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Intra-Motion Compensation Using CSRS
method in MRI

Y. M. Ro*™- J. H. Yi* + Z. H. Cho™

=Abstract=

In the conventional Fourier imaging method in MRI(Magnetic Resonance Imaging), intra-motion
such as pulsatile flow makes zipper-like artifact along the phase encoding direction. On the other
hand, line-integral projection reconstruction (LPR) method has advantages such as imaging of short Tz
object and reduction of the flow artifact by elimination of the flow-induced phase fluctuation. The

 LPR, however, necessarily requires time consuming filtering and back-projection processes, so that the
reconstruction takes long time. To overcome the long reconstruction time of the LPR and to obtain
the flow artifact reduction effect, we adopted phase corrected concentric square raster sampling
(CSRS) method and improved its imaging performance. The CSRS is a fast reconstruction method
which has the same properties with the LPR. In this paper, we proposed a new method of flow arti-
fact reduction using the CSRS method. Through computer simulations and experiments, we verified
that the proposed method can eliminate phase fluctuations, thereby reducing the flow artifact and re-
markably shorten the reconstruction time which required long time in the LPR.
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INTRODUCTION

Since the magnetic resonance imaging(MRI) method
was introduced, a lot of imaging techniques have been dev-
elopted to satisfy various diagnostic purposes as well as to
overcome various physical problems'™®. One of the prob-
lems in in-vivoe human imaging is intra-motion of object
such as, pulsatile blood flow, CSF flow, and abdominal
motion. Such moving particles cause random phase shift in
acquired data, so that the image is degraded with ghost
and blur”. In the conventional Fourier imaging, called
KWE method, these artifacts appear in the direction of
phase encoding due to longer time interval between RF
excitations compared with velocity of particles.

The line-integral projection reconstruction (LPR) has a

useful property that is reducing the flow artifact caused by
the flow. Because of the reconstruction algorithm of the
LPR imaging is performed in real object domain, the phas-
e term is eliminated by taking magnitude value while the
KWE method is processed in spatial frequency domain, i.
¢., complex domain. The .phase shift is spreaded over the
whole image domain, in the LPR method, the image deg-
radation due to the flow is reduced less than the KWE met-
hod®. The LPR method, however, requires long recon-
struction time because of its complex reconstruction schem-
e; i. e, filtering and filtered back-projection processes.
Therefore, we adopted a fast reconstruction method named
modified concentric square raster sampling scheme (CSRS),
which is based on the Concentric Square Raster Sampling
Scheme”, Even though the data set of the CSRS method is
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obtained by the similar way with the LPR method, recon-
struction process of the CSRS method is performed in the
frequency domain using the fast Fourter transform (FFT).

EFFECT OF FLOW IN MRI

The motion and flow effects are appeared by the two dif-
ferent ways in MR imaging; time-of-fligh and phase shift
in the NMR signal. The time-of-flight effect makes the
NMR signal larger or smaller according to the circum-
stances (e. g., Tr, Te, T, T2 and flow speed) without any
geometrical distortion.

The flow-induced phase is induced by spins moved in
the gradient field. The phase shift in NMR signal due to

flow of velocity is described as

¢(t)=r£ G@) - v()t dt, | (1)

is started from 90° RF excitation;i. e., the 90° RF pulse is
applied at t=0. The spin density function p(x, y) can be
separated info sationary and flowing components;

p(x, ¥)=ps(x, )+ po(x, v), )
where, ps and pv are stationary and moving components,
respectively. If one uses the y gradient as a readout gradi-
ent, fluctuation of the flow induced phase shift in the ty di-
rection is negligible because the data sampling duration in
ty direction is short enough, i. e., less than 20ms. There-
fore, the phase shift due to the flow is dependent only on
the tx, i. ¢., the phase encoding direction. By considering
the flow-induced phase term, NMR signal is expressed as;

S, t) = L —L pv(x, exp[—iy (xGutx + yGoty) dxdy

=S5 (ts, t)exp [ide ()], (3)

By taking a two-dimensional Fourier transform of Eq. (3),
the flow affected NMR image can be obtained as

po(x, 3) = po(x, ¥)"8v (%) 4)

where is & (x) a Fourier transform of exp [igh(tx)] and * is

where G (t) is the time-varying gradient field and »(t) is
the velocity vector of the flowing spin. In Eq. (1), the time
the convolution operator. As shown in Eq. (4), the result-
ant image can be considered as the flow artifact free image
pv(x) convolved with & (x). If the ¢ (ts) is a random func-
tion, the & (x) also becomes random function and this is
why the flow artifacts in Fourier NMR image appeared as

discrete random noise along the coding direction.
CSRS ALGORITHM

The CSRS algorithm is based on the projection
theorem”: The image reconstruction is carried out in the
frequency domain using the FFT". According to projection
theory, NMR signals are Fourier transforms of the projec-
tions. To convert polar projection data to rectangular im-
age data, interpolation procésses are necessary. The interp-
olation process, however, causes error and requires long
time. To reduce the error and processing time, a modified
CSRS method was presented”. To reduce the interpolation
error in the modified CSRS method, the sampling rate is
increased in 45° and 135° direction as shown in Fig. 1.

In the modified CSRS method, frequency domain sam-

pling interval at a view angle & is;

(%)

NP 1
4w (6) =Aw(0) max (| costil, | sindil)

where, Aw (0) is a sampling interval when the 8 =0,
A
6= o

With a fixed number of sampling points N, the spatial do-
main sampling interval (AR) and span of the sampling (R)

become
AR(@;) = AR(0) - max (|cos&,[,sin &), (6)
R(8) = NAR (0) - max ([cos®,],|sin 1), (7)

The path of R (&) is shown in Fig. 1.(b). To avoid the

interpolation error, the vertical (or horizontal) distance be-

tween neighboring sample points Awy(or Aws) should be

keep equality by increasing the number of views towards
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Fig. 1. Sampling scheme in frequency domain. Sampling in-
terval is changed according to the projection angle 0. Equal Awsx
(or Awy) is resultant interval in the direction of horizontal (or ver-
tical).

45° and 135° direction. The view angle, then, will be expres-

sed as,

0f=tan"1(i_1 ), fori=1, 2,---,“%]*+ 1

N4
I._ =N 4y N
9 G_QL”_,., fori= 4 +2, o
240y, fori=d 41N ®)

Using this technique, the interpol ation error could be kept
nearly the same for all the frequency space, thereby im-
proving the image quality. Another approach to reduce the
interpolation error is the high order interpolation. For this
purpose four-point Lagrange interpolation was used. The
interpolation is performed along the vertical and horizon-
tal line of resulting image. Because of the raster sampling
provides higher sampling rate in the central region of the
frequency data, exact interpolation is obtained for low fre-

quency components of the image.
FLOW ARTIFACTS IN CSRS METHOD

In contrast to the Fourier imaging in which the phase
information is related to the spatial position by Fourier
transform relationship, the CSRS method uses magnitude
of the projection. Therefore, the flow-related phase errors
will be appeared with different way as in the LPR method.

The NMR signal of CSRS method is expressed as

s@H={ [ o’ yexp(=isGzDdx’dy,  ©)

where 0 is the projection angle, p(x’, y") is the spin density
function of a selected slice, and x"(=x cosb +y sin), y’
(=—x sin® +y cond) are the rotated coordinate variables.
One-dimensional Fourier transform of S(0:t) is complex
value and its magnitude can be regarded as the projection
data of the object. Then the projection data of projection

- angle O is

pG:x) = [FIS @
=1 { o, 324y’ | 10)

where F denotes Fourier transform operation.
If flow induced phase shift is ¢+(&), the NMR signal bec-
omes

$(6:t) = S(G:t)exp ligs, (O)]. (1
If one use real part in Eq.(11) as the projection data, the

effect of the phase shift due to the flowing spins canbe red-

uced in the reconstruction, i. ., flow artifacts can be red-
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uced. The projection data can be written as

26:x) = |FIS@:t)exp lige D]
= |exp [ig- (DIFIS@:D)]!
= |FIS@n]l
=p(@5x) ‘ (12)

However, this is only for the case where all the spins have
constant phase shift. When there are stationary component
and flowing component together in the object, e. g., p(x,
y)=pv(x’, y) +ps(x’, y), then the NMR signal will be-

come

SO0 =] ] [p&, )+ &, 3)expligh@exp (i
yGx'Ddx'dy’, (13)

and corresponding projection is

@)= | [p:(&', )+ po (', y)exo lige (O Y.
14

Equation(14) is not the correct projection data since the
equation includes phase error term. The phase interference
produces star-like streak artifacts in the modified CSRS
imaging because this method corrects the phase error in
the radial direction. However, the flow artifact will not ap-
pear along one particular directin since it spreaded over 2z
direction. '

Advantage of the CSRS by comparing with LPR is fast
reconstruction. The LPR is based on filter back-proj'ection.
The back-projection process requires considerably long cal-
culation time. For M X M image with N sample per line,
the number of multiplies is M?N. On the contrary, the
CSRS is a fast reconstruction algorithm because it uses the
FFT. Hence, the calculation is M2, By using the CSRS al-
gorithm, the calculation amount can be reduced to M2 or-

der from M? order.

A 435, 1994

Stationary object

Flow‘object

Fig. 2. A simulation phantom. Qutside ring filled with station-
ary spins and inner two circles are filled with flowing with ran-
dom phase errors.

SIMULATION AND
EXPERIMENTAL RESULTS

Simulations and experiments were performed for the
flow phantom shown in Fig. 2. The simulation results for
the flow phantom are shown in Fig. 3(a)-(c) for KWE,
LPR, and CSRS imaging methods, respectively. The cut
views represent reduced flow artifacts in the PPR as well
as CSRS, which manifest that the LPR and CSRS method-
s have flow artifact reduction effect while the artifacts are
severe in the phase-encoding direction for the KWE imag-
ing.

Experiments were performed using 2.0 T whole body
MRI system. To prevent the chemical shift artifact in LPR
and CSRS due to different resonance frequency of water
and fat, the view angle tilting method is added. The gradi-
ent magnitude for each coding steps are shown in Fig. 4 (a)
and (b). We maintained the imaging parameters over the
whole experiments to compare their effect exactly as show-
nin Table 1.

The flow phantom imaging is shown in the Fig. 5(a)- (c)
for KWE, LPR, and CSRS, respectively. In the KWE
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Fig. 3. Simulations results of the flow phantom. Simulation
are performed for KWE, LPR, and CSRS methods. The flow
artifacts in KWE method appear in the phase encoding direction
as shown in (a) and (b). In LPR and CSRS method, the flow
artifacts are reduced as shown in (b) and (c) respectively. The cut
profiles of the images are shown in (¢) and (f).

imaging, severe flow artifacts are appeared along the phase
encoding direction as shown in Fig. 5(a), while the artif-
acts are reduced in the LPR and CSRS as shown in Fig. 5
(b) and (c). The Reconstruction times of CSRS and LPR
method in VAX-780 system take 1 minute 56 second and
30 minute, respectively.

CONCLUSIONS

Through the simulations and the experiments, we have
proved the flow artifact reduction effect of the LPR and
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Fig. 4. Gradient magnitude for CSRS method. These make
equal Awx(or Awy) in honizontal (or vertical) direction.

Table 1.
Repetition time 1000ms
Echo time 30ms
FOov 256mm
Slice thickness Smm
Number of coding steps 256

CSRS methods by adding phase correction technique, The
proposed CSRS method with phase correction spreads the
flow-induced error to 2 direction so that the new method
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Fig. 5. Experimental results of a flow phantom. The phantom
is same as that used in the simulations. Experiments are perfor-
med for KWE, LPR, and CSRS: The results are shown in (a),(b),
and (c), respectively. As shown in it’s cut view, flow artifacts ap-
pear only in KWE method while the artifacts are remarkably red-
uced in LPR and CSRS method.
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improves the image quality, which is similar to LPR imag-
ing. Unique advantage of proposed method is fast recon-
struction; reconstruction speed of the proposed method is
as fast as fifteen times than that of LPR.
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