Correcting organ motion artifacts in x-ray CT medical imaging systems
by adaptive processing. I. Theory
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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 thataregoiie
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 cancellatf€) 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. 2801 American Association of Physicists

in Medicine. [DOI: 10.1118/1.1388892
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[. INTRODUCTION required speed is the electron beam (EBCT), which is not
_ _ _ _ widely available.
X-ray computed tomograph§CT) is an imaging modality Several mathematical techniques have been proposed as

that provides cross-sectional images or “slices” of the hu-soutions to this problem. These techniques usually assume a
man body. The patient is placed in between an x-ray sourcgnear model for the motion, such as translational, rotational,
and an array of sensors, the latter measuring the amount ef linear expansiof.Some techniques model the motion as a
radiation that passes through the body. During the data ageriodic sequence and take projections at a particular point in
quisition process, the source and detectors move around thige motion cycle to achieve the effect of scanning a station-
patient acquiring a large number of x-ray projections, orary object(similar to ECG triggering* However, in practical
views. This process assumes stationarity, which is violatedpplications motion is much more complex, and these tech-
when there is organ motiofe.g. cardiac motion, blood flow, niques are useful in a very limited number of cases. A more
respiratory motion, and patient restlessneging the rela- general technique attempts to iteratively suppress the motion
tively long (e.g., 0.5-1.5)sdata acquisition time. Thus, the effects from the projection dafaThis method attempts to
image reconstruction process is adversely affected by the speduce the assumed spectral characteristics of the motion ar-
called motion artifacts, which appear as blurring, doublingtifacts. It, however, depends on knowing some properties of
streaking, and distortion in the reconstructed images; anthe motiona priori, and requires a number of iterations to
may lead to inaccurate diagnosis. converge. The spectral properties of some complex forms of
The intuitive solution to this problem is to speed up themotion may not necessarily correspond to the model used in
data acquisition process, so that the motion effects becontéis algorithm. Moreover, without proper initialization, the
negligible. This requirement, however, cannot be met withconvergence period could be long.
current technology; the scan times that are required are sim- Motion artifacts in magnetic resonance imagiiMRI) for
ply not realizable even by the most advanced conventionathest scans have been reduced by first defining the motion
CT scanner today. The only CT scanner that delivers thevith a parametric model and then adapting the reconstruction
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algorithm to correct for the modeled motibiRitchieet al”  data acquisition period. The data sequence from each detec-
attempted to address the problems of CT cardiac and respier is treated as a time series. Since there are two data acqui-
ratory motion artifacts by using a pixel-specific backprojec-sition schemes that are operating concurrefity, the SOC
tion algorithm that was conceptually influenced by the MRIand the standard x-ray CT data acquisition procgssesre
motion modeling approachin the CT case, the frame of are two time series available for each detector. The sequence
reference for the motion was generated by constructing magsom the standard x-ray CT acquisition is treated as the noisy
that describe the motion of each pixel in the image at thesignal, and the sequence from the SOC process is treated as
time each projection was measufefihese maps then form the interferencénoise in the AIC processing scheme. Fur-
the basis of a backprojection algorithm that reconstructs eactiermore, because the AIC process does not require any kind
pixel in a frame of reference according to the motion infor-of periodicity for the motion effects, the processing scheme
mation provided by the maps. However, the method requiresf this investigation eliminates the requirement for ECG gat-
substantial manual effort to describe the motion of each pixeing that is currently being used by x-ray CT scanners for
and therefore is not practical for x-ray CT medical imagingcardiac imaging applications.
applications. However, the AIC method requires that the data sets be
The problem of motion artifacts, however, is well known acquired over a number of revolutions of the x-ray CT scan-
in other types of imaging systems such as RADAR satellitesier, as opposed to just one revolution in straightforward
and SONARS? In this case, it has been found that the ap-x-ray CT image reconstruction. This number is a function of
plication of synthetic aperture processing increases the resthe convergence rate of the adaptive algorithm and is re-
lution of a phased array imaging system and corrects for thquired to be at least two revolutions. Also, implementation of
motion artifacts as well. Reported resfifthave shown that the AIC method in CT scanners requires hardware modifica-
the problem of correcting motion artifacts in synthetic aper-tions to allow for the implementation of the two sources
ture SONAR applications is centered on the estimation of &oncept associated with the SOC. This is discussed analyti-
phase correction factor. This factor is used to compensate f@ally in Sec. IlI.
the phase differences between sequential sensor array mea-Moreover, Sec. Il provides a theoretical analysis and a
surements to coherently synthesize the multiple spatiallphysical interpretation of the SOC system concept. The re-
overlapping measurements into a synthetic aperture. sults of an experimental study to exploit this theoretical ap-
The approach of this investigation is built around the con{roach in practical x-ray CT medical imaging applications
cept of the spatial overlap correlat@0Q for x-ray CT data  are discussed in an accompanying pdfer.
acquisition, which is conceptually based on the spatial over-
lap correlator in SONARs and RADARs. The SOC may be
described as an alternative data acquisition scheme th#t THEORETICAL REMARKS
samples only the m_ot_i(_)n that_is present duri_ng_ the standard pefinition of parameters
x-ray CT data acquisition period. The SOC is implemented
in x-ray CT scanners as a two sources concept that provides The data acquisition process in CT applications is de-
an accurate estimate of the information associated with anpicted in Fig. 1. The projection measuremergg(oy,,5:),
kind of complex organ motion. Since the SOC is a samplingn=1,...N), (i=1,...M), shown schematically in Fig. 1, are
process, the upper limit of the frequency of the sampled ordefined as the line integrals along lines passing through the
gan motion is dependent on the sampling interval of the SO®@bjectf(x,y). For a given detectom, projectioni, and pro-
process, in order to satisfy the Nyquist sampling rate. Thigection angles;, g,(oy, ;) is given by Eq.(1). In Eq. (1),
process generates a new set of sinogrdarssensor time (-) represents the Dirac delta functiof; represents the
series that include only information about motion effects Projection angle, ana, represent the angle that detector
present during the CT data acquisition process. Informatiofakes with the center of the detector arc. The line traced by
about stationary components of the tomographic area of inthe ray from the source to the detector is given in &),
terest is not present in the sinograrfsensor time serigs and the integration along this path is reflected in &g,
provided by the SOC process. This means that two sets of
information (sinograms are available for further processing. 9n(opn ,,Bi)=J f f(x,y)d[x coq B;+ o)
This first is the data sequence from the standard x-ray CT

data acquisition and the second the data sequence from the +ysin(Bi+ o, —Rsin(co,)]dx dy, (D)
SOC, which contains only the motion that was present dur- . o
ing the x-ray CT data acquisition period. X COg Bi+ op) +y SIN(Bi + o) = Rsin(ary). )

The adaptive interference cancellatighiC) proces®*®  The functionf(x,y) is also the function we wish to approxi-
is commonly used in applications where there is a noisymate through the image reconstruction process. The angular
signal, and it is possible to simultaneously measure both thstep increment between two successive projections of the
noisy signal and the noise component individu&fionsid-  x-ray scanner is defined byx3=2/M, andAt is the time
ering the data available from the data acquisition schemeglapsed between these successive projections, Wwhésehe
and the result that is desired, the AIC process appears to bmimber of projections taken during the peribeg M At that
the optimum signal processing scheme to remove the motiois required for one full rotation of the source and receiving
measured by the SOC sampling process during the x-ray Carray around the objedt(x,y) that is being imaged.
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Fic. 1. Schematic diagram of projection function for CT x-ray imaging systems.

In the image reconstruction process the piXglk) inthe  applications is not straightforward. The computation of the
actual image, shown at the right hand side of Fig. 1, correfactor is still based on the comparison of spatially overlap-
sponds to the Cartesian point;(yy) in the CT scan plane. ping measurements at two consecutive time moments during
Given a filter with frequency responsg(n), (n=1,...N),  the CT sampling process. This factor tracks the phase or
the filtered projection data is given by amplitude fluctuations caused by the subject’s organ-motion

G (o, B) = FF[Fft(gn (o, By) - F(N))]. 3) effects, and includes information due to the movement of

o _ o o organs such as the heart and lungs.

The filtering function used in this investigation is the  gpown in Fig. 2 is the concept of the SOC process for CT

Ram-Lak filter,® cascaded with the Parzen window. The applications. This is a data acquisition scheme to obtain an

pixel valuel (j k) is given by estimate of the motion information for subsequent removal.

M As shown in Fig. 2, the scheme assumes two physical

I(j,k)=2 Gn(on,Bi), 4 sources and an array receiver. The two sources follow the
=1

same rotational path, although, in Fig. 2, they are depicted as
following paths of slightly different radii for the purpose of
Mustration. The system of two sources-array receiver per-
forms the data acquisition process in a conventional manner.
Specifically, at time,, which is the starting time of the CT
data acquisition process, the array receiver and the two
sources are at spatial locatiosgs and s,, respectively, as
shown by the closed dots in Fig. 2. At timg) ¢ At), where

where the appropriate modifications have been made t
G, (o, ,B;) to account for geometric effects. For eg8hin

Eqg. (4), a detectorp, is selected. The angle,,, which de-
fines the detectom, that samples the projection through a
point (xj,yy), for a given projection anglg@;, is provided

by Eq. (5), where {4,¢) is the polar representation of

(X3, At=T/M is the elapsed time between two successive firings
4| TaSiNBi—e) T T of the x ray, the two sources will be at locatiogsands;,
onp=tan R+rycodBi—¢)|’ 7 ==z, shown by the lighter dots in Fig. 2. The process is repeated
) M times throughout the data acquisition peribébr one full
o —tan 1 aSNe= B } Zs(ﬁ,_¢)<3_77_ rotation.
" R+rycode—gi)|" 2 ' 2 Based on the schematic representation of Fig. 2, the CT

(5) measurements corresponding to the spatial locagipmre
) obtained twice at timek, and o+ At). This is analogous to
B. Spatial overlap correlator taking two consecutive photographs at timgsand (,

In SONAR applicationg it has been shown that the spa- +At) of a field of view that includes a moving train and
tial overlap correlator increases the angular resolutgsray  other stationary objects, such as trees and houses. If the im-
gain and reduces artifacts that are caused by scattering araes from these two photographs are subtracted at the pixel
the target’s or receiving-array’s motion effects. The approachevel, then the resulting image will include information about
of generating a synthetic aperture is based on computing ahe moving train only. Based on this simplistic interpretation
appropriate phase correction factor to coherently synthesizef the information provided by the two source CT measure-
overlapping spatial measureméhitsto an equivalent longer ment system, as depicted in Fig. 2, a compari€amcorre-
physical aperture. Extending this scheme to the case of Clation) of the two spatially overlapping measurements will
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Fic. 2. Two-source concept of spatial overlap correlator
for CT x-ray imaging systems.

SOURCE#1
a T=to

SOURCE#2
a T=to+At SOURCE#1
d T=to+At

provide a new set of measurements that should describe amy Fig. 1, &) is the Dirac delta function, anf(x,y,t), is a
type of organ motion that may have occurred during the timdime varying tomography object. For fan-beam CT applica-
incrementAt. Thus, 1At is the sampling frequency of the tions, the amplitude difference between the two sets of mea-
SOC process and indicates that the upper limit of thesurements of Eqg6) and(7) is defined by

sampled organ motion frequency is dependent on the tim

interval At in order to satisfy the Nyquist sampling rate. gg“o(a(n")”g(t)'to-l-&)

A time dependency is now included in all the parameters  _q (0(ng1), Bto+ AL, to+Al)
of Eqg. (1) to account for the fact that the measured projec- s
tions may be time varying in the presence of motion. More —gnsz(a(nsz),ﬂ(toJrAt),to) for(n,=1,2,..N—Q),
specifically,
A B L 8
{0, (00, Bllo+ AD. L) (N2=0,q+ 1, N). } where 1=1,2,...N—q) and (,=q,q+1,..N). Note
{9, (00, B(to+Al),t,+At), that spatially overlapping measurements are taken at the pro-
ot jection angleB(t,+ At) at timest, andt,+ At to accommo-
(ng=1,2,...N—q),} (6) date the SOC scheme. As a result of Ef), and recalling the

are the N—q) spatially overlapping measurements for thesr?at'al oveiap_ conceptA Of_ Eq(8), which _assumes
projection angles(t) received by théN-element array at the that {(to+At) =B (te+ t)_'B_SZ(tO)}' {o(n)=0o(ns)
two successive moments and ¢, + At), as depicted in Fig. =o(ns)}, Eq.(8) takes the form:

2. Sinces, is ahead o6, during the data acquisition process, Ag,(o(n),B(t),t,+At)

On, (0n,B(to+At) to+At) andg,_ (o, B(to+At),t,) are

spatially overlapping measurements corresponding to the :f f [F(X,y,to) —f(X,y,to+At)]{8{x cod o(n)
projection angleB(t,+At). Based on Eq(1), the time-

dependent projection measurements for a fan-beam scanner + g(t,+At)]+y sin(a(n)

is expressed by

+B(t,+At)}—Rsina(n)}dx dy, 9)
gn(U(n),B(t),th f f(x,y,t)8{x cog o(n)+ B(1)] where [f(x,y,to) — f(X,y,to,+At)] indicates the tomogra-
phic differences of the time varying object between the time
+ysino(n)+p(1)] momentsty and o+ At).

—Rsino(n)}dx dy ) From thi§ arrangement, for_ a stgtionqry obj(_act, it is_evi—

' dent that this two source configuration will provide spatially
In Eq. (7) B(t) defines the projection angle(n) defines the identical sets of measurements at all spatial locations, despite
angle described by the detector in the detector arc, as showreing taken at two successive moments in time, separated by
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At. If the measurements of the SOC process depicted in Fignay suffer deformation as is the case of organ motiaes,

2 and defined by Eq$8) and(9) are provided at the input of heart, lungs, etg. Also in Fig. 3 the spatially overlapping
an image reconstruction algorithm, then the resultant imageneasurements of Eq&) and(9) are depicted by the pair of
will show the time-dependent changg8(x,y,t) —f(X,y,t  lines that overlap in angular space but are taken at two suc-
+At)] (for t=t,,... to+T) that took place during the time cessive time moments. This process is equivalent to a
period T of the CT data acquisition process. This suggestsynthetic aperture processing scheme for SONAR
that image reconstruction of the SOC measurements of Egpplications?

(9) will track only the moving components of the object. The  the SOC processing scheme provides both tracking of the
st_ationary comp_onents will have zero contribution and theyphases of the organ motitS and incremental measure-
will not appear in the reconstructed image. ment of any organ motiotf which is discussed next. It is

Flgure 3 preser_ns a graphlcal repre;entatmn O_f the abov%ﬂso shown that an alternative motion correction method that
mentioned two dimensional space—time sampling proces

defined by Eqgs(8) and (9) and Fig. 2. The vertical axis Eﬁg:gtsz?r:eogigonﬁg?Vti)géfed;g?rll);fﬁ?ethe tracking of the
shows the time moments, associated with the angular po- ) . . ' .

sitions, 6, of the source-array receiver that are shown by the An obvious organ moflon correction scheme s to remove
horizontal axis. The black and dark gray sets of line seg:[he .temporal amplitude and phase.d|fferences, ‘?'“e to organ
ments along the diagonal of this-6 plot represent the mea- motion effects, between _the spat_lally overlapp_mg sets of
surements of a CT scanner at different angular positions. |neasurements. Ideally, t.hIS correction process will correct all
other words, this is a representation of data acquisition wittP! the measurements with respect to the first measurement,
the two source concept described. Image reconstruction awhich is equivalent in moving the diagonal measurements
goritth, however, assume Stationarity in the Object’ or a|j.nt0 the same instant in time and along the horizontal ”ne, as
ternatively that these sets of measurements are along a hofhown in Fig. 3, that corresponds to the time monignt
zontal line of Fig. 3, as shown by the light gray bdre.,  This approach has been tested with synthetic data and it has
that they have been acquired instantanequsipwever, as been shown that it is not effective because the number of
shown in Fig. 3, during the data acquisition periodTo§ec-  projections,M, in CT scanners is very large(10%). As a
onds for one full rotation of the scanner, the object of interestesult, the propagation of processing and angular errors from
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Agn(a(n),B(1),t)dt

the correction process build up significantly and destroy use-fty+mat
ful information. ft

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

PIRE AR CUNCCRVURSY

At this point it is important to emphasize the relationship t:
between the measurements provided by the SOC that tracks _gnjsz(‘f(n)"g(t)i+1)’ti)}' (14)
the motion effects and the conventional CT data acquisition
process. Adaptive processing schemes require that these s¥f3ere, @ 1,..N), (m=1,..M). For S|mpI|C|ty, let us ex-
of measurements, that are provided at the input of an AIQress gn‘“(U(”) B(tj+1)tj+1) andgnJ (a(n), B(tj+1).1))
processor, be in phase. Therefore, it is important to assess thg g/ and g“l, and their difference aAg'”, where the
phase information of the SOC process with respect to theeferences t®, ands, are omitted since they do not impact
phase of the conventional CT data acquisition process.  the measurements. Then the integration process of1Byis

For the sake of simplicity and without any loss of gener-rewritten as
ality, let us assume that we have a CT system that provides
sinograms, ftf’*m“

{Gng,((N), A1), (N=1,..N),(j=L,..M)}, (10

that correspond to a stationary tomographic image of inter- =(Agh)p1+(Ag2)po+---+(AgMpm
est, where the terrty represent the time momepat. Fur-

thermore, let us assume that the organs of the abové

mentioned tomographic image follow a generic motion tg+ mAt

pattern, and that the corresponding sinogram of the tomogij Agn(a(n),B(1),t))dt

raphic image including organ motion effects is expressed by t=to

{gn_ (a(n),B(1),1),(N=1,..N),(j=1,..M)}, (11)

which are acquired by the same CT system as the sinogram
of Eq. (10). Then, the algebraic difference between the sino-
grams of Eqs(10) and(11) should be the output of an opti-

mum CT system that would allow for instantaneous correc;
tion of organ motion effects. In particular, let us assume this™
difference to be denoted by

t=tg

m—1
- " sgu(otm. a0, dt (AgDpn, (15

where the scalar factoys,, account for angular variation of
the detector array during data acquisition, as depicted in Fig.

For the simple case of linear motion effects, the above-
mentioned scalar factors take the valye,=1 for m

Afp(o(n),B(1),t) =1,...M. This simple case is analyzed with simulations in
Sec. 11 D. Moreover, whep,,=1 form=1,...M, Eq.(15) is
= Gy (), Bt~ G () B 1) Sec 110 ) P M. Ea.(9
for {(n=1,..N),(j=1,.M)}. (12 to+MAL v o
If a CT system makes available measurements of the si- ft_to Agn(a(n),B(1).tj)dt=gy —gn. (16)

nogramsAf,(o(n),B(t),t;) and gnmov(cr(n),ﬁ(t),tj), then
because of Eq(12), their algebraic difference would provide Then, because of Eq7),
estimates ognCT(a(n),ﬁ(t),tj) which is an optimum sino-

gram without organ motion artifacts. Therefore, there needs gn(g'(n),ﬂ(t),tM)Zf f f(X,y,tm) 8{x cod a(n)
to be a direct relationship between the measurements pro-

vided by thg SOC With those of E¢L2). Because of Ec(..9), +B(H]+ysino(n)+B(1)]
a physical interpretation of the measurements provided by )
the SOC process can be derived from E8), which may be —Rsino(n)tdx dy,
rewritten as (17)
Agp (a(no), B(1),to+Ab) gn(o(n),B(t),to)=f f f(x,y,to) 6{x cog a(n) + B(1)]
At +ysia(n)+A(1)]
_ On(a(n), Bte+At),to+At) —gy(a(n), Bt +At) 1) (13) —Rsing(n)}dx dy,
At '

which indicate that the two sets of projections, previously
If both terms of Eq(13) are integrated over a number of mentioned g,’}"(a(n),ﬁ(t),tontMAt) and gﬂ(cr(n),
m incremental periods during rotation, then the integral isg(t,),t,), have been derived from two different images,
defined by f(x,y,t=t,+MALt) and f(x,y,t=t,), respectively. How-
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ever, the sinogrargX(a(n),B(t),to) that is derived from the CT system design that generates two types of sinograms;
image f(x,y,t=ty) does not have any kind of motion arti- conventional CT sinogram$gnmov(o(n),B(t),t,—) for (n
facts because it is definedtat to, which is the starting point  =1,...N), (j=1,...M)} with motion effects, SOC measure-
of the CT data acquisition process, as depicted in Fig. SmentsAgn(g(n),B(t),tj) that provide by means of integra-
Furthermore, the sinograwgy'(o(n),B(1),to+MAt) is de-  tion, as in Eq.(21), estimates ofAf,(a(n),B(t).t;) (for |
rived from the imagé (x,y,t=to+MAt), whichincludes all  =1,... M). Then, according to Eq12), correction of motion

the motion effects and artifacts recorded during the periocrtifacts is derived from a simple algebraic operation:
T=MAt that is one full cycle of the CT data acquisition

process. Thus, the two sinograms, mentioned previously are g_ (a(n),B1),t)=0n_(a(n),B(1),1;)
identical to those defined in E¢L2), or cr mov

gn(a(n), B(1),te) = Gn ., ((N), B(1),1),
M _ (19 In case of nonlinear effects, which require an estimation or

Gn (o(n),B(), 1o+ MAY=0p,  (a(n), B(1),1). normalization proceséfor the scalar factorg,,, alternative
As a result of Eq(18) and Eqs(12) and(14), the integration ~ optimum estimates akf,(a(n),5(t),t;) can be provided by
process of the SOC measurements is identical to the ide@n AIC process with the sinograngs(o(n),5(t),t;) and
case of the sinogram difference between the stationary siné*gn(o(n),5(t).t;) as inputs, as discussed in Sec. IID.
gram and the conventional sinogram including organ motion
defined in Eq(12) and expressed by D. Simulations and system concept demonstration

—Af(a(n), B().t)). (22

totjAt The simulations were based on the Shepp—-Logan phan-
Afy(a(n),B(0),t))= J'to Agn(o(n),B1),DdL (19 tom as a test imag¥. The software consisted of four signal

L ) _ processing components:
For CT system applications, however, the integration pro-

cess of the output results of the SOC is not a simple probleni) the projection data generation based on a test phantom,
This is because the scalar factgss, m=1,...M, would (2) the image reconstruction algorithm, which was the fil-

induce dc offsets, as shown in the simulations of Sec. II1D.  tered backprojection method including a Ram-—Lak filter

The impact of the scalar factops, on the integration process cascaded with the Parzen window, _
of Eq. (14 may be removed by means of a normalization 3 f[he SOC and AIC signal processing concepts described
proces$’ or adaptive processing 2 in this paper, and

It is of interest to note also that if a differentiation process(4) the image display.
is applied at the right-hand side of Ed5), it would remove
the cumulative effect of the scalar factoss,. Moreover,
because of Eqg16) and(19), the derivative of the ideal set
of measurement\ f,(a(n),B(t),t;), which define the dif-

The geometry in the simulations and the rest of the pa-
rameters were similar to those of Siemens Somatom Plus 4
x-ray CT medical imaging system. In particular, the simula-

ference between the sinograms corresponding to the tomo jons includedT =0.75 s period of rotation for the CT system

raphy image with the organ motion effects with those ac- ith a set ofM :1.056 projections by a\l=768_array of
quired by a CT system without the motion effects, Shoulddetectors. The choice of this Siemens scanner is because the

predict the measurements of the SOC process, SOC.has been.tested with rea! data sets.from the above-
mentioned real time system provided by a Siemens Somatom
d Plus 4 system. The lower row of images in Fig. 4 shows
Agn(a(”)’ﬁ(t)vtj):a[Afn(‘T(”)’B(t)th‘)]- 20 yarious phases of a reconstructed Shepp—Logan phantom
that includes simulated motion of the center circle taking
This suggests that E@8) or the measurements provided by place during the data acquisition period of the CT scanner.
the SOC are the derivative of the difference of the sinogram$he rest of the components of the phantom were assumed
corresponding to the tomographic image with the organ mo-stationary.
tion effects and that acquired by a CT system without the The sinograms at the top part of Fig. 4 present the inter-
motion effectsIn other words, Eq(13) indicates that the mediate output results of the processing steps discussed in
measurements of the SOC process form the basis of a nefec. Il C. The case of a circular object centered at the origin
processing scheme to remove motion artifacts associate?f the coordinate frame and undergoing radial deformation is
with the CT data acquisition process. In particular, described here. This scenario represents a perfectly linear
case. In particular, the leftmost sinogram and the second si-
nogram from the left of Fig. 4 correspond to the tomographic
image with the organ motion effectg,nmov(cr(n),,B(t),t]-)
and the output of the SOQg,(o(n),B(t),t;), respectively.
for (n=12...N) @D The third sinogram from the left represen]ts the temporal in-
shows that a temporal integration of the output measuretegration processE}VLlAgn(cr(n),,B(t),jAt), of the output
ments of the SOC provides estimates of the measurements the SOC process. This sinogram is identical to that of
expressed by Eq12); or in practical terms we have a new Af,(a(n),B(t),t;) that is derived from the ideal case de-

M
Afo(o(m).A(D.tw)= 2, Aga(a(m).B(1).t)
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=1,...,4M, and demonstrate the validity of the results shown
by Eq. (20). Although these results appear to be promising,
temporal integration of the estimates of the SOC process
Agn-szdo(n),B(1).t)), j=1,...,4M, according to Eq(21),
which are shown by the dashed line at the top diagram of
Fig. 5, do not predict the estimates of
Af,—s3a(n),B(1),t), j=1,....AM. Furthermore, the same
results indicate that the temporal integration of the SOC out-
put estimates induces dc offsets, which are generated by the
fact that the scalar factoys,, defined in Eq.(15) have not
been considered in the linear integration process. Moreover,
the dc offsets in these results suggest that the model in Eq.
Fic. 4. Processing steps for linearly deforming circle at center of coordinat (15) is correct. Since the results of Fig. 5 refer o the infor-
frar.ne.. Top row fr?)m ISft to right(a)ysinogram%rom conventional CT data eme_ltl_on record?d_ by the d_etectm: 530 of theN_: 768 re-
acquisition;(b) sinogram from spatial overlap correlatdc) sinogram de- ~ C€iving array, it is essential to note that as this deteator (
rived from linear integration of spatial overlap correlator measureméiits; =530) rotates around the tomography area of interest, it
correct sinogram computed from conventional CT sinpgram and Iipear integoes not have a continuous view of the moving object. For
gral_of SOC measurements. B_ottom row from left to nglai:conventlpnal detectors having a continuous view of the moving object the
CT image;(f) image from spatial overlap correlator measureme(ggsim- ; . ) .
age from linear integral of SOC measuremeis;corrected image. corresponding results are different from those of Fig. 5. Fig-
ure 6 presents the same information as Fig. 5, but for the
detectorn=384.

fined by Eq.(13). Finally the last sinogram is derived from |t is apparent from these results that integration of the
the algebraic difference  between the sinogramsmeasurementd\g,_zs(o(n),B(1).tj), j=1,...4M, of the
On,, (M), B(1).t)) and=}L Ag,(a(n), B(1),jAY). SOC process follow the model of radial deformation with

The corresponding reconstructed images are shown ditalues for the scalar factorp,=1, n=1,...M and accord-
rectly below each of the sinograms. The leftmost image isng to Eq.(21) provide estimates ok f,_3ga(n),5(1).t;),
blurred because of the motion artifacts. The second imagg=1,...,4M. The sinograms of Fig. 7 provide the same infor-
from the left in the lower row of Fig. 4 shows the informa- mation as that of Figs. 5 and 6 but for all the received signals
tion tracked by the SOC. As expected, this image shows onlgf the CT receiving array. In particular, the top left sinogram
the moving components during the data acquisition periodshows the measurements of the SQQy,(a(n),B(1),;t;)
The third image from the left shows the image that correfor (j=1,..M) (n=1,...N), for one complete cycle of the
sponds to the linear integral of the SOC measurements$;T acquisition process. The top right sinogram presents the
ZjleAgn(o-(n),ﬁ(t)ytj)- The last image in the lower row results of the linear integration process
provides a reconstructed image without motion artifacts. ThisS?A:lAgn((r(n),B(t),tj) for (j=1,..M) (n=1,...N). The
simple example validates E¢L6), which describes the in- bottom sinogram shows the expected estimates of
stantaneous correction of organ motion artifacts lfioear ~ Af,(a(n),B(1).t;) for (j=1,..M) (n=1,...N), which are
cases. The same results can be derived by using an Aleupposed to be identical to the output of the integration of
process as discussed in Sec. IIE. Although the abovethe SOC measurements. It is apparent from the results of Fig.
mentioned simulations represent a very simple case of organ that the effects of the dc offset of E.5) have destroyed
motion artifacts, their practical significance and aim is tothe information provided by the SOC process. These dc ef-
provide a physical interpretation of the processing steps ofects were caused by the fact that the values of the scalar
this investigation, as defined by E@2). If the deformation factors were assumed to kg,=1, n=1,..M, as is also
is nonlinear, as would be the case if instead of a deforminghown by the results of Fig. 5.
circle centered at the origin, the object is noncircular, or not As discussed before, methods to remove these dc effects
centered at the origin, the above-given processing steps afeom the temporal integration estimates of the SOC output
not sufficient to correct for motion artifacts. results could include the use of normalizéfsyr optimally

As an example, Fig. 5 shows the detector time series thaly the AIC°"*?which is discussed next.
result from the above-given processing concept and for a
nonlinear case of organ motion. In particular, the solid line of
the top diagram of Fig. 5 shows the hypothetical difference ) ) i )
of measurements f,_sso((n), B(1).t;), j =1,....4M for the Er.t?;(f:gtlve processing for removing CT motion
sensom=530. The solid line of the lower diagram of Fig. 5
shows the SOC measuremensy,_szoa(n),B(t),t;), | The relationship in Eq(15) forms the basis for the imple-
=1,...,4M, as defined by the output of the SOC of Ef). = mentation of an AIC methdd~'?to remove the organ mo-
The dashed line of the lower diagram provide the measuretion artifacts. However, the attempt in this section to provide
ments derived as a derivative of the ideal estimategstimates for the scalar factqsg should be considered to be
Af,—ssdo(n),B(1).t;), j=1,...4M, which are identical to a preliminary effort, since the reported results have been
those of the SOC processig,-ssdo(n),B(1).t;), ] tested with simulations that represent a perfect case scenario.
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Ideal Tracking of Motion and Integral of HSOC (detector #530)
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Fic. 5. Interpretation of the physical process associated with the measurements of the spatial overlap correlator for e S88sard their comparison
with the predicted estimates according to the model expressed by E}s(14), (16), and(20).

Any attempt to implement the adaptive concept of this invess(jAt) and n(jAt) are the signal and noise components,
tigation in real time CT systems should consider many otherespectively. In an AIC system with performance feedback it
parameters such as the system errors associated with tie essential that either the signal(jAt), and the noise,
implementation process of the SOC in a specific real time CT(jAt), components are either available or measured simul-
system of interest. The processing structure of an*A1&is  taneously. Assume that an adaptation process with perfor-
shown in Fig. 8. This technique is useful when any noisemance feedback provides the weight vector to the linear
interference that is present in a signal is measured accuratelyombiner to generate estimates of the naiépAt). In gen-
The algorithms used in this investigation are thes and  eral the adaptation process includes minimization of the
NLMs algorithms!t'? They were chosen because the modelmean-square value of the error signal defined by the perfor-
in Egs.(15) and(16) represents a linear combination of the mance feedback. Optimization by this criterion is common in
weightsp,, and the SOC outputdg,(a(n),B(1).t;). many adaptive and nonadaptive applications. Widfow
Let us start with a very brief description of the AIC con- points out that in adaptive systems considerable ingenuity is
cept, as defined in Fig. 8. The received noisy signal by aften required to find a suitable sign@r noise to define
detector is defined byy(jAt)=s(jAt)+n(jAt), where this optimization process, since if the actual desired response
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Ideal Tracking of Motion and Integral of HSOC (detector #334)
20 \ T T T T T T -

528 1058 1584 I 2 lI 12 l 26I40 ‘ 3 1l68 . 3 6I96 . 4224
Differential of Ideal Motion Tracked and HSOC (detector #334)
02 T T T T T T T T T T T T
ot} s

-20 : l - !

00 mw

02 " 1 . 1 . I . I . 1 N 1 L
538 1056 1584 2112 2640 3168 3696 4234

Fic. 6. Interpretation of the physical process associated with the measurements of the spatial overlap correlator for the 384sand their comparison
with the predicted estimates according to the model expressed by(Es(14), (16), and(20).

of the system were available one would generally not need ——y_xTw (23)
the adaptive system. In our case, the measurements provided '
by the SOCAg,(a(n),B(t),t;) form the basis of the noise

estimates for the adaptation process, as will be analyzed i1’ i : :
this section. y(jAt) for j=1,2,...M, andM is the maximum number of

Assume that the noise measurements at the input of the@mples to be processed. Widrow's AIC cond® e baszed
adaptation process in Fig. 8 are provided by the input vectoPn the_minimization of the square of E®3), Eni(s)]
X with terms [x(At),x(2At),... x(MAt)]". Furthermore, = Eminl (S+N)*]~Emil (X" W)?], which suggests that when
the output of a least mean square adaptation procedsle] is minimized with signal poweE[S] is unaffected,
(LMS),** u(jAt) is a linear combination of the input mea- then the ternE[ (N— X"W)?] is minimized. Optimum values
surements X and the weight adaptive coefficients of W that minimizee are derived by descending toward the
[W(At),w(2At),... w(MAt)]" of the vectorW. Then, the minimum of the performance feedback surface. This sug-
output of an AIC is given by gests that the output of the AIC proceSg;[e]=E[S] pro-

iWhereV is the input vector of the noise measurements,
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(a)

(b)

vides estimates of the signal vector. The outp{jtAt) of an
adaptive filter(LMs or NLMs algorithmg!'12with L adaptive
weights (v;,w,,...,.w.) and for an interference input

X(jAt) at timejAt are given by

L

u(jAt)=Zl WASOX((j+i—L)At).

For theLms and NLMS algorithms;,
tions for the adaptive weights are given in E(b) and(26),

respectively,

(¢)

11,12

(24)

the update equa-

Noisy Signal (with Interference)

(JAD=YGAD-u(AD

y( jAt)=s(jAt)+n(jAt)

+ »
Outpu

Adaptive weights
w(jay  x
Interferer
——————————»  Adaptive
x( jJAt) ter

<

u( JAD=E{ x(jAt) w( jAD}

Performance feedback

Fic. 8. Concept of adaptive interference cance{Ref. 10, p. 303
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Fic. 7. Interpretation of the physical process associated
with the sinogram measurements of the spatial overlap
correlator for all the sensors and their comparison with
the predicted estimates according to the model ex-
pressed by Eq€13), (14), (16), and(22): (a) sinogram
output of SOC(b) sinogram that results from temporal
integration of sinogranta) according to Eq(22), and

(c) prediction for sinograntb) according to Eq(13).

W FDAZ WIS (xx((j+i—L)At) X u(jAt)),

(i=1.2,...L), (25
where u is the adaptivams step size parameter,

wiF DAL sty o Xx((j+i—L)At)xXu(jAt) |,

(i=1,2,..L). (26)

Here \ is the NLMS step size parametes; is a stability pa-
rameter, andn| is the Euclidean norm of the vectpr((j
+1-L)At),x((j+2—L)At),... x(jAt)].

To demonstrate the effiency of the AIC processor at re-
moving interferences, a synthetic noisy sigyé) At), and
an interfererx(jAt) that is assumed to be accurately mea-
sured were considered. The output of the AIC process,
u(jAt), is defined by Eqs(23), (24), and(26).

Real results from the output of the AIC process defined by
Egs. (24), (25), and (26) to remove noise component from
received noisy signal are shown in Fig. 9. The upper graph of
Fig. 9 shows the noisy signal;(jAt), that includes the
acoustic signal of heart beats recorded with an electronic
stethoscope near the noisy intense environment of an operat-
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Adaptive Interference Canceller

Signal with Interference (Heartbeat & Helicopter Noise)
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Fic. 9. Real results from output of adaptive interference canceller to remove noise component from received noisy signal. Upper graph: The no&y signal t
includes the acoustic signal of heart beats with electronic stethoscope near the noise intense environment of an operating helicopter. Midaiengrseh
of the helicopter recorded by another stethoscope simultaneously with the noisy signal shown by the upper graph. Bottom graph: The output of the AIC

process that has suppressed successfully by 8 dB the helicopter noise leaving the acoustic signal dhaddresatsas the principal information in the
recorded signal.

ing helicopter. The middle graph shows the interferencgrocess makes it an ideal tool for removing any motion arti-
x(jAt), which is the noise of the helicopter recorded byfacts present in the reconstructed images of CT systems that
another stethoscope, simultaneously with the noisy signalnclude the SOC concept as defined previously. Organ mo-
Th_e bottom graph shows the output of the AIC processjon Agn(a(n),B(1),t;) tracked at the sensor level by the
e(jAt) that has suppressed successfully by 8 dB the helicopgoc can be treated as the interference measurements
ter noise leaving the acoustic signal of interéstart beats X(jAt), and are introduced as input to the AIC. The original

as the principal information in the recorded signal. It is eVi'sensor time serie&inograms (o(n). B(1).t,) of a con-
dent from Fig. 9 that the AIC is successful at completely g Inpot TN "

removing the interferencg(jAt) and leaves the signal of ventional CT system are treated as the “noisy” input signal
interest undistorted. y(jAt) of the AIC process(23), which will have as
The above-mentioned implementation concept of the Aloutput  &(jAt), the corrected  sinograms g¢r
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Input: CT Sinogram with motion artifacts (gnm_l_gnm_z)pmfl and a summation step, as defined in Eq.
o (TIA0) (15) that defines the temporal integration of the SOC output,
which is a predictive estimate for the term,
o Af,(a(n),B(1).t;), of Eq.(12). The output of this AIC pro-
Adaptive weights cess provides predictive estimates for sinograms that have
Interferer ~ PoPrenpuw) T ~ been corrected for motion artifacts according to the informa-
Output of SOC Adaptite | MAD=E{ Agn (mAD pn ) : . '
tion provided by the measurements of the SOC. Therefore, if
Aga(man) titer < 3 the output sinogramger=[ t t
“Performance feedback p gramgcr=[gn ,((tm+1),Gn.((tm+1), .-,

gnCT((tZM)]T of the AIC process is provided at the input of a
Fic. 10. Concept of adaptive interference canceller and spatial overlap colC T image reconstruction algorithm, then the new image will
relator for removing motion artifacts in CT medical imaging applications. not include motion artifacts.
Although the consideration of other adaptive methods,
such as theLs algorithms!® may be considered in the AIC
=190, ((12), 90 ((€2) - Gne ((tm) ], for n=1,2,..N. Thus,  rocess shown in Fig. 10, the emphasis of this investigation
the AIC processing flow in Fig. 8 is modified accordingly to s to define the concept of an AIC processing structure for
meet the new requirements. Let us start with the basic equanotion correction in medical CT applications. When this ge-
tion that defines the adaptive process for the CT problem oferic AIC structure is defined, then a variety of adaptive
this investigation, algorithms may be evaluated to address the noise character-
Tor=Tmor— PnA_g, 27) istics as'sociated with a specific _CT system of interest. Thus,
the choice of an adaptive algorithm for the AIC process of
where, the vectorgtr=[9n ,((t1),9n ,((t2),... Gn((tw)]  Fig. 10 is an implementation issue and is beyond the scope
and grov=19n__ ((t1),9n __((t2),...8n__((tw)] are defined of this investigation. This is because the implementation of
by Egs.(10) and (11), respectively, one for each of the de- the SOC in an operational medical CT system, which is dis-
tectors n=1,2,...N, of the receiving CT array,Ag,* cussed in Sec. lll, includes a high cost and it has not been
=[Agn((t1),Adn((t2),....Agn((ty)] is the vector of the carried out under this study. In what follows, the AIC process
SOC output, which represents the noise measurements aiglassessed with simulations based on the parameters defined
the matrixP,, includes the adaptive weights for each sensoin Sec. Il C.
n, defined by Figure 11 shows simulation results of the concept of
0 0 0 the AIC process for CT applications for a more general
P1 case, where there is an arbitrarily placed continuously de-
pr p2 0 O forming object. The signals in the upper part of Fig. 11 rep-
Pn=| N (28) resent the expected measureme@@T=[gnCT((tM+l),

T .
o1 P2 - pu gnCT((tMH),...,gnCT((tZM)] for a test phantom without

) motion artifacts with the dotted line, and the corresponding

Equation(27) represents the CT temporal measurementssinogram Tor=[9rn ((tw11):9n ((tms2),.-:G

m=1,2,...M of one complete CT rotation. For a set of two oo, oY =S mov < S moy® M E ST F imoy
. . X ((toam)]' with motion artifacts with the solid line. The sig-

continuous rotations and for the CT temporal measurements_\* .

o ST . nals in the lower part of Fig. 11 show the expected measure-
m=M+1M+2,...2M Eq. (27) is simplified as follows: — T
mentsger=[n.,((tm+1),9n((tm+1),---Gn,((tam) 1" for

get=Omov— A_gTV_V, (29 a test phantom with the motion artifacts corrected with the
o dotted line, and the outpuk(jAt), for j=M+1, M
where the vectorsger=[9n ((tu+1), Gn((tw+1),,  +2,...,2M, of the AIC process when convergence is reached

gnCT((tZM)]T and  Omov=[gn_ ((tm+1),9n_ ((tm+1),  withthe solid line. Figure 12 shows the corresponding recon-
In. ((tm+2)s-.-.0n_ ((tom)]1" are defined by Eqg10) and ~ Structed images from this case. The leftmost pair shows the
AN o conventional x-ray CT sinogram and image, corresponding

(11), respectively, for each one of the detectors
=1,2,.N, of the receiving CT array, Ag, to g, (o(n),B(1).tj). The SOC measurements and the es-

=[AG((ty+1),A0n0((ty+2),-- - AGL((tam) 1T is the vector timate of the nonlinear integral by the AIC process is shown
of the SOC output, which represents the noise measuremerifs the second and third pairs of images from the left. These
and the vectoW=[py,p,,....on]T are the linear adaptive SINO9ram and image pairs correspondy,(o(n),5(1).t))
weights. The adaptive weights are computed according to th@1d A fa(a(n), B(1),;), respectively. Based on the estimate
model of Eq.(23) and defined by Eq€25) and (26) for the ~ Of Afa(a(n),B(t).tj) and the measuregh, _(a(n),B(1).t))

LMs andNLMs algorithms, respectively, with initial condition the optimum sinograrng,, . (o(n),B(t),t;) is computed. This
pm=1,n=1,...M. Figure 10 shows the adaptive processingoptimum sinogram is shown in the upper right of Fig. 12.
flow for a medical CT system that includes the implementa-The corresponding image in which all motion artifacts have
tion of the SOC in the data acquisition functionality of been corrected is shown in the lower right image.

this system. ThusiLMS or NLMS adaptive algorithms form At this point it is important to note that in the results of
the basis of an iterative estimation process for the term&igs. 11 and 12, the noise of the simulated CT received sig-
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CT Series With Motion vs Ideal CT Series
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Fic. 11. Simulation results of adaptive interference canceller and spatial overlap correlator concepts for removing motion artifacts in CT nggdgcal ima
applications. Upper graph: Signals from sinograms with motion artifacts and without motion artifacts. Lower graph: Comparison of the outpu€of the A
process with the expected sinogram output without motion artifacts.

nals was considered to be the motion of the left ellipse of thated by the deviation of the x-ray beam by a magnetic or
Shepp—Logan phantom. White noise effects have not beeglectric field, which forms the flying focal spot functionality
considered in this case. This is because the signal-to-noisg Siemens Somatom Plus 4, Elscint's Twin RTS, and GE

ratio in CT scanners is very high. scanners with focal spot wobble. The new active transmis-
sion of the flying focal spot functionality defines a new
lll. SYSTEM IMPLEMENTATION source at an angléf and time instantAt/2 with respect to

the previous source position. Typical values Aa/2 are ap-

An essential technical requirement by the SOC is the " telvy 0.5 Thi id d set of
implementation of two CT x-ray sources separated with aiProximately 9.5 ms. ThiS process provides a second set o
atial samples that are offset Gysensor spacing in the

angular spacing equal to the sensor spacing of the receivir@o . e i X .
array, as shown in Fig. 2. However, because of the massi&Ceiving array, hence it is equivalent to doubling the spatial
size of an x-ray source, a physical two-source implementaf€solution of a CT fan-beam scanner.

tion for a CT scanner is technically not feasible. At this point ~ Thus, an implementation effort of the SOC concept in CT
it is important to acknowledge the valuable contributions inSystems is to consider the flying focal point functionality to
this implementation effort by Siemens Medical AGer- be modified in such a way that will simulate the second
many. In particular, the family of Siemens CT scannerssource being activated about 0.5 ms later than the previous
Somatom-4 include the flying focal point functionality that is x-ray transmission. However, the source should be deviated
used to double the spatial sampling frequency. In this invesin such a way that the second active transmission should be
tigation, it is suggested that the second source can be gendormed exactly at the same location as the previous one and
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and 16. This nonoptimum concept has been implemented in
x-ray CT medical imaging scanners and has been tested with
real data sets using moving phantoms and real patients. The
experimental part of the present investigation is focused on
cardiac applications for imaging coronary calcification and
the results are discussed in the accompanying paper.
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