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The method to reduce the ghost artifact in echo-planar imaging
(EPI) using a phase correction derived from the image data (M. H.
Buonocore and L. Gao, Magn. Reson. Med. 38, 89 (1997)) is
generalized to multishot (interleaved) EPI, where the artifact takes
the form of multiple ghosts. The method is shown to be much more
sensitive to noise when applied to standard interleaved data than
is the case with single-shot EPI, because the calculation must be
based on high-order ghosts of low intensity. A modified interleav-
ing scheme is proposed for multishot EPI in which the initial
trajectory direction alternates in consecutive shots and the number
of shots is odd. With this scheme, only a single ghost shifted by
one-half of the field of view appears just as in the single-shot EPI,
and the image-based phase correction can be applied with the
usual sensitivity to noise. © 1998 Academic Press
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INTRODUCTION

The echo-planar imaging (EPI) technique (1, 2) acquires the
entire two-dimensional (2D) matrix of spatial frequency (k-
space) data with a single train of gradient echoes generated by
an oscillating readout gradient. The acquisition can be divided
into a number of shots with interleavedk-space trajectories to
reduce imaging distortion and minimize the loss of resolution
caused by magnetic field inhomogeneity and transverse relax-
ation (3, 4). An inherent difficulty of EPI is a phase difference
and a relativek-space shift of even and odd gradient echoes
related to the fact that they are acquired with opposite polarities
of the readout gradient. As a result, a ghost image appears
shifted by one-half of the field of view (FOV) in the phase-
encoding direction interfering with the original image and
causing a loss of its amplitude (5). In multishot EPI the artifact
takes the form of multiple ghosts distributed along the phase
encoding direction (3, 4). To remove this artifact, a phase
correction of either even or odd gradient echoes is required
after the Fourier transformation (FT) in the readout direction
and before the FT in the phase encoding direction. Phase
correction parameters can be derived from a calibration scan
performed without phase encoding, by comparison of phase
spectra of even and odd echoes (6). Echo shifts are caused by
a time lag of low-pass filters and by eddy currents induced with
gradient switching. Therefore, phase correction parameters
have to be measured anew, each time the orientation of the

imaging plane, FOV, or sampling bandwidth is modified. To
avoid the additional calibration scan, two (7) or more (8)
dummy gradient echoes can be inserted into the sequence with
phase encoding blips omitted. A drawback of this solution is a
gap in the acquisition time which can become significant when
a large number of interleaves (and a small number of echoes)
is used.

However, as pointed out by Bruderet al. (6) and further
developed by Buonocore and Gao (9), phase correction for
single-shot EPI can be derived from the ghosted image data
itself, provided the field of view in the phase encoding direc-
tion is greater than the object size. This method requires two
separate 2D FTs of thek-space data, with odd and even rows
masked by zeros, yielding two imagesreven( x, y) androdd( x,
y), respectively. Assuming for simplicity that the even echoes
are correct and the odd ones are shifted, the two images can be
expressed by

reven~ x, y! 5
1
2
@r~ x, y! 1 r~ x, y 2 FOV/ 2!# [1]

rodd~x, y! 5
1
2
@r~x, y! 2 r~x, y 2 FOV/2!#F~x!, [2]

wherex andy are directions of the readout and phase encoding
gradients, respectively, andr( x, y) represents the original
image. The factorF( x) is a result of the inconsistency of even
and odd echoes. In the case of odd echoes differing from the
even ones by a phase offset of 2pa and ak-space shift ofb,
this factor takes the form

F~ x! 5 e2pi~a1bx!; [3]

however, due to low-pass filtering, nonlinear phase terms can
be introduced (10). Without any correction, the effective image
is

reven~ x, y! 1 rodd~ x, y!

5
1
2
@1 1 F~x!#r~x, y! 1

1
2
@1 2 F~x!#r~x, y 2 FOV/2!.

[4]

The two components represent the object and its ghost shifted
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by FOV/2, respectively. The correction requires an estimation
of F( x) by selecting ay0 coordinate where the object is zero,
but the ghost has a significant intensity (which is only possible
when they-size of the object is smaller than FOV) and taking
a complex division of image rows

Fest~ x! 5 2rodd~ x, y0!/reven~ x, y0!. [5]

A “deghosted” image can then be obtained by summing
reven( x, y) Fest( x) 1 rodd( x, y), or by multiplying even
matrix rows byFest( x) between the FTs in the readout and
phase encoding directions. Since the division is prone to errors
due to noise, better results can be obtained by fitting a linear
phase factor (Eq. [3]) toFest( x)/uFest( x)u (9, 11).

In this note, we discuss the applicability of the image-based
ghost reduction method to multishot EPI, where the phase
difference of even and odd echoes leads to a multiple ghosting
effect. It is shown that, although theoretically possible, the
image-based reduction of multiple ghosting is much more
sensitive to noise than is the case with the single ghost. A
simple modification of thek-space interleaving scheme is
proposed which converts the multiple-ghosting effect to a
single ghost and allows the image-based correction method to
be applied to multishot data with the same precision as in the
single-shot EPI.

THEORY

Conventional Interleaving

In this chapter, we will derive expressions for two images
reconstructed from only even and only odd gradient echoes of
an interleaved EPI data set, and try to estimate the phase
correction function in a way similar to that in single shot EPI.
Again, it is assumed that the even echoes are correct and the
phase error is attributed to the odd ones. The images recon-
structed from even and odd echoes can be written as

reven~ x, y! 5 2DFT@ geven~ky!s~kx, ky!# [6]

and

rodd~ x, y! 5 2DFT@ godd~ky!s~kx, ky!#F~ x!, [7]

wheres(kx, ky) 5 2DFT21[r( x, y)] is the ideal, continuous
k-space signal, andgeven(ky) and godd(ky) are the sampling
distributions for even and odd echoes. We are discussing only
the discrete sampling along the phase encoding direction; the
sampling along the readout is treated as continuous. In the
conventional interleaving scheme,k-space trajectories of con-
secutive shots are shifted in the phase encoding direction by
one sampling unitk0 5 1/FOV, otherwise being identical (Fig.
1a). This divides thek-space into blocks ofn lines,n being the
number of shots, which are sampled alternatively with left-

oriented and right-oriented trajectory sections, corresponding
to even and odd gradient echoes. Using Bracewell’s symbols
(12),

III S k

k0
D 5 k0 O

m5 2`

1`

d~k 2 mk0! [8]

and

P~k! 5 H 1, 2
1
2

, k ,
1
2

0, otherwise
, [9]

the sampling distributions can be written as

geven~ky! 5
1

k0
III Sky

k0
DFPSky 1 d

nk0
Dp

1

2nk0
III S ky

2nk0
DG @10#

and

godd~ky! 5 geven~ky 1 nk0!, [11]

where * denotes a convolution in theky-dimension. The first III
symbol in [10] representsk-space lines sampled at thek0

interval. SymbolP stands for a gate which selects one block of
n lines. The gate is shifted byd to set its borders half way
between two samples. Thus,d 5 k0/ 2 for evenn, and 0 for
oddn. The convolution with the second III replicates this gate
to all remaining even blocks. This sequence of operations is
represented graphically in Fig. 2. The Fourier transforms in
Eqs. [6] and [7] can be expressed by ay-convolution ofr( x, y)
with the FTs ofgeven(ky) and godd(ky), as calculated in the
Appendix. We obtain

reven~ x, y!

5
1
2

r~ x, y! 1
1
2 O

m

AmrFx, y 2 ~2m 1 1!
FOV

2n G
[12]

FIG. 1. k-space trajectories for a three-shot interleaved EPI sequence. (a)
Standard interleaving; (b) interleaving with alternating initial direction.
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rodd~ x, y! 5 H 1
2

r~ x, y! 2
1
2 O

m

Amr

3 Fx, y 2 ~2m 1 1!
FOV

2n GJF~ x!, [13]

where the summations includem 5 2n/ 2 . . . n/ 2 2 1 (for n
even), orm 5 2(n 2 1)/ 2, . . . (n 2 1)/ 2 (for n odd). Both
images consist of the original object and a train of ghosts
shifted from the original by odd multiples of FOV/2n. The two
images differ only by the sign of the train of ghosts and by the
modulation resulting from the even–odd echo shift. Therefore,
the modulation can be derived from these images in the same
way as in single-shot EPI, i.e., using Eq. [5], with they0 line
selected outside of the object and belonging to one or several
ghosts. An example of a six-shot EPI image spoiled by the
ghosting effect and corrected with theF( x) correction derived
from the artifact region is presented in Figs. 3a and 3b.

It should be noted, however, that the calculation ofF( x) is
more difficult in the situation of multiple ghosts than it was
with single-shot EPI. With single-shot data, the division in Eq.
[5] involved ghost profiles whose amplitudes were identical
with the original image. In multishot EPI, the amplitudes of the
multiple ghosts are lower and decrease with the ghost orderm
as

uAmu 5 un sin@p~2m 1 1!/~2n!#u21. [14]

The strongest pair of ghosts (m 5 21, 0) is about 2/p times
weaker than the single artifact. However, these ghosts do
not contribute significantly to they0 line, because they are
shifted from the original by only FOV/2n. If the y0 line is
selected at the edge of the image and the object is centered
in the field of view, as is typically the case, the ghost
contributing most toy0 is of orderm 5 n/2 2 1 or m 5 (n 2

1)/2, depending on the parity ofn. The amplitude of this
highest order ghost is aboutn times lower than the ampli-
tude of the artifact in single-shot EPI. Therefore, when
trying to estimate the phase correction inn-shot EPI, we
have to perform a division ofn-times lower profiles than
would be the case with single-shot data. In practice, because
of overlapping of several ghosts of different phases, they0

profile may be still weaker. One should thus expect the
degree of error of the image-based phase correction of
n-shot EPI to be the same as in a single-shot experiment
with at leastn times lower signal-to-noise ratio.

Another difficulty in the estimation of phase correction
based on the even-echo and odd-echo images may arise from
an instability of the NMR signal in consecutive shots, e.g.,
because of a lack of steady state of the longitudinal magneti-
zation. If the signal amplitude is not constant in consecutive
shots, the gateP(k) in Eq. [10] should be replaced by some
other function which is also zero foruku . 1

2
, but not flat inside.

Following a similar analysis as in the Appendix, we will see
that the evend terms will not disappear in [A2], because the
sinc will be replaced by some other function. Thus, the images
calculated from even and odd echoes will contain both even
and odd ghosts (precisely, ghosts shifted by even and odd
multiples of FOV/2n):

reven~ x, y! 5 O
m

BmrFx, y 2 2m
FOV

2n G
1 O

m

CmrFx, y 2 ~2m 1 1!
FOV

2n G [15]

rodd~ x, y! 5 HO
m

BmrFx, y 2 2m
FOV

2n G
2 O

m

CmrFx, y 2 ~2m1 1!
FOV

2n GJF~x!.

[16]

It is important to note that the even ghosts have the same
sign on both images. Therefore, to estimate the factorF(x)
using Eq. [5], one would have to find ay0 coordinate at
which only odd ghosts would be present and not the even
ones, which is practically impossible. Figure 3c demon-
strates the effect of superposition of odd and even ghosts
caused by the even– odd echo shift and a lack of steady state
of the longitudinal magnetization. The attempt to correct the
echo shift using Eq. [5] fails in this case (Fig. 3c). We
conclude that the odd ghosts caused by the even– odd echo
shift in multishot EPI can be removed by the image-based
phase correction under two conditions: sufficient signal-to-
noise ratio and perfect stability.

FIG. 2. Graphic representation of the sequence of operations in Eq. [10]
describing the sampling distribution of even gradient echoes in interleaved
EPI. Normalization constants are omitted for compactness.
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Contrarily to the description of ghosting effects in mul-
tishot EPI by Reederet al. (13), the discrete Fourier trans-
form was not applied explicitly in our analysis. Instead,
transformation properties of sampling distributions in con-
junction with the convolution theorem were used. It is
possible, however, to derive Eqs. [12]–[14] from Eq. [A11]
of Ref. 13.

Alternating Interleaving

To restore the full sensitivity of the image-based phase
correction method in multi-shot EPI, a modifiedk-space inter-
leaving scheme is proposed. In addition to shifting of consec-
utive trajectories alongky, the new scheme requires that the
initial kx-direction of the trajectories be alternated (Fig. 1b).

FIG. 3. Images of a spherical phantom obtained with a six-shot EPI sequence with standard interleaving: (a) image acquired in steady-state conditions with
odd ghosts caused by a phase inconsistency of even and odd echoes; (b) the same data as (a), reconstructed with a phase correction derived from the artifact region
using Eq. [5]; (c) second acquisition, in which the longitudinal magnetization was not in a steady state leading to additional even ghosts; (d) an attempt to correct
(c) using a similar procedure fails because of the presence of even ghosts.
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Provided the number of shots is odd, this gives exactly the
same situation as in single-shot EPI: even and oddk-space
lines are scanned in opposite directions. Phase errors related to
the scanning direction (i.e., to the polarity of the readout
gradient) are again attributed to alternating lines. This can be
expressed by settingn 5 1 in Eqs. [12] and [13], which then
become equivalent to the single-shot case (Eqs. [1] and [2]).
Thus, with alternating directories, the phase errors lead to a
single ghost that is shifted by FOV/2 and has the same ampli-
tude as the original. The phase correction can now be estimated
from Eq. [5] with the same sensitivity as in a single-shot
experiment, disregarding the actual number of shots. Also, if
even ghosts are present due to signal variations, they will have
much less influence on the estimation of the phase correction,
because their amplitude with respect to the odd ghost will ben
times smaller. The only constraint of this solution is that the
number of shots must be odd, meaning that they-size of the
data matrix cannot be a power of two, and that some zero-
filling is necessary should the FFT algorithm be applied.

To implement this sampling scheme, the sign of the readout
gradient waveform has to be alternated in consecutive shots, as
shown in Fig. 4. It remains to be proven that echoes acquired
with the same gradient polarity have an identical phase error
andk-space shift in even and odd shots. Regarding the shift,
the question can be put differently: do points P1 and P2 in Fig.
1b have the samekx coordinate? The coordinate of P1 is given
by the integral of the readout gradient from the beginning to the
first plateau,

kx~P1! 5 p 1 r 1 D, [17]

wherep is the integral of the prefocusing lobe,r the nominal
integral of one rising ramp, andD an unknown overshoot (or
undershoot) caused by gradient amplifier or eddy currents. On
the other hand, point P2 is at

kx~P2! 5 2p 2 r 2 D 2 K 1 2D, [18]

whereK is the integral of the readout plateau. A reasonable
assumption has been taken here that the overshoot of the
second ramp (2max3 1max) is twice the one of the first

ramp (03 1max). The two points have equalkx coordinates
when

p 5 2K/ 2 2 r , [19]

which is when the echo is nominally centered at the readout
plateau. Note that the integral of the prefocusing lobe can be
set precisely because the overshoots of its rising and falling
slopes compensate each other, so the condition of Eq. [19] can
easily be fulfilled.

The same arguments apply to the zero-order phase shift of
gradient echoes because this shift is caused by eddy-current-
related pulses of the main magnetic field behaving just like the
gradient ramp overshoots. Also, the nonlinear phase shifts
caused by low-pass filters are directly related to thekx-scan-
ning direction. Thus, echoes scanned with the same polarity of
the readout gradient are equivalent in alternate scans. In fact,
this equivalence has already been used in an early two-shot
variant of EPI (14).

IN VIVO RESULTS AND DISCUSSION

The image-based method for ghosting reduction was tested
on in vivodata. The multishot EPI technique with standard and
alternating interleaving schemes was installed on a whole-body
3-tesla MRI system (BRUKER Avance) equipped with a
shielded gradient coil of 38 cm inner diameter. Axial images of
the head of a healthy volunteer were acquired with a matrix of
240 3 234 points (readout3 phase) in 9 shots of 26 gradient
echoes using a spin-echo sequence with repetition time 3 s and
echo time 80 ms. Fat signal was suppressed using a chemical-
shift selective saturation pulse. Amplitude of the readout gra-
dient was 9.6 mT/m, giving a field of view of 25.6 cm with 100
kHz sampling rate. Gradient switching time was 0.15 ms.
Several dummy scans were performed to achieve a steady state
of the longitudinal magnetization. Echo-time shifting was used
to minimize phase discontinuities caused by field inhomoge-
neity (15, 16). Reconstruction software was implemented in C
language on an SGI Indy computer. Image calculation includes
the following steps:

(a) Time reversal of echoes acquired with negative readout
gradient

(b) Sorting of echoes taken in all shots
(c) Zero filling to a 2563 256 matrix
(d) Fast Fourier transform (FFT) in the readout direction

(rows of the matrix)
(e) Nonlinear or linear phase correction of rows
(f) FFT in the phase encoding direction (columns)
(g) Magnitude calculation

Prior to the actual reconstruction, the nonlinear phase cor-
rection functionF(x)/uF(x)u is estimated according to Eq. [5],
based on an image line selected by the operator. This
requires two additional executions of the steps (d) and (f) to

FIG. 4. Fragments of the readout gradient waveform in two consecutive
shots with alternating trajectory direction. Dashed areas represent deviations
from the ideal trapezoidal waveform. Points P1 and P2 correspond to markers
on the trajectories in Fig. 1b.
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calculate imagesreven and rodd. However, when multiple
repetitions of an image are processed (e.g., in a dynamic
study), the estimation of the phase correction needs to be
performed only once, so the net increase of the computation
time caused by the redundant steps is negligible. Linear
phase correction parameters are derived using a Fourier
transform ofF(x)/uF(x)u, and by taking the interpolated po-
sition of the highest peak (first-order term) and its phase
(zero-order term), as described in Ref.11.

The experiments were purposely carried out without any
timing adjustments of the sequence for even–odd echo shift
compensation. The image obtained with the standard interleav-
ing scheme and reconstructed without any phase correction
(Fig. 5a) contains the typical effect of multiple ghosting. The
edges of two primary (m 5 21, 0) ghosts shifted up and down
by 14 pixels (FOV/2n) are distinguishable, and the train of
higher-order ghosts is visible as a smear of the image. An
attempt was taken to calculate the nonlinear phase correction
function based on the bottom line of the image. The image
reconstructed with this correction contains numerous vertical
streaks (Fig. 5b). These are a result of an erroneous estimation

of the phase ofF( x) due to a low signal-to-noise ratio ofreven

androdd profiles along the selected line. The linear phase fit to
this noisy phase correction function failed to give the correct
values of phase- andk-space shifts of even vs odd echoes. The
linear-phase-corrected image (Fig. 5c) still suffers from a sig-
nificant ghosting effect.

The image acquired with alternating trajectories and recon-
structed without phase correction contains a single artifact
shifted by FOV/2 as in the single shot EPI, as expected (Fig.
5d). The lack of multiple ghosts proves that the echoes ac-
quired with the same gradient polarity are equivalent in alter-
nate shots, as discussed in Theory. Again, the nonlinear phase
correction was estimated based on the bottom line. This time,
the estimation is much more precise. The image obtained with
this nonlinear correction (Fig. 5e) contains just a few streaks,
which appear in those positions where the selected line crosses
some dark elements of the object (center) or does not contain
information about its entire extent (edges). This is a typical
problem of image-based phase correction, also occurring with
single-shot data, and can easily be avoided by a linear (or
higher order) phase fit. The application of the linear phase

FIG. 5. Interleaved EPI of human head acquired with 9 shots using a misadjusted sequence. Upper row (a–c): standard interleaving scheme. Lower row (d–f):
alternating interleaving. From left to right: raw reconstruction (a, d), reconstruction with a nonlinear phase correction derived from the bottom line (b, e), and
reconstruction with linear phase correction derived by a fit to the nonlinear phase correction (c, f). The application of the alternating interleaving scheme reduces
the number of ghosts to one, gives fewer errors in the calculation of the nonlinear phase correction, and allows a correct linear fit.
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correction, with parameters found by the Fourier fit described
earlier, gave a practically ghost-free image (Fig. 5f). Parame-
ters found by the fit were phase shift of 33° and akx shift of 3.0
samples. In the previously described experiment with the stan-
dard interleaving, the fit gave 72° and 2.8 samples, and thus an
error of 39° and 0.2 samples.

The alternating interleaving scheme was proposed here to
improve the sensitivity of the image-based phase correction in
multishot EPI. However, it may also be advantageous even
with the standard, reference scan based method for phase
correction. If a residual artifact remains after the phase correc-
tion (e.g., due to a resonance offset or flow), it will be single
and shifted by half the field of view, instead of being replicated
n times along the phase encoding axis. The fact that a single
ghost is less disturbing than a train of ghosts is immediately
seen by a comparison of the uncorrected images (Figs. 5a and
5d). One should note, however, that the alternating interleaving
scheme removes only the odd ghosts caused a mismatch of odd
and even gradient echoes. Ghosts resulting from a lack of
steady state or hardware instability will remain unaffected.

CONCLUSIONS

It is theoretically possible to correct ann-shot EPI data set
for the phase inconsistency of even vs odd echoes using a
phase correction derived from the ghosting artifact. However,
two effects limit the applicability of this method in practice.
First, its sensitivity to noise is at leastn times higher than in a
single-shot experiment because the calculation must be based
on high order, low intensity ghosts which are sufficiently
shifted from the original image. Second, the presence of “even
ghosts” caused by signal variations can lead to errors in the
estimation of the phase correction. The use of a modified
interleaving scheme in which the initial direction of consecu-
tive k-space trajectories is alternated and the number of inter-
leaves is odd ensures that the phase inconsistency of even and
odd echoes results in a single, strong ghost shifted by one-half
of the field of view. With this modification, the image-based
phase correction method can be applied to interleaved data
with the same sensitivity to noise as in single-shot EPI exper-
iments and the influence of even ghosts is reduced.

APPENDIX: EVEN-ECHO AND ODD-ECHO
RECONSTRUCTIONS

Knowing that III(k) is invariant of FT, and that the FT of
P(k) is sinc(y) 5 sin(py)/py, we find the Fourier transform
of the distribution of even gradient echoes,geven(ky), given by
Eq. [10] using convolution, shift, and similarity theorems:

G~ y! 5 FT@ geven~ky!#

5 III ~k0y!p@nk0e
i2pyd sinc~nk0y! III ~2nk0y!#. [A1]

Note that

nk0 sinc~nk0y! III ~2nk0y!

5
1
2

d~ y! 1
1

p
O

l5 2`

1` ~21! l

2l 1 1
dFy 2

2l 1 1

2nk0
G [A2]

because the peaks of the III symbol coincide either with zeros
or with lobe centers of the sinc. Writing the first III symbol in
[A1] in the explicit form, we obtain

G~ y! 5 O
p5 2`

1`

d~ y 2 p/k0!pH 1
2

d~ y! 1
1

p
ei2pyd

3 O
l5 2`

1` ~21! l

2l 1 1
dFy 2

2l 1 1

2nk0
GJ

5
1
2 O

p5 2`

1`

d~ y 2 p/k0!

1
1

p
O

l5 2`

1` O
p5 2`

1`

expF i2pd~2l 1 1!

2nk0
G

3
~21! l

2l 1 1
dFy 2

2~ pn 1 l ! 1 1

2nk0
G . [A3]

We replace the summation overl by a summation overm 5
pn 1 l and substitute FOV for 1/k0. Now,

G~ y! 5
1
2 O

p5 2`

1`

d~ y 2 pFOV!

1 1
2 O

m5 2`

1`

AmdFy 2 ~2m 1 1!
FOV

2n G , [A4]

where

Am 5
2

p
O

p5 2`

1`

expH i2pd@2~m 2 pn! 1 1#
FOV

2n J
3

~21!m2pn

2~m 2 pn! 1 1
. [A5]

As mentioned in the discussion following Eq. [11], two cases
should be considered:n odd withd 5 0, andn even withd 5
1/(2 FOV). In the case of oddn,
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Am 5
2

p
~21!m O

p5 2`

1` ~21!p

2~m 2 pn! 1 1

5
~21!m

n F 1

p~2m 1 1!/~2n!

1
2

p
O
p51

` ~21!p~2m 1 1!/~2n!

@~2m 1 1!/~2n!#2 2 p2G
5

~21!m

n sin@p~2m 1 1!/~2n!#
, [A6]

where the last transition comes from Ref. (17). Similarly, for
evenn,

Am 5
2

p
eip@~2m11!/~2n!1m# O

p5 2`

1` ~21!p

2~m 2 pn! 1 1

5
eip@~2m11!/~2n!1m#

n sin@p~2m 1 1!/~2n!#
. [A7]

The FT of the distribution of odd echoes can be easily derived
from [11] and [A4] using the shift theorem:

FT@ godd~ky!# 5 ei2pyn/FOVG~ y!

5
1
2 O

p5 2`

1`

d~ y 2 pFOV!

2 1
2 O

m5 2`

1`

AmdFy 2 ~2m1 1!
FOV

2n G. [A8]

The images reconstructed separately from even and odd gradient
echoes are given by they-convolution ofr(x, y) with the trans-
forms given by [A4] and [A8]. This means simply replacingd’s
by r’s in [A4] and [A8]. Additionally, if the objecty-extents are
smaller than FOV, only the replications within6FOV/2 are
visible, so that only the terms withp5 0 andm5 2n/2 . . .n/22
1 (for n even), orm 5 2(n 2 1)/2, . . . (n 2 1)/2 (for n odd)
should be left. This gives Eqs. [12] and [13].
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