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X-ray CT scanners provide images of transverse cross sections of the human body from a large
number of projections. During the data acquisition process, which usually takes about 1 s, motion
effects such as respiration, cardiac motion, and patient restlessness produce artifacts that appear as
blurring, doubling, and distortion in the reconstructed images, and may lead to inaccurate diagnosis.
To address this problem several processing techniques have been proposed that requirea priori
knowledge of the motion characteristics. This paper proposes a method, which makes no assump-
tions about the properties of the motion, to eliminate the motion artifacts. The approach in this
paper uses a spatial overlap correlator scheme to accurately track organ motion in computed to-
mography imaging systems. Then, it is shown that as optimum processing scheme to remove organ
motion effects is to apply adaptive interference cancellation~AIC! methods, which treat the output
of the spatial overlap correlator as noise interference at the input of the AIC process. Furthermore,
an AIC method does not require any kind of periodicity of the motion effects. Synthetic data tests
demonstrate the validity of this approach and show that hardware modifications are essential for its
implementation in x-ray CT medical imaging systems. ©2001 American Association of Physicists
in Medicine. @DOI: 10.1118/1.1388892#
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I. INTRODUCTION

X-ray computed tomography~CT! is an imaging modality
that provides cross-sectional images or ‘‘slices’’ of the h
man body. The patient is placed in between an x-ray sou
and an array of sensors, the latter measuring the amou
radiation that passes through the body. During the data
quisition process, the source and detectors move around
patient acquiring a large number of x-ray projections,
views. This process assumes stationarity, which is viola
when there is organ motion~e.g. cardiac motion, blood flow
respiratory motion, and patient restlessness! during the rela-
tively long ~e.g., 0.5–1.5 s! data acquisition time. Thus, th
image reconstruction process is adversely affected by the
called motion artifacts, which appear as blurring, doublin
streaking, and distortion in the reconstructed images;
may lead to inaccurate diagnosis.1,2

The intuitive solution to this problem is to speed up t
data acquisition process, so that the motion effects bec
negligible. This requirement, however, cannot be met w
current technology; the scan times that are required are
ply not realizable even by the most advanced conventio
CT scanner today. The only CT scanner that delivers
1562 Med. Phys. 28 „8…, August 2001 0094-2405 Õ2001Õ28„
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required speed is the electron beam CT~EBCT!, which is not
widely available.

Several mathematical techniques have been propose
solutions to this problem. These techniques usually assum
linear model for the motion, such as translational, rotation
or linear expansion.3 Some techniques model the motion as
periodic sequence and take projections at a particular poin
the motion cycle to achieve the effect of scanning a stati
ary object~similar to ECG triggering!.4 However, in practical
applications motion is much more complex, and these te
niques are useful in a very limited number of cases. A m
general technique attempts to iteratively suppress the mo
effects from the projection data.5 This method attempts to
reduce the assumed spectral characteristics of the motio
tifacts. It, however, depends on knowing some properties
the motiona priori, and requires a number of iterations
converge. The spectral properties of some complex form
motion may not necessarily correspond to the model use
this algorithm. Moreover, without proper initialization, th
convergence period could be long.

Motion artifacts in magnetic resonance imaging~MRI! for
chest scans have been reduced by first defining the mo
with a parametric model and then adapting the reconstruc
15628…Õ1562Õ15Õ$18.00 © 2001 Am. Assoc. Phys. Med.
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algorithm to correct for the modeled motion.6 Ritchie et al.7

attempted to address the problems of CT cardiac and re
ratory motion artifacts by using a pixel-specific backproje
tion algorithm that was conceptually influenced by the M
motion modeling approach.6 In the CT case, the frame o
reference for the motion was generated by constructing m
that describe the motion of each pixel in the image at
time each projection was measured.6 These maps then form
the basis of a backprojection algorithm that reconstructs e
pixel in a frame of reference according to the motion info
mation provided by the maps. However, the method requ
substantial manual effort to describe the motion of each p
and therefore is not practical for x-ray CT medical imagi
applications.

The problem of motion artifacts, however, is well know
in other types of imaging systems such as RADAR satell
and SONARs.8,9 In this case, it has been found that the a
plication of synthetic aperture processing increases the r
lution of a phased array imaging system and corrects for
motion artifacts as well. Reported results8,9 have shown that
the problem of correcting motion artifacts in synthetic ap
ture SONAR applications is centered on the estimation o
phase correction factor. This factor is used to compensate
the phase differences between sequential sensor array
surements to coherently synthesize the multiple spati
overlapping measurements into a synthetic aperture.

The approach of this investigation is built around the co
cept of the spatial overlap correlator~SOC! for x-ray CT data
acquisition, which is conceptually based on the spatial ov
lap correlator in SONARs and RADARs. The SOC may
described as an alternative data acquisition scheme
samples only the motion that is present during the stand
x-ray CT data acquisition period. The SOC is implemen
in x-ray CT scanners as a two sources concept that prov
an accurate estimate of the information associated with
kind of complex organ motion. Since the SOC is a sampl
process, the upper limit of the frequency of the sampled
gan motion is dependent on the sampling interval of the S
process, in order to satisfy the Nyquist sampling rate. T
process generates a new set of sinograms~or sensor time
series! that include only information about motion effec
present during the CT data acquisition process. Informa
about stationary components of the tomographic area of
terest is not present in the sinograms~sensor time series!
provided by the SOC process. This means that two set
information~sinograms! are available for further processing
This first is the data sequence from the standard x-ray
data acquisition and the second the data sequence from
SOC, which contains only the motion that was present d
ing the x-ray CT data acquisition period.

The adaptive interference cancellation~AIC! process10–13

is commonly used in applications where there is a no
signal, and it is possible to simultaneously measure both
noisy signal and the noise component individually.10 Consid-
ering the data available from the data acquisition sche
and the result that is desired, the AIC process appears t
the optimum signal processing scheme to remove the mo
measured by the SOC sampling process during the x-ray
Medical Physics, Vol. 28, No. 8, August 2001
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data acquisition period. The data sequence from each de
tor is treated as a time series. Since there are two data ac
sition schemes that are operating concurrently~i.e., the SOC
and the standard x-ray CT data acquisition processes!, there
are two time series available for each detector. The seque
from the standard x-ray CT acquisition is treated as the no
signal, and the sequence from the SOC process is treate
the interference~noise! in the AIC processing scheme. Fu
thermore, because the AIC process does not require any
of periodicity for the motion effects, the processing sche
of this investigation eliminates the requirement for ECG g
ing that is currently being used by x-ray CT scanners
cardiac imaging applications.

However, the AIC method requires that the data sets
acquired over a number of revolutions of the x-ray CT sc
ner, as opposed to just one revolution in straightforwa
x-ray CT image reconstruction. This number is a function
the convergence rate of the adaptive algorithm and is
quired to be at least two revolutions. Also, implementation
the AIC method in CT scanners requires hardware modifi
tions to allow for the implementation of the two sourc
concept associated with the SOC. This is discussed ana
cally in Sec. III.

Moreover, Sec. II provides a theoretical analysis and
physical interpretation of the SOC system concept. The
sults of an experimental study to exploit this theoretical a
proach in practical x-ray CT medical imaging applicatio
are discussed in an accompanying paper.14

II. THEORETICAL REMARKS

A. Definition of parameters

The data acquisition process in CT applications is
picted in Fig. 1. The projection measurements,gn(sn ,b i),
(n51,...,N), (i 51,...,M ), shown schematically in Fig. 1, ar
defined as the line integrals along lines passing through
object f (x,y). For a given detectorn, projectioni, and pro-
jection angleb i , gn(sn ,b i) is given by Eq.~1!. In Eq. ~1!,
d~•! represents the Dirac delta function,b i represents the
projection angle, andsn represent the angle that detectorn
makes with the center of the detector arc. The line traced
the ray from the source to the detector is given in Eq.~2!,
and the integration along this path is reflected in Eq.~1!,

gn~sn ,b i !5E E f ~x,y!d@x cos~b i1sn!

1y sin~b i1sn!2R sin~sn!#dx dy, ~1!

x cos~b i1sn!1y sin~b i1sn!5R sin~sn!. ~2!

The functionf (x,y) is also the function we wish to approx
mate through the image reconstruction process. The ang
step increment between two successive projections of
x-ray scanner is defined by:Db52p/M , andDt is the time
elapsed between these successive projections, whereM is the
number of projections taken during the periodT5MDt that
is required for one full rotation of the source and receivi
array around the objectf (x,y) that is being imaged.
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FIG. 1. Schematic diagram of projection function for CT x-ray imaging systems.
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In the image reconstruction process the pixelI ( j ,k) in the
actual image, shown at the right hand side of Fig. 1, co
sponds to the Cartesian point (xj ,yk) in the CT scan plane
Given a filter with frequency responseF(n), (n51,...,N),
the filtered projection data is given by

Gn~sn ,b i !5I f f t @ f f t~gn~sn ,b i !•F~n!!#. ~3!

The filtering function used in this investigation is th
Ram–Lak filter,18 cascaded with the Parzen window. Th
pixel valueI ( j ,k) is given by

I ~ j ,k!5(
i 51

M

Gn~sn ,b i !, ~4!

where the appropriate modifications have been made
Gn(sn ,b i) to account for geometric effects. For eachb i in
Eq. ~4!, a detector,n, is selected. The anglesn , which de-
fines the detector,n, that samples the projection through
point (xj ,yk), for a given projection angleb i , is provided
by Eq. ~5!, where (r d ,w) is the polar representation o
(xj ,yk),

sn5tan21F r d sin~b i2w!

R1r d cos~b i2w!G , 2p

2
<~b i2w!,

p

2
,

sn5tan21F r d sin~w2b i !

R1r d cos~w2b i !
G , p

2
<~b i2w!,

3p

2
.

~5!

B. Spatial overlap correlator

In SONAR applications,8,9 it has been shown that the sp
tial overlap correlator increases the angular resolution~array
gain! and reduces artifacts that are caused by scattering
the target’s or receiving-array’s motion effects. The appro
of generating a synthetic aperture is based on computin
appropriate phase correction factor to coherently synthe
overlapping spatial measurements8 into an equivalent longe
physical aperture. Extending this scheme to the case of
Medical Physics, Vol. 28, No. 8, August 2001
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applications is not straightforward. The computation of t
factor is still based on the comparison of spatially overla
ping measurements at two consecutive time moments du
the CT sampling process. This factor tracks the phase
amplitude fluctuations caused by the subject’s organ-mo
effects, and includes information due to the movement
organs such as the heart and lungs.

Shown in Fig. 2 is the concept of the SOC process for
applications. This is a data acquisition scheme to obtain
estimate of the motion information for subsequent remov
As shown in Fig. 2, the scheme assumes two phys
sources and an array receiver. The two sources follow
same rotational path, although, in Fig. 2, they are depicte
following paths of slightly different radii for the purpose o
illustration. The system of two sources-array receiver p
forms the data acquisition process in a conventional man
Specifically, at timet0 , which is the starting time of the CT
data acquisition process, the array receiver and the
sources are at spatial locationss1 and s2 , respectively, as
shown by the closed dots in Fig. 2. At time (t01Dt), where
Dt5T/M is the elapsed time between two successive firin
of the x ray, the two sources will be at locationss2 ands3 ,
shown by the lighter dots in Fig. 2. The process is repea
M times throughout the data acquisition periodT for one full
rotation.

Based on the schematic representation of Fig. 2, the
measurements corresponding to the spatial locations2 are
obtained twice at timest0 and (t01Dt). This is analogous to
taking two consecutive photographs at timest0 and (t0

1Dt) of a field of view that includes a moving train an
other stationary objects, such as trees and houses. If the
ages from these two photographs are subtracted at the
level, then the resulting image will include information abo
the moving train only. Based on this simplistic interpretati
of the information provided by the two source CT measu
ment system, as depicted in Fig. 2, a comparison~or corre-
lation! of the two spatially overlapping measurements w
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FIG. 2. Two-source concept of spatial overlap correlat
for CT x-ray imaging systems.
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provide a new set of measurements that should describe
type of organ motion that may have occurred during the ti
incrementDt. Thus, 1/Dt is the sampling frequency of th
SOC process and indicates that the upper limit of
sampled organ motion frequency is dependent on the t
interval Dt in order to satisfy the Nyquist sampling rate.

A time dependency is now included in all the paramet
of Eq. ~1! to account for the fact that the measured proj
tions may be time varying in the presence of motion. Mo
specifically,

$gns2
~sn ,b~ t01Dt !,to!,~ns25q,q11,...,N!,%

$gns1
~sn ,b~ t01Dt !,to1Dt !,

~ns151,2,...,N2q!,% ~6!

are the (N2q) spatially overlapping measurements for t
projection angleb(t) received by theN-element array at the
two successive momentsto and (to1Dt), as depicted in Fig.
2. Sinces2 is ahead ofs1 during the data acquisition proces
gns1

(sn ,b(t01Dt),to1Dt) and gns2
(sn ,b(t01Dt),to) are

spatially overlapping measurements corresponding to
projection angleb(to1Dt). Based on Eq.~1!, the time-
dependent projection measurements for a fan-beam sca
is expressed by

gn~s~n!,b~ t !,t !5E E f ~x,y,t !d$x cos@s~n!1b~ t !#

1y sin@s~n!1b~ t !#

2R sins~n!%dx dy. ~7!

In Eq. ~7! b(t) defines the projection angle,s(n) defines the
angle described by the detector in the detector arc, as sh
Medical Physics, Vol. 28, No. 8, August 2001
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in Fig. 1, d~•! is the Dirac delta function, andf (x,y,t), is a
time varying tomography object. For fan-beam CT applic
tions, the amplitude difference between the two sets of m
surements of Eqs.~6! and ~7! is defined by

Dgno
~s~no!,b~ t !,to1Dt !

5gns1
~s~ns1!,b~ to1Dt !,to1Dt !

2gns2
~s~ns2!,b~ to1Dt !,to! for ~no51,2,...N2q!,

~8!

where (ns151,2,...,N2q) and (ns25q,q11,...,N). Note
that spatially overlapping measurements are taken at the
jection angleb(t01Dt) at timest0 andt01Dt to accommo-
date the SOC scheme. As a result of Eq.~7!, and recalling the
spatial overlap concept of Eq.~8!, which assumes
that $b(t01Dt)5bs1(to1Dt)5bs2(to)%, $s(n)5s(ns1)
5s(ns2)%, Eq. ~8! takes the form:

Dgn~s~n!,b~ t !,to1Dt !

5E E @ f ~x,y,to!2 f ~x,y,to1Dt !#$d$x cos@s~n!

1b~ to1Dt !#1y sin~s~n!

1b~ to1Dt !%2R sins~n!%dx dy, ~9!

where @ f (x,y,to)2 f (x,y,to1Dt)# indicates the tomogra
phic differences of the time varying object between the ti
momentst0 and (t01Dt).

From this arrangement, for a stationary object, it is e
dent that this two source configuration will provide spatia
identical sets of measurements at all spatial locations, des
being taken at two successive moments in time, separate
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FIG. 3. Graphical representation of the space–time sa
pling process of the spatial overlap correlator for C
x-ray imaging systems.
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Dt. If the measurements of the SOC process depicted in
2 and defined by Eqs.~8! and~9! are provided at the input o
an image reconstruction algorithm, then the resultant im
will show the time-dependent changes@ f (x,y,t)2 f (x,y,t
1Dt)# ~for t5to ,...,to1T! that took place during the time
period T of the CT data acquisition process. This sugge
that image reconstruction of the SOC measurements of
~9! will track only the moving components of the object. Th
stationary components will have zero contribution and th
will not appear in the reconstructed image.

Figure 3 presents a graphical representation of the ab
mentioned two dimensional space–time sampling proc
defined by Eqs.~8! and ~9! and Fig. 2. The vertical axis
shows the time moments,t, associated with the angular po
sitions,u, of the source-array receiver that are shown by
horizontal axis. The black and dark gray sets of line s
ments along the diagonal of thist–u plot represent the mea
surements of a CT scanner at different angular positions
other words, this is a representation of data acquisition w
the two source concept described. Image reconstruction
gorithms, however, assume stationarity in the object, or
ternatively that these sets of measurements are along a
zontal line of Fig. 3, as shown by the light gray bars~i.e.,
that they have been acquired instantaneously!. However, as
shown in Fig. 3, during the data acquisition period ofT sec-
onds for one full rotation of the scanner, the object of inter
Medical Physics, Vol. 28, No. 8, August 2001
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may suffer deformation as is the case of organ motions~i.e.,
heart, lungs, etc.!. Also in Fig. 3 the spatially overlapping
measurements of Eqs.~8! and~9! are depicted by the pair o
lines that overlap in angular space but are taken at two s
cessive time moments. This process is equivalent to
synthetic aperture processing scheme for SON
applications.8,9

The SOC processing scheme provides both tracking of
phases of the organ motion14,15 and incremental measure
ment of any organ motion,16 which is discussed next. It is
also shown that an alternative motion correction method
corrects for organ motion based solely on the tracking of
phase of the motion is a viable alternative.16

An obvious organ motion correction scheme is to remo
the temporal amplitude and phase differences, due to o
motion effects, between the spatially overlapping sets
measurements. Ideally, this correction process will correc
of the measurements with respect to the first measurem
which is equivalent in moving the diagonal measureme
into the same instant in time and along the horizontal line
shown in Fig. 3, that corresponds to the time momentto .
This approach has been tested with synthetic data and it
been shown that it is not effective because the numbe
projections,M, in CT scanners is very largeO(103). As a
result, the propagation of processing and angular errors f
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the correction process build up significantly and destroy u
ful information.

C. Physical interpretation of the measurements
provided by the SOC and the conventional CT

At this point it is important to emphasize the relationsh
between the measurements provided by the SOC that tr
the motion effects and the conventional CT data acquisi
process. Adaptive processing schemes require that these
of measurements, that are provided at the input of an A
processor, be in phase. Therefore, it is important to asses
phase information of the SOC process with respect to
phase of the conventional CT data acquisition process.

For the sake of simplicity and without any loss of gen
ality, let us assume that we have a CT system that prov
sinograms,

$gnCT
~s~n!,b~ t !,t j !,~n51,...,N!,~ j 51,...,M !%, ~10!

that correspond to a stationary tomographic image of in
est, where the termt j represent the time momentj Dt. Fur-
thermore, let us assume that the organs of the abo
mentioned tomographic image follow a generic moti
pattern, and that the corresponding sinogram of the tom
raphic image including organ motion effects is expressed

$gnmov
~s~n!,b~ t !,t j !,~n51,...,N!,~ j 51,...,M !%, ~11!

which are acquired by the same CT system as the sinog
of Eq. ~10!. Then, the algebraic difference between the si
grams of Eqs.~10! and~11! should be the output of an opt
mum CT system that would allow for instantaneous corr
tion of organ motion effects. In particular, let us assume t
difference to be denoted by

D f n~s~n!,b~ t !,t j !

5gnmov
~s~n!,b~ t !,t j !2gnCT

~s~n!,b~ t !,t j !

for $~n51,...,N!,~ j 51,...,M !%. ~12!

If a CT system makes available measurements of the
nogramsD f n(s(n),b(t),t j ) and gnmov

(s(n),b(t),t j ), then
because of Eq.~12!, their algebraic difference would provid
estimates ofgnCT

(s(n),b(t),t j ) which is an optimum sino-
gram without organ motion artifacts. Therefore, there ne
to be a direct relationship between the measurements
vided by the SOC with those of Eq.~12!. Because of Eq.~9!,
a physical interpretation of the measurements provided
the SOC process can be derived from Eq.~8!, which may be
rewritten as

Dgno
~s~no!,b~ t !,to1Dt !

Dt

5
gn~s~n!,b~to1Dt!,t01Dt!2gn~s~n!,b~to1Dt!,to!

Dt
. ~13!

If both terms of Eq.~13! are integrated over a number o
m incremental periods during rotation, then the integral
defined by
Medical Physics, Vol. 28, No. 8, August 2001
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E
t5t0

t01mDt

Dgn~s~n!,b~ t !,t !dt

5(
j 51

m

$gns1

t j 11~s~n!,b~ t j 11!,t j 11!

2gns2

t j ~s~n!,b~ t ! j 11!,t j !%, ~14!

where, (n51,...,N), (m51,...,M ). For simplicity, let us ex-
press gns1

t j 11(s(n),b(t j 11),t j 11) andgns2

t j (s(n),b(t j 11),t j )

as gn
j and gn

j 11, and their difference asDgn
j 11, where the

references tos1 ands2 are omitted since they do not impa
the measurements. Then the integration process of Eq.~14! is
rewritten as

E
t5t0

to1mDt

Dgn~s~n!,b~ t !,t j !dt

5~Dgn
1!r11~Dgn

2!r21¯1~Dgn
m!rm

or

E
t5t0

t01mDt

Dgn~s~n!,b~ t !,t j !dt

5E
j 51

m21

Dgn~s~n!,b~ t !,t j !dt1~Dgn
m!rm , ~15!

where the scalar factorsrm account for angular variation o
the detector array during data acquisition, as depicted in
2.

For the simple case of linear motion effects, the abo
mentioned scalar factors take the value,rm51 for m
51,...,M . This simple case is analyzed with simulations
Sec. II D. Moreover, whenrm51 for m51,...,M , Eq. ~15! is
reduced to

E
t5t0

to1MDt

Dgn~s~n!,b~ t !,t j !dt5gn
M2gn

0. ~16!

Then, because of Eq.~7!,

gn~s~n!,b~ t !,tM !5E E f ~x,y,tM !d$x cos@s~n!

1b~ t !#1y sin@s~n!1b~ t !#

2R sins~n!%dx dy,
~17!

gn~s~n!,b~ t !,t0!5E E f ~x,y,t0!d$x cos@s~n!1b~ t !#

1y sin@s~n!1b~ t !#

2R sins~n!%dx dy,

which indicate that the two sets of projections, previou
mentioned gn

M(s(n),b(t),to1MDt) and gn
0(s(n),

b(to),to), have been derived from two different image
f (x,y,t5to1MDt) and f (x,y,t5to), respectively. How-
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ever, the sinogramgn
0(s(n),b(t),t0) that is derived from the

image f (x,y,t5t0) does not have any kind of motion art
facts because it is defined att5t0 , which is the starting point
of the CT data acquisition process, as depicted in Fig
Furthermore, the sinogramgn

M(s(n),b(t),t01MDt) is de-
rived from the imagef (x,y,t5t01MDt), which includes all
the motion effects and artifacts recorded during the per
T5MDt that is one full cycle of the CT data acquisitio
process. Thus, the two sinograms, mentioned previously
identical to those defined in Eq.~12!, or

gn
0~s~n!,b~ t !,t0!5gnCT

~s~n!,b~ t !,t !,

~18!
gn

M~s~n!,b~ t !,to1MDt !5gnmov
~s~n!,b~ t !,t !.

As a result of Eq.~18! and Eqs.~12! and~14!, the integration
process of the SOC measurements is identical to the i
case of the sinogram difference between the stationary s
gram and the conventional sinogram including organ mot
defined in Eq.~12! and expressed by

D f n~s~n!,b~ t !,t j !5E
t0

t01 j Dt

Dgn~s~n!,b~ t !,t !dt. ~19!

For CT system applications, however, the integration p
cess of the output results of the SOC is not a simple probl
This is because the scalar factorsrm , m51,...,M , would
induce dc offsets, as shown in the simulations of Sec. I
The impact of the scalar factorsrm on the integration proces
of Eq. ~14! may be removed by means of a normalizati
process17 or adaptive processing.10–12

It is of interest to note also that if a differentiation proce
is applied at the right-hand side of Eq.~15!, it would remove
the cumulative effect of the scalar factorsrm . Moreover,
because of Eqs.~16! and~19!, the derivative of the ideal se
of measurements,D f n(s(n),b(t),t j ), which define the dif-
ference between the sinograms corresponding to the tom
raphy image with the organ motion effects with those
quired by a CT system without the motion effects, sho
predict the measurements of the SOC process,

Dgn~s~n!,b~ t !,t j !5
d

dt
@D f n~s~n!,b~ t !,t j !#. ~20!

This suggests that Eq.~8! or the measurements provided b
the SOC are the derivative of the difference of the sinogra
corresponding to the tomographic image with the organ m
tion effects and that acquired by a CT system without
motion effects. In other words, Eq.~13! indicates that the
measurements of the SOC process form the basis of a
processing scheme to remove motion artifacts associ
with the CT data acquisition process. In particular,

D f n~s~n!,b~ t !,tM !'(
j 51

M

Dgn~s~n!,b~ t !,t j !

for ~n51,2,...,N! ~21!

shows that a temporal integration of the output measu
ments of the SOC provides estimates of the measurem
expressed by Eq.~12!; or in practical terms we have a ne
Medical Physics, Vol. 28, No. 8, August 2001
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CT system design that generates two types of sinogra
conventional CT sinograms$gnmov

(s(n),b(t),t j ) for (n
51,...,N), ( j 51,...,M )% with motion effects, SOC measure
mentsDgn(s(n),b(t),t j ) that provide by means of integra
tion, as in Eq.~21!, estimates ofD f n(s(n),b(t),t j ) ~for j
51,...,M!. Then, according to Eq.~12!, correction of motion
artifacts is derived from a simple algebraic operation:

gnCT
~s~n!,b~ t !,t j !5gnmov

~s~n!,b~ t !,t j !

2D f n~s~n!,b~ t !,t j !. ~22!

In case of nonlinear effects, which require an estimation
normalization process17 for the scalar factorsrm , alternative
optimum estimates ofD f n(s(n),b(t),t j ) can be provided by
an AIC process with the sinogramsgn(s(n),b(t),t j ) and
Dgn(s(n),b(t),t j ) as inputs, as discussed in Sec. II D.

D. Simulations and system concept demonstration

The simulations were based on the Shepp–Logan ph
tom as a test image.18 The software consisted of four signa
processing components:

~1! the projection data generation based on a test phant
~2! the image reconstruction algorithm, which was the

tered backprojection method including a Ram–Lak fil
cascaded with the Parzen window,

~3! the SOC and AIC signal processing concepts descri
in this paper, and

~4! the image display.

The geometry in the simulations and the rest of the
rameters were similar to those of Siemens Somatom Plu
x-ray CT medical imaging system. In particular, the simu
tions includedT50.75 s period of rotation for the CT system
with a set of M51056 projections by aN5768 array of
detectors. The choice of this Siemens scanner is becaus
SOC has been tested with real data sets from the ab
mentioned real time system provided by a Siemens Soma
Plus 4 system. The lower row of images in Fig. 4 sho
various phases of a reconstructed Shepp–Logan phan
that includes simulated motion of the center circle taki
place during the data acquisition period of the CT scann
The rest of the components of the phantom were assu
stationary.

The sinograms at the top part of Fig. 4 present the in
mediate output results of the processing steps discusse
Sec. II C. The case of a circular object centered at the or
of the coordinate frame and undergoing radial deformatio
described here. This scenario represents a perfectly lin
case. In particular, the leftmost sinogram and the second
nogram from the left of Fig. 4 correspond to the tomograp
image with the organ motion effects,gnmov

(s(n),b(t),t j )
and the output of the SOC,Dgn(s(n),b(t),t j ), respectively.
The third sinogram from the left represents the temporal
tegration process,( j 51

M Dgn(s(n),b(t), j Dt), of the output
of the SOC process. This sinogram is identical to that
D f n(s(n),b(t),t j ) that is derived from the ideal case d
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fined by Eq.~13!. Finally the last sinogram is derived from
the algebraic difference between the sinogra
gnmov

(s(n),b(t),t j ) and( j 51
M Dgn(s(n),b(t), j Dt).

The corresponding reconstructed images are shown
rectly below each of the sinograms. The leftmost image
blurred because of the motion artifacts. The second im
from the left in the lower row of Fig. 4 shows the informa
tion tracked by the SOC. As expected, this image shows o
the moving components during the data acquisition per
The third image from the left shows the image that cor
sponds to the linear integral of the SOC measureme
( j 51

M Dgn(s(n),b(t),t j ). The last image in the lower row
provides a reconstructed image without motion artifacts. T
simple example validates Eq.~16!, which describes the in
stantaneous correction of organ motion artifacts forlinear
cases. The same results can be derived by using an
process as discussed in Sec. II E. Although the abo
mentioned simulations represent a very simple case of o
motion artifacts, their practical significance and aim is
provide a physical interpretation of the processing steps
this investigation, as defined by Eq.~22!. If the deformation
is nonlinear, as would be the case if instead of a deform
circle centered at the origin, the object is noncircular, or
centered at the origin, the above-given processing steps
not sufficient to correct for motion artifacts.

As an example, Fig. 5 shows the detector time series
result from the above-given processing concept and fo
nonlinear case of organ motion. In particular, the solid line
the top diagram of Fig. 5 shows the hypothetical differen
of measurementsD f n5530(s(n),b(t),t j ), j 51,...,4M for the
sensorn5530. The solid line of the lower diagram of Fig.
shows the SOC measurementsDgn5530(s(n),b(t),t j ), j
51,...,4M , as defined by the output of the SOC of Eq.~8!.
The dashed line of the lower diagram provide the meas
ments derived as a derivative of the ideal estima
D f n5530(s(n),b(t),t j ), j 51,...,4M , which are identical to
those of the SOC process,Dgn5530(s(n),b(t),t j ), j

FIG. 4. Processing steps for linearly deforming circle at center of coordin
frame. Top row from left to right:~a! sinogram from conventional CT dat
acquisition;~b! sinogram from spatial overlap correlator;~c! sinogram de-
rived from linear integration of spatial overlap correlator measurements~d!
correct sinogram computed from conventional CT sinogram and linear
gral of SOC measurements. Bottom row from left to right:~e! conventional
CT image;~f! image from spatial overlap correlator measurements;~g! im-
age from linear integral of SOC measurements;~h! corrected image.
Medical Physics, Vol. 28, No. 8, August 2001
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51,...,4M , and demonstrate the validity of the results sho
by Eq. ~20!. Although these results appear to be promisin
temporal integration of the estimates of the SOC proc
Dgn5530(s(n),b(t),t j ), j 51,...,4M , according to Eq.~21!,
which are shown by the dashed line at the top diagram
Fig. 5, do not predict the estimates o
D f n5530(s(n),b(t),t j ), j 51,...,4M . Furthermore, the sam
results indicate that the temporal integration of the SOC o
put estimates induces dc offsets, which are generated by
fact that the scalar factorsrm defined in Eq.~15! have not
been considered in the linear integration process. Moreo
the dc offsets in these results suggest that the model in
~15! is correct. Since the results of Fig. 5 refer to the info
mation recorded by the detectorn5530 of theN5768 re-
ceiving array, it is essential to note that as this detectorn
5530) rotates around the tomography area of interes
does not have a continuous view of the moving object. F
detectors having a continuous view of the moving object
corresponding results are different from those of Fig. 5. F
ure 6 presents the same information as Fig. 5, but for
detectorn5384.

It is apparent from these results that integration of
measurementsDgn5384(s(n),b(t),t j ), j 51,...,4M , of the
SOC process follow the model of radial deformation w
values for the scalar factors,rm51, n51,...,M and accord-
ing to Eq.~21! provide estimates ofD f n5384(s(n),b(t),t j ),
j 51,...,4M . The sinograms of Fig. 7 provide the same info
mation as that of Figs. 5 and 6 but for all the received sign
of the CT receiving array. In particular, the top left sinogra
shows the measurements of the SOC,Dgn(s(n),b(t), j t j )
for ( j 51,...,M ) (n51,...,N), for one complete cycle of the
CT acquisition process. The top right sinogram presents
results of the linear integration proces
( j 51

M Dgn(s(n),b(t),t j ) for ( j 51,...,M ) (n51,...,N). The
bottom sinogram shows the expected estimates
D f n(s(n),b(t),t j ) for ( j 51,...,M ) (n51,...,N), which are
supposed to be identical to the output of the integration
the SOC measurements. It is apparent from the results of
7 that the effects of the dc offset of Eq.~15! have destroyed
the information provided by the SOC process. These dc
fects were caused by the fact that the values of the sc
factors were assumed to berm51, n51,...,M , as is also
shown by the results of Fig. 5.

As discussed before, methods to remove these dc eff
from the temporal integration estimates of the SOC out
results could include the use of normalizers,17 or optimally
by the AIC,10–12 which is discussed next.

E. Adaptive processing for removing CT motion
artifacts

The relationship in Eq.~15! forms the basis for the imple
mentation of an AIC method10–12 to remove the organ mo
tion artifacts. However, the attempt in this section to prov
estimates for the scalar factorsrm should be considered to b
a preliminary effort, since the reported results have be
tested with simulations that represent a perfect case scen

te

e-
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FIG. 5. Interpretation of the physical process associated with the measurements of the spatial overlap correlator for the sensorn5530 and their comparison
with the predicted estimates according to the model expressed by Eqs.~13!, ~14!, ~16!, and~20!.
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Any attempt to implement the adaptive concept of this inv
tigation in real time CT systems should consider many ot
parameters such as the system errors associated with
implementation process of the SOC in a specific real time
system of interest. The processing structure of an AIC10–12is
shown in Fig. 8. This technique is useful when any no
interference that is present in a signal is measured accura
The algorithms used in this investigation are theLMS and
NLMS algorithms.11,12 They were chosen because the mo
in Eqs.~15! and ~16! represents a linear combination of th
weightsrm and the SOC outputs,Dgn(s(n),b(t),t j ).

Let us start with a very brief description of the AIC co
cept, as defined in Fig. 8. The received noisy signal b
detector is defined byy( j Dt)5s( j Dt)1n( j Dt), where
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s( j Dt) and n( j Dt) are the signal and noise componen
respectively. In an AIC system with performance feedbac
is essential that either the signal,y( j Dt), and the noise,
n( j Dt), components are either available or measured sim
taneously. Assume that an adaptation process with pe
mance feedback provides the weight vector to the lin
combiner to generate estimates of the noisen( j Dt). In gen-
eral the adaptation process includes minimization of
mean-square value of the error signal defined by the per
mance feedback. Optimization by this criterion is common
many adaptive and nonadaptive applications. Widrow10

points out that in adaptive systems considerable ingenuit
often required to find a suitable signal~or noise! to define
this optimization process, since if the actual desired respo
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FIG. 6. Interpretation of the physical process associated with the measurements of the spatial overlap correlator for the sensorn5384 and their comparison
with the predicted estimates according to the model expressed by Eqs.~13!, ~14!, ~16!, and~20!.
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of the system were available one would generally not n
the adaptive system. In our case, the measurements prov
by the SOCDgn(s(n),b(t),t j ) form the basis of the noise
estimates for the adaptation process, as will be analyze
this section.

Assume that the noise measurements at the input of
adaptation process in Fig. 8 are provided by the input ve
X̄ with terms @x(Dt),x(2Dt),...,x(MDt)#T. Furthermore,
the output of a least mean square adaptation pro
~LMS!,11 u( j Dt) is a linear combination of the input mea
surements X̄ and the weight adaptive coefficien

@w(Dt),w(2Dt),...,w(MDt)#T of the vectorW̄. Then, the
output of an AIC is given by
Medical Physics, Vol. 28, No. 8, August 2001
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«̄5Ȳ2X̄TW̄, ~23!

where Ȳ is the input vector of the noise measuremen
y( j Dt) for j 51,2,...,M , andM is the maximum number o
samples to be processed. Widrow’s AIC concept10 is based
on the minimization of the square of Eq.~23!, Emin@(«̄)2#

5Emin@(S̄1N̄)2#2Emin@(X̄
T W̄)2#, which suggests that whe

E@ «̄# is minimized with signal powerE@S̄# is unaffected,
then the termE@(N̄2X̄TW̄)2# is minimized. Optimum values
of W̄ that minimize«̄ are derived by descending toward th
minimum of the performance feedback surface. This s
gests that the output of the AIC processEmin@«̄#5E@S̄# pro-
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FIG. 7. Interpretation of the physical process associa
with the sinogram measurements of the spatial over
correlator for all the sensors and their comparison w
the predicted estimates according to the model e
pressed by Eqs.~13!, ~14!, ~16!, and~22!: ~a! sinogram
output of SOC,~b! sinogram that results from tempora
integration of sinogram~a! according to Eq.~22!, and
~c! prediction for sinogram~b! according to Eq.~13!.
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vides estimates of the signal vector. The outputu( j Dt) of an
adaptive filter~LMS or NLMS algorithms!11,12 with L adaptive
weights (w1 ,w2 ,...,wL) and for an interference inpu
x( j Dt) at time j Dt are given by

u~ j Dt !5(
i 51

L

wi
j Dt3x~~ j 1 i 2L !Dt !. ~24!

For the LMS and NLMS algorithms,11,12 the update equa
tions for the adaptive weights are given in Eqs.~25! and~26!,
respectively,

FIG. 8. Concept of adaptive interference canceller~Ref. 10, p. 303!.
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wi
~ j 11!Dt5wi

j Dt1~m3x~~ j 1 i 2L !Dt !3u~ j Dt !!,

~ i 51,2,...,L !, ~25!

wherem is the adaptiveLMS step size parameter,

wi
~ j 11!Dt5wi

j Dt1S l

a1unu
3x~~ j 1 i 2L !Dt !3u~ j Dt ! D ,

~ i 51,2,...,L !. ~26!

Here l is the NLMS step size parameter,a is a stability pa-
rameter, andunu is the Euclidean norm of the vector@x(( j
112L)Dt),x(( j 122L)Dt),...,x( j Dt)#.

To demonstrate the effiency of the AIC processor at
moving interferences, a synthetic noisy signaly( j Dt), and
an interfererx( j Dt) that is assumed to be accurately me
sured were considered. The output of the AIC proce
u( j Dt), is defined by Eqs.~23!, ~24!, and~26!.

Real results from the output of the AIC process defined
Eqs. ~24!, ~25!, and ~26! to remove noise component from
received noisy signal are shown in Fig. 9. The upper graph
Fig. 9 shows the noisy signal,y( j Dt), that includes the
acoustic signal of heart beats recorded with an electro
stethoscope near the noisy intense environment of an op
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FIG. 9. Real results from output of adaptive interference canceller to remove noise component from received noisy signal. Upper graph: The noisyhat
includes the acoustic signal of heart beats with electronic stethoscope near the noise intense environment of an operating helicopter. Middle graph: The noise
of the helicopter recorded by another stethoscope simultaneously with the noisy signal shown by the upper graph. Bottom graph: The output o
process that has suppressed successfully by 8 dB the helicopter noise leaving the acoustic signal of interest~heart beats! as the principal information in the
recorded signal.
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ing helicopter. The middle graph shows the interferen
x( j Dt), which is the noise of the helicopter recorded
another stethoscope, simultaneously with the noisy sig
The bottom graph shows the output of the AIC proce
«( j Dt) that has suppressed successfully by 8 dB the helic
ter noise leaving the acoustic signal of interest~heart beats!
as the principal information in the recorded signal. It is e
dent from Fig. 9 that the AIC is successful at complete
removing the interferencex( j Dt) and leaves the signal o
interest undistorted.

The above-mentioned implementation concept of the A
Medical Physics, Vol. 28, No. 8, August 2001
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process makes it an ideal tool for removing any motion a
facts present in the reconstructed images of CT systems
include the SOC concept as defined previously. Organ m
tion Dgn(s(n),b(t),t j ) tracked at the sensor level by th
SOC can be treated as the interference measurem
x( j Dt), and are introduced as input to the AIC. The origin
sensor time series~sinograms! gnmov

(s(n),b(t),t j ) of a con-

ventional CT system are treated as the ‘‘noisy’’ input sign
y( j Dt) of the AIC process~23!, which will have as
output «( j Dt), the corrected sinograms ḡCT*
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5 bgnCT
((t1),gnCT

((t2),...gnCT
((tM) c, for n51,2,...,N. Thus,

the AIC processing flow in Fig. 8 is modified accordingly
meet the new requirements. Let us start with the basic eq
tion that defines the adaptive process for the CT problem
this investigation,

ḡCT5ḡmov2PnDg, ~27!

where, the vectorsḡCT* 5@gnCT
((t1),gnCT

((t2),...,gnCT
((tM)#

and ḡmov* 5 bgnmov
((t1),gnmov

((t2),...,gnmov
((tM) c are defined

by Eqs.~10! and ~11!, respectively, one for each of the d
tectors n51,2,...,N, of the receiving CT array,Dgn*
5@Dgn((t1),Dgn((t2),...,Dgn((tM)# is the vector of the
SOC output, which represents the noise measurements
the matrixPn includes the adaptive weights for each sen
n, defined by

Pn5F r1 0 0 0

r1 r2 0 0

• • • •

r1 r2 • rM

G . ~28!

Equation~27! represents the CT temporal measureme
m51,2,...,M of one complete CT rotation. For a set of tw
continuous rotations and for the CT temporal measurem
m5M11,M12,...,2M Eq. ~27! is simplified as follows:

ḡCT5ḡmov2DgTW̄, ~29!

where the vectors ḡCT5@gnCT
((tM11), gnCT

((tM11),...,
gnCT

((t2M)#T and ḡmov5@gnmov
((tM11),gnmov

((tM11),
gnmov

((tM12),...,gnmov
((t2M)#T are defined by Eqs.~10! and

~11!, respectively, for each one of the detectorsn
51,2,...,N, of the receiving CT array, Dgn

5@Dgn((tM11),Dgn((tM12),...,Dgn((t2M)#T is the vector
of the SOC output, which represents the noise measurem
and the vectorW̄5@r1 ,r2 ,...,rM#T are the linear adaptive
weights. The adaptive weights are computed according to
model of Eq.~23! and defined by Eqs.~25! and ~26! for the
LMS andNLMS algorithms, respectively, with initial condition
rm51, n51,...,M . Figure 10 shows the adaptive processi
flow for a medical CT system that includes the implemen
tion of the SOC in the data acquisition functionality
this system. Thus,LMS or NLMS adaptive algorithms form
the basis of an iterative estimation process for the te

FIG. 10. Concept of adaptive interference canceller and spatial overlap
relator for removing motion artifacts in CT medical imaging application
Medical Physics, Vol. 28, No. 8, August 2001
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m22)rm21 and a summation step, as defined in E
~15! that defines the temporal integration of the SOC outp
which is a predictive estimate for the term
D f n(s(n),b(t),t j ), of Eq. ~12!. The output of this AIC pro-
cess provides predictive estimates for sinograms that h
been corrected for motion artifacts according to the inform
tion provided by the measurements of the SOC. Therefor
the output sinogramḡCT5@gnCT

((tM11),gnCT
((tM11),...,

gnCT
((t2M)#T of the AIC process is provided at the input of

CT image reconstruction algorithm, then the new image w
not include motion artifacts.

Although the consideration of other adaptive metho
such as theRLS algorithms,13 may be considered in the AIC
process shown in Fig. 10, the emphasis of this investiga
is to define the concept of an AIC processing structure
motion correction in medical CT applications. When this g
neric AIC structure is defined, then a variety of adapti
algorithms may be evaluated to address the noise chara
istics associated with a specific CT system of interest. Th
the choice of an adaptive algorithm for the AIC process
Fig. 10 is an implementation issue and is beyond the sc
of this investigation. This is because the implementation
the SOC in an operational medical CT system, which is d
cussed in Sec. III, includes a high cost and it has not b
carried out under this study. In what follows, the AIC proce
is assessed with simulations based on the parameters de
in Sec. II C.

Figure 11 shows simulation results of the concept
the AIC process for CT applications for a more gene
case, where there is an arbitrarily placed continuously
forming object. The signals in the upper part of Fig. 11 re
resent the expected measurementsḡCT5@gnCT

((tM11),

gnCT
((tM11),...,gnCT

((t2M)#T for a test phantom withou

motion artifacts with the dotted line, and the correspond
sinogram ḡmov5@gnmov

((tM11),gnmov
((tM12),...,gnmov

3((t2M)#T with motion artifacts with the solid line. The sig
nals in the lower part of Fig. 11 show the expected measu
ments ḡCT5@gnCT

((tM11),gnCT
((tM11),...,gnCT

((t2M)#T for

a test phantom with the motion artifacts corrected with
dotted line, and the output«( j Dt), for j 5M11, M
12,...,2M , of the AIC process when convergence is reach
with the solid line. Figure 12 shows the corresponding rec
structed images from this case. The leftmost pair shows
conventional x-ray CT sinogram and image, correspond
to gnmov

(s(n),b(t),t j ). The SOC measurements and the e

timate of the nonlinear integral by the AIC process is sho
in the second and third pairs of images from the left. The
sinogram and image pairs correspondDgn(s(n),b(t),t j )
andD f n(s(n),b(t),t j ), respectively. Based on the estima
of D f n(s(n),b(t),t j ) and the measuredgnmov

(s(n),b(t),t j )

the optimum sinogramgnCT
(s(n),b(t),t j ) is computed. This

optimum sinogram is shown in the upper right of Fig. 1
The corresponding image in which all motion artifacts ha
been corrected is shown in the lower right image.

At this point it is important to note that in the results
Figs. 11 and 12, the noise of the simulated CT received

r-
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FIG. 11. Simulation results of adaptive interference canceller and spatial overlap correlator concepts for removing motion artifacts in CT medicaging
applications. Upper graph: Signals from sinograms with motion artifacts and without motion artifacts. Lower graph: Comparison of the output ofIC
process with the expected sinogram output without motion artifacts.
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nals was considered to be the motion of the left ellipse of
Shepp–Logan phantom. White noise effects have not b
considered in this case. This is because the signal-to-n
ratio in CT scanners is very high.

III. SYSTEM IMPLEMENTATION

An essential technical requirement by the SOC is
implementation of two CT x-ray sources separated with
angular spacing equal to the sensor spacing of the recei
array, as shown in Fig. 2. However, because of the mas
size of an x-ray source, a physical two-source implemen
tion for a CT scanner is technically not feasible. At this po
it is important to acknowledge the valuable contributions
this implementation effort by Siemens Medical AG~Ger-
many!. In particular, the family of Siemens CT scanne
Somatom-4 include the flying focal point functionality that
used to double the spatial sampling frequency. In this inv
tigation, it is suggested that the second source can be ge
Medical Physics, Vol. 28, No. 8, August 2001
e
en
ise

e
n
ng
ve
a-
t

s-
er-

ated by the deviation of the x-ray beam by a magnetic
electric field, which forms the flying focal spot functionalit
of Siemens Somatom Plus 4, Elscint’s Twin RTS, and G
scanners with focal spot wobble. The new active transm
sion of the flying focal spot functionality defines a ne
source at an angledu and time instantDt/2 with respect to
the previous source position. Typical values forDt/2 are ap-
proximately 0.5 ms. This process provides a second se
spatial samples that are offset by1

2 sensor spacing in the
receiving array, hence it is equivalent to doubling the spa
resolution of a CT fan-beam scanner.

Thus, an implementation effort of the SOC concept in C
systems is to consider the flying focal point functionality
be modified in such a way that will simulate the seco
source being activated about 0.5 ms later than the prev
x-ray transmission. However, the source should be devia
in such a way that the second active transmission should
formed exactly at the same location as the previous one
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with an appropriate realignment of the detector array. It
been assessed that this kind of implementation effort requ
costly hardware modifications in existing CT scanners t
include the flying focal spot functionality. A critical require
ment is the need for perfect source and detector alignm
over the two spatially overlapping transmissions. During
course of this investigation, data from a CT system includ
the hardware implementation of the SOC have not b
available to assess the effectiveness of the AIC proc
Therefore other alternatives had to be investigated to add
this kind of implementation issues. A generic implementat
of the SOC has been proposed14 to track the net amplitude
and phase of the organ motion during the data acquisi
process. This tracking of the amplitude and phase inform
tion has been exploited with alternative motion correct
algorithms called the retrospective-SOC gating and cohe
sinogram synthesis~CSS! and methods that are based on
software implementation concept of the SOC in x-ray C
scanners.14,15

IV. CONCLUSION

The paper discusses a novel approach to tracking and
moving organ motion artifacts in CT systems. The meth
first uses the SOC process to sample information assoc
with the organ motion present during the conventional
data acquisition process. An optimum approach to rem
the organ motion effects is to apply AIC methods, whi
treat the output of the SOC process as noise interferenc
the input of the adaptive processor. Tests with synthetic d
sets demonstrate the validity of this generic signal proces
methodology, and also prove that it is practically realizab

In summary, the results of this investigation represent
optimum solution to the overall CT motion correction pro
lem. However, because of practical implementation issue
nonoptimum system implementation concept for the S
process has been investigated and is presented in Ref

FIG. 12. Processing steps for arbitrarily placed deforming object. Top
from left to right: ~a! sinogram from conventional CT data acquisition;~b!
sinogram from spatial overlap correlator;~c! sinogram derived from nonlin-
ear integration of spatial overlap correlator measurements by the ada
interference canceller;~d! correct sinogram computed from conventional C
sinogram and SOC measurements by AIC processing. Bottom row from
to right: ~e! conventional CT image;~f! image from spatial overlap cor
relator measurements;~g! image from nonlinear integral of SOC measur
ments;~h! corrected image from AIC processing.
Medical Physics, Vol. 28, No. 8, August 2001
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and 16. This nonoptimum concept has been implemente
x-ray CT medical imaging scanners and has been tested
real data sets using moving phantoms and real patients.
experimental part of the present investigation is focused
cardiac applications for imaging coronary calcification a
the results are discussed in the accompanying paper.14
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