
along a set of lines emanating from the vertex of
a fan beam to a corresponding set of parallel
lines; and

ii) reprojecting the warped image data along said set

of parallel lines; and

b) repeating step (a) at different angles 8 to produce

a corresponding set of fan beam reproductions.

2. The method as recited in claim 1 in which the

image data is modified before being reprojected and the

‘method includes:

c) calculating corrections using the set of fan beam

reproductions;

d) applying the corrections to the plurality of fan

beam projections; and

e) reconstructing an image using the corrected fan

beam projections.

3. The method as recited in claim 1 in which the
imaging system is an x-ray CT system.

4. The method as recited in claim 2 in which the
image system is an x-ray CT system and an imaging is
reconstructed by backprojecting the corrected fan
beam projections.

5. The method as recited in claim 2 in which the
image data is modified to depict an image of bone tissue.

6. The method as recited in claim 5 in which the
calculated corrections offset x-ray beam hardening ef-
fects due to bone tissue.

7. The method as recited in claim 2 in which steps a)
through e} are repeated to further correct the CT image
data.

8. The method as recited in claim 1 in which the
image data is rotated by the angle 8 as part of the repro-
Jjection.

9. The method as recited in claim 1 in which the
image data and the set of paraliel lines to which the
image data is translated during the warping step are
rotated by an angle B.
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