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An Inverse Problem Approach to the Correction of
Distortion in EPI Images

Patrice Munger, Gerard R. Crelier, Terry M. Pef&snior Member, IEEEand G. Bruce Pike*Member, IEEE

~ Abstract—Magnetic resonance imaging using the echo planar ~ The approach proposed in this paper consists of using the the-
imaging (EPI) technique is particularly sensitive tomain(Bo) field  oretical relationship between the distorted EPI image obtained
inhomogeneities. The primary effect is geometrical distortion in from 2-D FFT reconstruction and the “true” undistorted image

the phase encoding direction. In this paper, we present a method . . .
based on the conjugate gradient algorithm to correct for this geo- to setup a system of linear equations that can be solved [5]. This

metrical distortion, by solving the EPI imaging equation. Two ver- Method can be applied either on a column-by-column basis, as
sions are presented: one that attempts to solve the full four-dimen- proposed in [6], or in a full 2-D solution. Furthermore, the gen-
sional (4-D) imaging equation, and one that independently solves erality of the inverse problem approach allows us to apply it to

for each profile along the blip encoding direction. Results are pre- non-EPI restoration problems as well, as shown by Maal
sented for both phantom andin vivo brain EPI images and com- I ! ’
for projection reconstructed MR data [7].

pared with other proposed correction methods.

Index Terms—Conjugate gradient method, distortion,

. . . ; : Il. THEORY
echo-planar imaging (EPI), image processing, magnetic res-
onance imaging (MRI), reconstruction. A. EPI Image Formation
The single-shot EPI sequence [8] acquires the ehtspace
I. INTRODUCTION data matrix in one excitation. In the blipped EPI method [9], an

scillating readout gradient is applied, together with the short
ipped phase encoding gradient [Fig. 2(a)]. If data are sampled
nly during the constant portion of the readout gradient, the re-
glting k-space sampling is uniform. When data are acquired
uring the ramp-up or ramp-down period of the readout gra-

comes from different points of the object with different loca lent, thek-space data resulting from a uniform temporal sam-

By-values (Fig. 1). The most adverse effect of these phase errBlt'Qg rate are nonuniform. In order to obtain uniformly spaced

is geometrical distortion. These distortions can be troublesoﬁ%'ntsf'nk's_pfce’ (I)nt'e car;lusef r:\hnonumfo_rfm sa;npt)lmbg ;ate [10]
in various applications, including surgical guidance and corr@! PErform interpolation [11] of the nonuniform ata betore re-.
gonstruction by inverse FFT. The EPI sequence discussed in this

lation of functional magnetic resonance imaging (fMRI) dat ) . .
9 ging ( ) paper uses the first method (nhonuniform sampling rate) so that

with anatomical information from different sources. X L : . .
Several methods have been suggested to address the dié}%ljpterpolatmn is required. Thiespace trajectory is as shown

tion problem in EPI images. Some of these correct distortidh Fig. 2(b).

directly in image space usingfy-field map [1] or two acqui- . :
sitions having different polarity of the phase encoding gradielr?l’t EPIImaging Equation
[2]. Other methods apply a phase correction to/tbepace data  In the presence aby-field inhomogeneity, the discrete data
before performing normal two-dimensional (2-D) fast Fourie¢ollected during a 2-D MRI acquisition can be expressed as a
transform (FFT) reconstruction [3], [4]. All of these method§near transformation between the ide®l x N imagerl.,, »
approach the EPI distortion problem on a column-by-colun@nd the measured signsii ; [12]

basis, by independent one-dimensional (1-D) corrections of the M1 N1

EPI image along the phase encoding direction. This 1-D pro- o Z Z I A 1)
cessing approach is based on the assumption, which is valid in k1 myntim, ik, |
a wide range of conditions, that the EPI point spread function
(PSF) is 1-D. with

N IMPORTANT source of degradation of echo plana

images (EPI) is the phase error introduced by the mal
(By) field inhomogeneity along the EPI trajectory. AlthougﬁJ
this phase error is predictable for a point-object (it increas
linearly along the trajectory), it is nonlinear when the sign

m=0 n=0

Apomikl = e—27ri((krn/1\l)+(ln/N)+('y/27r)ABm7ntk,l) (2)

Manuscript received September 9, 1998; revised May 1, 2000. The Associate
Editor responsible for coordinating the review of this paper and recommendijghere
its publication was Z.-P. LiangAsterisk indicates corresponding author . . . . .

P. Munger, G. R. Crelier and *G. B. Pike are with the Magnetic Resonance " andn vertical and horizontal spatlal variables;
Imaging, Montreal Neurological Institute, Montreal, PQ, H3A 2B4, Canada M and/N vertical and horizontal image matrix size;

(e-mail: bruce@bic.mni.mcgill.ca). _ ~ AB,,. spatially variantB,-field inhomogeneity;
T. M. Peters is with the John P. Robarts Research Institute, University of ’ . b h l  the .
Western Ontario, ON, N6A 5C1, Canada. 2 time between the sampling of tiiespace point
Publisher Item Identifier S 0278-0062(00)07327-4. (k, 1) and the RF excitation.

0278-0062/00$10.00 © 2000 IEEE



682

Image space

IEEE TRANSACTIONS ON MEDICAL IMAGING, VOL. 19, NO. 7, JULY 2000

k-space

Ideal image

Ideal k-space

PHASE MODULATION

BO field map

Fig. 1. The EPI image process.
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Equation (1) can be transformed into a relation between the

FT reconstructed imag€,,, .., and the ideal imagé,, ,, by

'm’ , T

taking the 2-D FFT of4,,, ,,, ,; With respect td: and! on both

Stice selecti ]
e seleetion L] sides of (1) for each value @ih andn. Mathematically
Frequency encoding |_J| I { |[ J } Jg:l Jg:l 7 (3)
Phase Encoding 1 m=0 n=0
WhereKm nm/,n = =2-DIFFT (Am nik, 1) i.e.,
ADC CCLCEE LT L L T Koy remr
(a) M—-1N-1 ) )
:Z ZArn,n;k,leQﬂ—i((knl /M)+(n"/N)) (4)
A ky k=0 1=0
o—6—6—o M-1N-1
- -~ :Z Zezm((k(m’—m)/M)+(z(n'_n)/N)_(y/zw)ABwntk,l)'
A k=0 =0
o (5)
o oo We note thatk,, .. » is the 2-D PSF associated with
~ I k. voxel (m, n). Depending on the particular form of the PSF,

)
D
D

D © (
b O (

some simplifications to this equation may be possible. Using

integral equation terminology, we refer #6,, ;. s as the

o—9 o 9 —9

b
b
&0

kernelof the EPI imaging equation.

[0}
(o)

Fig. 2. (a) Blipped EPI sequence and {k}space trajectory.

D
D
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The main rationale for expressing the equation in the form

(3) is that the kernel of this equation has a sparse structure, as
() opposed to the kernel of (1). We will show how this four-di-
mensional (4-D) equation can be solved directly using sparse
matrices and the conjugate gradient method, leading to a gen-
eral 2-D correction approach. Also, the particular form of the

This last parameter depends on fhepace trajectory that we EPI kernel will lead to an important simplification of this equa-
assume to be perfect (i.e, the gradient timing and spatial lineariign, allowing the 2-D problem to be decomposed into a series

are assumed to be ideal).

of 1-D problems.



MUNGER et al: CORRECTION OF DISTORTION IN EPI IMAGES 683

P &
~MN ——
0 Hz EREEE

50 Hz 100 Hz 200 Hz : . EEEREE
@) (b) © (d)

Fig. 3. EPI PSF corresponding i, -fields offsets of (a) 0 Hz, (b) 50 Hz, (c)
100 Hz, and (d) 200 Hz. The EPI parameters are matrix siz&28 x 128,
TE = 65 ms, andl,., = 123 ms.
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C. EPI Point Spread Function (PSF) =

PSF correspondong to different pixels

—

It is interesting to look at the effect on a point-object of the
phase errors in the EPI imaging process. Consider a point-objggt 4. Four-dimensional tensor equation in matrix form.
Iy, n = 6m,00n,0. From (3)

M-1N-1 (3) takes the form of th@/ N x M N linear system
PSFrn’,n’ = Z Z 6nl,06n70Knl,n;nl’,n’ (6) . .
m=0 n=0 I/ = KI. (12)
=Ko, 0,m",w (M This is illustrated in Fig. 4.
M-1N-1 ) In the absence of field inhomogeneity, the mafiixis the
=) ) e M)A N)=(/2m) 8B otk 1) identity matrix. It is easy to see that with a small amount of in-
k=0 1=0 homogeneityK will be close to the identity matrix and conse-

(8) quently sparse. This can be better appreciated by noting that the
Fig. 3 illustrates the EPI PSF for several different frequendgn +4n)th column ofK is the column rescanning [14] of the
offset values. Note that the PSF extends in both dimensions &8 EPI PSF corresponding to the pixgl, ., which contains
four distinct effects can be observed, as follows only a few significant pixels when the field offset is small.
. geometrical distortion, a consequence of the shift of the We also note that the geometrical distortion is reflected by a
main peak in the phase encoding direction, which is pr(\fgrtical shift of the diagonal elements of tkematrix (Fig. 5).
portional to the frequency offset; 2) 1-D Correction: The particular form of the EPI PSF sug-

« blurring in the phase encoding direction, demonstrated gysts that in the case in which field offsets are relatively small,
the spread of the main peak: ’ 1-D processing can be performed on each column of an image.
« ghosting in the phase encoding direction, indicated by tHdis approximation has many advantages. First, the solution of

presence of secondary peaks, which is especially impé'?—e large 4-D linear syst.em is replaced by a set of smaller and
tant for larger frequency offsets; more manageable 2-D linear systems.

« blurring of the ghosts, mainly in the frequency encoding 1he 4-D tensor equation (1) can be simplified by making the
direction. approximation that;_; depends only ok. Equation (1) then
We note that ghosting in EPI may have other causes tcOmMes
can be more important than the shape of the PSF. One of these @ M-1N-1 ‘
factors is the misalignment of the analog-to-digital conversiofix,: = Z Z I, ne™ 2 Em/N)+(In/N)+(y/2m) A Bo, nth),
(ADC) window with the time-varying gradients [13]. A mis- m=0 n=0 (13)
alignment of even a fraction of the intersample spacing ¢

cause significant ghosting in the image. ﬂ'erformlng an inverse FFT with respect/tave obtain

Although the PSF is 2-D, it can be approximated by a one- N—1M-1N-1
dimensional function for small field offsets. This fact will beSLm, = Z Z Z
exploited to justify 1-D processing. 1=0 m=0 n=0
- - . Irn n6727ri((krn/1\l)+(l(n7n')/N)+('y/27r)ABm7ntk)
D. Matrix Formulation Mol N1
The 4-D tensor equation (3) can be reformulated in terms of = Z Z Lnn
a matrix equation for both the case of 2-D and 1-D reconstruc- m=0 n=0
tions. ) N-1 ) .
1) 2-D Correction: If ' andI are theM N x 1 vectors 2T /N A O 2mABm b)), gm2mil{n=n)U/N)
formed by rescanning/,, .., andl,, , columnwise, i.e, =0
. M-1N-1
Irn-l—]\ln = Irnn (9) — Z Z Irn nG_QWi((k"l/N)‘i'("//QW)ABm, ntk)én’n
jlm’-{—]\ln’ II;n/n/ (10) m=0 n=0
~ . . ) M-1
andK is theM~N x M N matrix defined by _ Z Ly e 2/ M+ /200 A i) (14)

Krn’+]\ln’, m+Mn — Krn, n;m’, n’ (11) m=0
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Fig. 5. Sparsity structure of a subregion of the kernel for small- (left) and large-field (right) inhomogeneity.

which can be expressed in matrix form as which is Fourier transformed to form the corrected im&ge
S,.=A,L,, n=0.--N-1 (15) I =FAYT, n=0---N-1. (22)

whereS,,, andL,, are themth column ofS; = andl,,,, respec- Although this method may seem similar to the conjugate phase
tively, andA.,, is the M x M matrix defined by method, they differ as shown by writing (19) as

[Anliom = ¢~ 271 ((km/M)+(/25)AB i) (16) I = AYFI, n=0---N—1. (23)

This approximation effectively decouples theN x M N linear The difference appears in the fact that the conjugate phase
system intaV linear systems of siz&f x M. method associates the undistortBg-map to the undistorted

As in the 4-D case, (15) may be expressed in terms of tHBage, whereas Weisskoff’s method associates the undistorted

distorted image by performing a 1-D inverse FFT with respeélo-map to the distorted EPI image.
to & on both sides of the equation, leading to . ,
q g C. Conjugate Gradient Method

/ _— f— ... —_
L = Kl n=0--N-1 (17) The conjugate gradient (CG) method is an iterative technique
whereK,, = F'A,, andF is the discrete Fourier transformbased on finding the minimum of the quadratic form
matrix Fi,, = e 27(m*/M) Thet represents the Hermitian F(x) = x'Kx+ bix + (24)

transposition (complex conjugation plus transposition).

whereb andc are arbitrary vectors [15]. When the matikis
symmetric and positive-definite, the quadratic form is a mul-
tidimensional parabola with a minimum at.,, = K™ 'b.
Thus, minimizingf (x) is equivalent to solving the linear system

The conjugate phase reconstruction method attempts to cix = b.

rect the EPI image by undoing the phase errors for each point ofThe main strength of the CG method is its efficiency in
the image using the information provided by tBg-field map. dealing with large sparse systems of linear equations. This is
Using the formalism of the previous section, this is equivalebecause the matriK is only used through its multiplication

I1l. M ETHODS

A. Conjugate Phase Reconstruction

in 2-D to with vectors, and this is a fast operation for sparse matrices.
. . This is a particularly important consideration for solving the
I = KT (18)  4-D tensor form of the imaging equation. In the case in which

and in 1-D to M = N = 64, the matrixK has 4096x 4096 elements, which

would require 256 Mb of memory to allow such a matrix to be

(19) stored in double precision. FaW/ = N = 128, the storage
requirement would be 16 times larger, or 4 Gh. Another concern
is the fact that the inverse (or pseudoinverseKomay not be
sparse at all, even whdK is sparse, and this rules out direct
methods of solution.

When the linear system is not symmetric, a solution can still

SY = A¥T, (20)  be found with the CG method by solving the associateanal

with equationg16]

I*=K/I, n=0.--N-1

B. Weisskoff Method

This method [3] creates synthefiespace data from the dis-
torted image as follows:

[Azj]krn _ e—?ﬁi((k‘rn//V[)—('y/?ﬁ)AF)'m’,,,t;mn) (21) KTKX _ KTb (25)
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Fig. 6. (a) Analytic phantom and (kp,-field map used for simulations. .48 Hz
This map was scaled in the simulations to provide various degrees of fie
inhomogeneity.

. . . . . +64 Hz
In the case in which the system is singular, CG can give !

least-squares solution. Hestenes [17] derives a relation betwe
the CG and the pseudoinverse of a matrix.

Attempting to solve the normal equations is notin general t
best way to proceed because the condition number of the syst....
. 1y g
equ_atlon K'K) is the square of that CK'_ However, other it . Fig. 7. Simulations on the effect of the amplitude of fhg-field offset on the

erative methods for solving nonsymmetric systems of equatiofi&ortion correction.

(e.g., the biconjugate gradient method) generally fail with com-

plex systems. Although it is possible to express the normal equa- TABLE |

tions in terms of real numbers (by splitting the real and imagi- RMS DIFFERENCESBETWEEN THE SIMULATED EPI FOR DIFFERENT

nary parts), this involves a factor of 4 overhead in storage Spae@PUTUDEs OF By-FIELD OFFSET IN THEFIELD MAP, AND THE CORRECTED
L. . . EPIFOR THE VARIOUS METHODS

and an additional factor of 2 penalty in computational effort

+80 Hz
F

[16]. This is hardly acceptable for such large linear systems of B, off. amp. (Hz) || WEISS | CPID | CGID | CP2D | CG2D
equation. =+ 16.00 1425 | 5946 | 617 | 69.12 | 842
£ 32.00 4752 | 11857 | 13.50 | 118.80 | 12.91

T 48.00 103.62 | 18148 | 36.51 | 181.38 | 34.10

IV. RESuLTs £ 64.00 180.06 | 247.15 | 65.32 | 247.31 | 6187

We have performed simulations to evaluate the relative =+ 80.00 301.29 | 274.58 | 163.06 | 274.75 | 157.71

performance of the various distortion correction algorithm. We

refer to these methods as CP1D (conjugate phase in 1-D), CPgRiction of these simulated EPI images was performed with
(conjugate phase in 2-D), CG1D (conjugate gradient in 1-Dhq fiye methods. Results are shown in Fig. 7. Rms differences
CG2D (conjugate gradient in 2-D), and WEISS (Weisskoffenyeen the reconstructions and the analytic phantom are dis-
method). The elements studied are the effect of the amphtulsi'gyed in Table I.

of the Bo-field offset, the effect of noise in EPI images, and \yejsskoff’s method works better than does conjugate phase
the effect of noise in thd3y-map. For CG2D, the number of econstryction for small field offsets (16 and 32 Hz), mainly be-
elements retained in the sparse kernel wa0000, which 56 of a better intensity inhomogeneity correction. However,

corresponds to 1.2% of the total number of elements)(&# geometrical distortion is not fully corrected for large field off-
the full kernel. For CG1D and CP1D, the full 1-D kernel waggig (48-80 Hz).

used. For both CG1D and CG2D, the number of conjugateggih the conjugate phase and CG methods correct geomet-

gradient iterations performed was three. rical distortions adequately. The main difference between the
For these simulations, a 64 64 analytic phantom was cre-yq is intensity variations that the conjugate phase methods do

ated by sampling the exact Fourier components of an analytis; correct.

object. A random, Iow spatial frequency field map was also cre- Tha real benefit of the CG methods appears at laByefield

ated (Fig. 6) with a field offset range betweerl and 1 Hz. qgqets (48-80 Hz), where both intensity inhomogeneity and ge-

Scaling of this basic field map was used to provide differeRinetrical distortions are corrected.

levels of field inhomogeneity. _ In both cases of conjugate phase and CG methods, no signif-
Simulated EPI images were computed from the analyficynt gifference can be observed between the 1-D and the 2-D

phantom from (1) using a 6% 64 k-space trajectory (TE=  \grsjons. This can be explained by the fact that the 1-D approx-

35 ms, T.q = 61 ms). The effective bandwidth in the phasgmation of the EPI PSF is valid for all ranges of field offset used

encoding direction iss16 Hz (1/T..q), Which means that a i, the simulation.

Bo-field offset of 16 Hz would result in a spatial shift of one - At |arge field offsets 464 Hz), all methods fail to reconstruct

pixel in the phase encoding direction. adequately in regions where a large log&y-field gradient is

present. Nevertheless, the CG2D method provides a better re-

construction (based on rms deviation from the original) than
EPI images were simulated with five different levels of fieldlo the other methods. Outside of these regions, the CG recon-

inhomogeneity:+16, +32, +48, +64, and+80 Hz. Recon- struction again performs better than do the other methods. One

A. Effect of the Magnitude of th8,-Field Inhomogeneity
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11 Hz/pix TABLE I
MEAN SNRWITH STANDARD ERROR OVER100 EXPERIMENTS FOR
THE VARIOUS METHODS AS AFUNCTION OF THE SNR OF THE
SIMULATED EPI IMAGE

B, noise std (Hz) || WEISS | CP1D | CG1D | CP2D | CG2D

: ) 1.00 102.10 | 28.80 | 81.58 | 20.76 | 81.22
I Hz/pix 2.00 303.24 | 58.27 | 172.37 | 58.67 | 165.98
3.00 955.08 | 91.87 | 238.82 | 92.47 | 232.05

4.00 316.81 | 119.60 | 205.81 | 119.79 | 286.31

WEISS CPID CGID CP2D CG2D

-8 Hz/pix

Fig. 8. Derivative of thet80-Hz By-map in the phase encoding direction.
The white circles indicate regions with the largest negaliyeinhomogeneity
gradient in the phase encoding direction.

WEISS CPID CGID CP2D CG2D

+16 Hz

Fig. 10. Simulations on the effect of noise in of tBg-map on the distortion

+48 Hz :
correction.

The SNR was computed as the mean value of the corrected
noiseless images, divided by the standard deviation of the image
noise, estimated by the Rayleigh distribution corrected standard
deviation of the background noise sampled in two rectangular
regions on the side of each image

_ mean(signal)  _mean(signal) 57 g

Fig. 9. Difference between the corrected images of Fig. 7 and the undistorte§NR std(signal) - std(background)
analysitc phantom image.

+64 Hz

+80 Hz

Results, shown in Table Il, demonstrate little differences in the

possible reason for the failure of the reconstruction in these VR obtained with the different methods.
gions of high localB,-field gradient is that the kernel may be- L )
come singular or badly ill-conditioned. This point can be bett&' Effect of Noise iro-Field Map
appreciated by looking at thB,-field derivative in the phase A simulated EPI image matrix was computed witt#g-in-
encoding direction for the-80-Hz case (Fig. 8). The regionshomogeneity range at48 Hz. Reconstructions were then per-
where reconstruction fails correspond exactly to the most ndgrmed with different levels of Gaussian noise added to the field
ative By-derivatives. Note that negative derivatives are asso&iap (Fig. 10). The rms difference between the reconstructed im-
ated with compression in the distorted image, whereas positAges with the noisy3,-map and the reconstructed images with
derivatives are associated with stretching. It also appears ttg idealBo-map was computed and is shown in Table I11.
positive gradients, as opposed to negative gradients, do not af-
fect the ability of CG to reconstruct perfectly. D. Results on Real EPI Images

The benefit of the 2-D processing over the 1-D processingThe correction methods were applied to real blipped EPI im-
may be better appreciated by looking at the difference imagg§es of a phantom and of a volunteer's head (matrix size
of Fig. 9. The CG2D method is the only one that can redugg x 64, TE= 35 ms, T, = 61 ms) on a Siemens Vision
significantly theBy-inhomogeneity—induced ghosting artifactsy . 5-T scanner (Siemens Medical Systems, Erlangen, Germany).

. Nonuniform sampling of the signal was performed to obtain

B. Effect of Noise in EPI Images equally spaced points frspace. This nonuniform sampling has

In order to evaluate noise effects on the various correctitreen taken into consideration in the calculation of the kernel in
methods, simulations were performed using the random figltl). No phase correction was applied to the EPI raw data.
map with a frequency range @f48 Hz. All corrections methods A normal spin echo sequence (matrix size 64 x 64,
were applied with the simulated EPI image on which differeMEL/TE2/TR= 10/14.48/400 ms), interleaved with a second
levels of complex white Gaussian noise was added. having the echo shifted byAt = 4.480 ms, was used to
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TABLE 1l
RMS DIFFERENCESBETWEEN THE IMAGE RECONSTRUCTED WITHNOISY By, MAP AND THE IMAGE
RECONSTRUCTED FROMNOISELESSBy-MAP

Simulated EPI WEISS CP1D CG1D CP2D CG2D
28.89 £ 0.12 | 29.35 £ 0.13 | 29.67 £ 0.12 | 30.00 £ 0.13 | 29.67 £ 0.12 | 30.05 + 0.12
19.72 £ 0.09 |} 19.92 &£ 0.09 | 20.24 £ 0.09 | 20.36 &+ 0.09 | 20.25 £ 0.09 | 20.39 £ 0.09
9.97 £ 0.04 10.09 + 0.04 | 10.33 & 0.04 | 10.35 & 0.04 | 10.33 £ 0.04 | 10.39 £ 0.04
5.00 £ 0.02 5.02+0.02 | 516 £0.02 | 516 £0.02 | 517 £ 0.02 | 519 & 0.02

90° 180° 190°  180°
|
RF T T /K ! T J\
1
1

|
|
Slice selection [ | T—— :
1
|
|
|

Phase encoding

e

Frequency encoding ! | |

Fig. 11. B,-field mapping sequence.

generate théy-map (Fig. 11). TheB,-field map is obtained SPIN ECHO B0 MAP

by subtracting the phases of the two acquisition. With this val 34 Hz
of At, water and fat protons, although precessing at differe *

rates, conserve the same relative phase at TE and A E B Hz
which makes the phase difference observed between the 1 ‘ i

acquisitions dependent on static field inhomogeneity only a 123 Hz
not on chemical shift [18]. We found that, for this example

phase unwrapping was not required. We note that, althou EPI WEISS CPID
the acquired field map is subject to distortion because of fie
inhomogeneity, the magnitude of these distortions is negligik
compared with the distortions affecting the EPI image.

For the phantom acquisition, the field map was fitted with 2-1
splines to remove noise. THeéy,-map of the brain was filtered
with a Gaussian kernel of full-width at half-maximum (FWHM)
= 3 pixels.

The phantom reconstructions (Fig. 12) shows that the b
distortion and intensity inhomogeneity correction are provide
by CG1D and CG2D. The Weisskoff’s method gives a good h
mogeneity correction, but the distortion correction is not con
plete. The CP1 and CP2 reconstructions correct for geometri
distortions but not for intensity inhomogeneity. As in the simt
lations, little difference can be noticed between the 1-D and t CGI1D CP2D CG2D
2-D versions of CG and conjugate phase.

Thein vivo experiment (Fig. 13) shows again the best peFjg. 12. Reconstruction with the various methods of the EPI image of a
formance of CG1D and CG2D. The intensity correction prc?—hamom'
vided by the CG method can be seen on the difference imatﬂ%

CG2D-CP1D. We also note that the Weisskoff method prOVidE/?ATTKEI%dS gﬁ:e&zﬂ\;\%:&slﬁspiggf&e h;ln;?lin;e:tsgn\fvnh

Ei(zgzo-ldoi“sst:)orﬁg)nnr((:a(;ri:)encson in low-distortion regions, but fails "um 200-MHz running RedHat Linux 5.1. (RedHat, Durham,

NC).
) i As an example, consider thie vivo brain experiment. The
E. Computation Time computation of the full 2-D kernel (used in CP2D and CG2D

A important issue to be discussed is the computation tinneconstructions) took around 2 min. Because it grows/ sit
associated with the various reconstruction methods. All afould take around 30 min for a 128128 matrix size. Although
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SPIN ECHO V. CONCLUSION

B0 MAP

- 8l Hz
- This paper has presented a technique for correcting distortion
N in EPI images based on the CG method. It can be efficiently
applied for the full resolution of the 4-D tensor imaging equa-
; tion. However, when the field offsets are small, a simplification
-72 Hz

that allows 1-D processing on each column of the image may be
used. This is because the phase variation occurs mainly in the
blip encoding direction.

Our method was compared with previously proposed
methods: the conjugate phase reconstruction and the Weisskoff
method. We have shown that all methods work well for small
field offsets, but the CG method leads to the best intensity
homogeneity, even with a small number of iterations.

One patrticularly relevant application of this method is the cor-
rection of EPI functional MRI time series data, in which many
hundreds of images of the same slices are acquired in a single
session. Because the calculation of the kernel is decoupled from
the computation of the solution of the equation system, it only
has to be computed once. This allows a large number of dynamic
images to be corrected in a reasonable amount of time.

It was shown that a 1-D processing is sufficient when field
inhomogeneity is not too large. However, 2-D processing may
be necessary when field offsets become large, such as in the case
of fat signal, which has a field offset of approximately 200 Hz
at15T.

Although the CG method does not significantly amplify the
noise present in the EPI image, it is somewhat sensitive to noise
in the field map. Thus, some preprocessing of the field map (e.qg.,
low-pass filtering, polynomial or spline fitting) may be required.
Because the field map is usually smooth, this preprocessing is
not particularly problematic.

In practice, it was observed that the convergence of the CG
method may be very fast in the case of EPI correction. In most
cases, most of the correction was achieved after two iterations
the calculation of the kernel may be expensive, it needs to Rfien the initial guess corresponded to the conjugate phase solu-
computed only once for a giveo-map, which makes this time tion. In this case, the CG method can be thought of as a second-
spent worthwhile for correcting a large number of images of thgder correction over the conjugate phase solution.
same slice (in dynamic functional MRI studies, for instance).  The image restoration approach that we describe in this paper

Once the kernel is computed, solving the system of equatidigs already been applied for MRI projection data [7] and for
with the CG method takes on the order of a few seconds peP correction of EPI images [6]. Application to other acquisi-
image. The time required is roughly proportional to the numb&en schemes may also be considered. However, the degree of
of elements stored in the 2-D sparse kernel and the numigefrection and the rate of convergence may vary because of the
of iterations performed. For the brain example, with the kerndifferent structure of the PSF. The effectiveness of the CG re-
having around 73 000 elements and two iterations, the comg@nstruction on EPI data is because of the relatively simple form
tation time was 2 s. of the PSF.

One-dimensional kernel calculation is significantly faster
than 2-D. The time required for the calculation of the 1-D
kernel (used by CP1D and CG1D) was around 6 s. However, _
calculation of the solution was slightly longer than for the 2-D [1] P.J. Reber, E. C. Wong, R. B. Buxton, and L. R. Frank, “Correction of

. . .. off resonance-related distortion in echo-planar imaging using epi-based
case. The two CG iterations took 3 s (recall that this involves  feiq maps,"Magnetic Resonance Medol. 39, no. 2, pp. 328330, Feb.
the CG solution of 64, 64 64 systems of linear equations).

CP1D

CP2D CG2D

CG2D - CP2D

Fig. 13. Distortion correction on a volunteer’s head EPI image.
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