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Abstract

The multiple-modulation-multiple-echo sequence, previously used for rapid measurement of diffusion, is extended to a method for
single shot imaging. Removing the gradient switching requirement during the application of RF pulses by a constant frequency encoding
gradient can shorten experiment time for ultrafast imaging. However, having the gradient on during the pulses gives rise to echo shape
variations from off-resonance effects, which make the image reconstruction difficult. In this paper, we propose a simple method to decon-
volve the echo shape variation from the true one-dimensional image. This method is extended to two-dimensional imaging by adding
phase encoding gradients between echoes during the acquisition period to phase encode each echo separately. Slice selection is achieved
by a frequency selective pulse at the beginning of the sequence. Imaging speed is mainly limited by the phase encoding gradients’ switch-
ing times and echo overlap when echo spacing is very short. This technique can produce a single-shot image of sub-millimeter resolution

in 5 ms.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

There exist a wide-range of interests and methods for
ultrafast NMR image acquisition. Echo planar imaging
(EPI) [1] and fast low angle shot (FLASH) [2] type
sequences drastically reduce image acquisition time but
require rapidly switched high gradient pulses as these meth-
ods rely on gradient echoes. Due to the heavy dependence
on the gradient system, it is well known that these methods
are susceptible to magnetic field inhomogeneities (mainly
for EPI) and eddy currents artifacts from rapidly switched
high field gradients. The RARE (rapid acquisition with
relaxation enhancement, also known as TSE or FSE) [3]
sequence uses many © RF pulses and gradient switchings
to periodically refocus the spin magnetization, which may
lead to excessive RF energy deposition.
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There has been growing interest in PREVIEW [4],
QUEST [5,6], and DUFIS type [7-11] sequences for acquir-
ing draft-quality images because these sequences generally
require less gradient switching and use multiple spin echoes
generated from relatively few RF pulses for fast image
acquisition. However, the limited number of echoes in the
above sequences generally make it difficult to obtain high
resolution images.

The generation of multiple echoes by a combination
of magnetic field gradient and a few RF pulses is well
described by a coherence pathway formalism. Consider
a four pulse sequence (multiple-modulation-multiple-echo
(MMME4)) with [90°—90°—-90°—180°] flip angles in the
presence of a constant field gradient as shown in Fig. 1
[12,13]. A magnetic field gradient can create a periodic
modulation of the spin magnetization, while the RF
pulses cause a rotation that mixes transverse and longitu-
dinal components of spin magnetization. As a result,
there exist a large number of coherence pathways when
even a small number of RF pulses are applied in the
presence of a field gradient. It is well known that the
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Fig. 1. A four pulse sequence (MMMEZ4) in the presence of a constant field gradient (A). Experimental echo signals after the last pulse (n pulse) with
[90° —90° —90° —180°] flip angles with the z gradient are shown (B). Echo signals from the imaginary part are made negligibly small by setting the phase of

all pulses to zero [13].

different coherence pathways with N RF pulses can gen-
erate as many as,

3D
2

observable signals [12-15]. These multiple echoes can be
easily set to appear at well separated times during the
acquisition period because the echoes appear only when
the total acquired phase is zero. For example, Fig. 1
shows 13 well-separated echoes from the MMME4
sequence.

This advantage has been utilized in recent work for one-
shot measurement of diffusion based on the MMME
sequence [13,16,17]. Previous ultra-fast imaging methods
such as PREVIEW, QUEST, and DUFIS-type sequences
also rely on the generation of multiple echoes from a small
number of RF pulses as mentioned earlier.

Ideally, for both higher speed and signal-to-noise ratio
(SNR) for ultrafast imaging applications, it is desirable to
have no gradient switching and high flip angle pulses.
DUFIS uses a string of low-flip angle pulses in the presence
of a constant magnetic field gradient to achieve ~20 ms
scan time [7]. The major limitation of this technique is rel-
atively poor signal-to-noise ratio from using small flip
angle pulses. QUEST-type experiments use high flip angle
pulses, but turn the gradients off during the pulses and have

+1, (1)

n=

longer scan times on the order of hundreds of milliseconds
[5,6].

The MMME imaging sequence combines the advanta-
ges of these two techniques by employing high flip angle
pulses without gradient switching along the frequency
encoding direction. However, having the gradient on dur-
ing the high flip angle pulses gives rise to echo shape vari-
ations among different echoes from off-resonance effects,
which makes the image reconstruction challenging. In this
paper, we propose a simple method to deconvolve these
echo shape variations from the true one-dimensional (1-
D) image for every echo arising from the MMME
sequence.

We show that this method can be extended to two-di-
mensional (2-D) imaging by separate phase encoding of
each echo signal. Slice selection is achieved using an
extra-slice magnetization destruction scheme at the begin-
ning of the pulse sequence.

2. Theory and pulse sequence
2.1. Echo shapes
In the presence of a static magnetic field gradient, the

spin precession frequency linearly depends on position.
This dependence leads to a spatial sinusoidal modulation
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of spin magnetization in the sample, and this modulation is
often described by k (spatial wave number),

0B,
k, = y/ » dr, (2)

where u is the direction of the applied field gradient.

For conventional 1-D NMR imaging, the time domain
NMR signal in the presence of a field gradient (along the
x direction) is related to the real-space image (p(x), a spin
density along the x direction) by a Fourier relationship,
which can be expressed as

S = / p(x)e F+ dx. (3)

For the MMME sequence with a constant field gradient
and pulses of constant amplitude, each echo originates
from a different coherence pathway. Eq. (3), without con-
sidering relaxation and decay due to diffusion, is modified
to

Secho = / P)FH (A, o, 1y, o, N)e o di, 4)

where Secho is the acquired signal of each echo and £ (Awy,

i, tp, ¢, N) is generally a complex function for each echo.
Awg(x) represents the Larmor frequency offset from the
RF frequency (wgrp), Awg(x) = y|Bo + %dx| — wrr and o,
=19B. t,, ¢, and N are the duration, phase and number of
pulses in the MMME sequence, respectively [13,18,19].

Without the field gradient during the RF pulse,
Awg = y|Byg| — wrp becomes a constant value. In this case,
/°1° no longer varies across the sample, and only ampli-
tude and phase variation exist among different echoes.
These variations can be corrected either theoretically or
empirically [13,16,4-6].

With the field gradient on during the RF pulse, £°"° is
spatially dependent because Amg becomes a function of posi-
tion x (i.e., an RF pulse becomes slice-selective along the gra-
dient direction). This off-resonance contribution gives rise to
echo shape variation among different echoes and cannot be
neglected for image reconstruction as we can see from the
experimental echo signals shown in Fig. 1 [13]. Amplitude
and phase correction schemes [4-6] may not be adequate in
this case because there still remain uncompensated varia-
tions in echo shape among different echoes. In the MMME
imaging method proposed here, the field gradient is on dur-
ing the RF pulse and /<M is spatially dependent.

To reconstruct the true 1-D image profile of interest
from different echoes of the MMME sequence, we rewrite
Eq. (4) as

Secho = f(p(x)) ® gf‘(fecho), <5>
where % represents Fourier transform and ® is

convolution.

To obtain the true image (p(x)), it is necessary to decon-
volve the echo shape contribution (Z (")) from the sig-
nal of the individual echo (Scho). We utilize a simple
Fourier relationship to achieve this deconvolution.

From Eq. (5), a 1-D image can be reconstructed through

p(x) _ f7 (Secho)

fecho ' (6)

can be either calculated theoretically or empirical-

echo be eith Iculated th ically [13] irical

ly by performing a reference scan with an infinitely long
sample. For an infinitely long sample, Eq. (5) reduces to

Sref — (5()() ® gy(fechO) _ g:(fecho). (7)

echo

By substituting Eq. (7) into Eq. (6) one gets

:9771 (Secho)
7 (Seeho)

p(x) = (8)

This method also can compensate for echo signal decay due
to uniform relaxation and diffusion, which was not explic-
itly accounted for in Eq. (4). However, if both relaxation
and diffusion are heterogeneous, the correction will become
more difficult.

For 2-D imaging, a train of small blipped gradients can
be switched between successive echoes to phase encode
each echo separately in the presence of a constant frequen-
cy encoding gradient.

2.2. Pulse sequence

In general, the N RF pulse sequence (MMMEN) can
provide exponentially increasing number of echoes for 2-
D imaging as N gets large. However, T, relaxation and
decay due to diffusion tend to decrease the SNR of later
echoes in the time domain as we introduce more RF pulses.

Here, we describe a 2-D imaging method for the MMMES
sequence as shown in Fig. 2. An extension of this method is
applicable to any MMMEN sequences if necessary. Five
hard pulses are applied in the presence of a constant frequen-
cy encoding gradient (G,) to create 40 echoes after the last
pulse. Additional echo signals (1, 4, and 13 echoes during
5, T3, and 74 periods, respectively) can also be used for image
reconstruction. Acquisition of these echoes during the delay
between the RF pulses may be important in a situation where
the SNR of later echoes are relatively low.

For the phase encoding gradients (G,), small blipped
gradients are applied between successive echoes. Higher
amplitude echoes can be used to encode the central portion
of k-space. The strength of each blip gradient (AG,) is
<1 G/cm, and five higher gradient lobes are used to
arrange the optimal order of k-space encoding. For
instance, Fig. 3 shows the k-space trajectories in the
MMME4 and MMMES sequences for 2-D imaging.

Slice selection (G.) is achieved using an extra-slice mag-
netization destruction scheme at the beginning of the pulse
sequence. This method is advantageous for our imaging
sequence because it can minimize the gradient switching
requirement during the RF pulses. We tested both a DIG-
GER pulse (sine-sinc function) [20-22] and a soft pulse
generated by MATPULSE [23] based on the Shinnar-Le
Roux algorithm [24].
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Fig. 2. A five pulse sequence (MMMEY), used for 2-D imaging with slice selection (A). Experimental echo signals with [54° —71°—71°—71°—110°] flip

angles with the x (read) gradient are shown (B).
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Fig. 3. Optimized k-space trajectories of the MMME imaging sequence. Numbers represent the echo number from the MMME4 (A) and MMMES (B) in
sequential order in the time domain acquisition. Higher amplitude echoes are used to encode the central portion of k-space.

3. Experimental results and discussion
3.1. Experimental setup
A schematic diagram of the experimental setup is shown

in Fig. 4. A Bruker Avance spectrometer and Bruker imaging
probe (Micro2.5 probehead and gradient system with bird-

cage RF coil) are used at 9.4 T (400 MHz, "H). The sample
was tap-water in a cylindrical glass tube. Various dimensions
of water samples used in this work are listed in Table 1.

The MMME4 sequence in Fig. 1 is used for 1-D imag-
ing. Both MMME4 and MMMES in Fig. 2 are used for
2-D imaging. Other experimental parameters used in the
experiments are also summarized in Table 1.
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Fig. 4. A schematic diagram of the experimental setup. Two sinc functions
along the x and z direction illustrate the frequency selectivity of a square
RF pulse on the sample when a constant gradient field is applied along the
each direction. A cylindrical water sample appears as an infinitely long
sample along the z direction and circular along the x direction.

3.2. 1-D imaging

To verify the essential feature of our proposed method
for 1-D image reconstruction from different echoes of the
MMME sequence, we performed the MMME4 (4 RF puls-
es) sequence: [o—T1—0r—Tr—03—T3—0s—acquisition] in the
presence of a constant field gradient at 9.4 T (400 MHz,
'H), where a,’s and 7,’s are RF flip angles and the delays
(12 =311, 73 =91;) between the pulses, respectively. The
phase of all RF pulses was set to zero.

First, a reference scan to obtain information of the off-
resonance contribution (") was performed using sample
A. A constant magnetic field gradient of 10 G/cm along the
z direction is applied during the pulse and the acquisition
period. Along the z direction, a sample appears as an infi-
nitely long sample (i.e., homogeneous) and only /*"® con-
tributes to the echo shape as shown in Eq. (7). Solid lines
in Fig. 5 show echo shape variations for the MMME4
sequence with flip angle combination of
[90°—90° —90° —180°] with 7; =1 ms and the z gradient
for sample A.

To test the applicability of Eq. (5) and to check the qual-
ity of the reconstructed 1-D image profile along the x direc-
tion from Eq. (8), the MMME4 sequence with same flip
angles and delay () was performed with sample B. A con-
stant gradient of 10 G/cm was applied along the x direc-
tion. The reason for using samples of different length
along the z direction is to minimize RF inhomogeneity
issues with the x gradient experiment because the signal
from the inhomogeneous region of the RF coil is excited
in the x gradient experiment. (In theory, we can compen-
sate for this effect with an accurate knowledge of the RF
inhomogeneity profile.) Dashed lines in Fig. 5 show echo
shape variations with the x gradient. It is shown that a sig-
nificant difference between echo shapes exists between the z
(flat 1-D profile) and x (circular 1-D profile) gradient
experiments.

Fig. 6 compares the shape of each echo between the x
gradient experiment and theory. The theoretical shape of
each echo is calculated from Eq. (5), which is obtained
by convolving each echo in the z gradient experiment (ref-
erence scan) with the time domain echo signal from a con-
ventional spin echo 1-D imaging sequence. ([r/2 — =], with
the x gradient.) An excellent agreement of echo shape
between both cases in Fig. 6 confirms the validity of Eq.
(5) in our proposed scheme.

Since our method Eq. (8) involves the division by the
spectrum of each echo from a reference scan, we optimized
the combination of the RF flip angle to reduce the zero
crossings (oscillations) in each echo spectrum, which lead
to sharp peaks after the division in the sample profile
region. It is found that a combination of [54°—71°
—71°—110°] flip angles not only gives less echo amplitude
variation but also fewer zero crossings (oscillations) in
the spectrum of each echo [13]. (We note that the optimal
flip angle for the MMME sequence differs from that of
QUEST type sequences because the last pulse was not a
n pulse.) Echo shape variations for [54°—71°—71°—110°]
flip angles are shown in Fig. 7 in comparison with
theoretically calculated echo shape variations for given flip
angles.

To reconstruct the 1-D image, each echo from the
MMME4 sequence with a constant x gradient is cropped
with 100 data points in the time domain (13 sets), centered
at nt; time points from the beginning of the acquisition.
Each echo is then Fourier transformed and the spectrum
of each echo is divided by the spectrum of the corresponding

Table 1

Experimental parameters and samples used in this paper

Pulse sequences (results) 70 71 G, AG,, tpn RF (n/2) [ps] ¢ Sample At (ps)
MMMEH4 (Fig. 8) 1 ms 10 G/em 34.5 0 AB 5
MMMES (Fig. 10) 1 ms 800 s 10 G/cm 0.7 G/cm, 150 ps 34.5 0 C,D 10
MMMES (Fig. 11-B) 1 ms 200 ps 20 G/cm 0.5 G/cm, 100 ps 19.5 0 A 2.5
MMMEH4 (Fig. 11-A) 1 ms 200 ps 20 G/cm 0.5 G/cm, 100 ps 19.5 0 A 2.5
Sample A B C D (4 tubes)

Dia. x length (z), cm 0.75%x6 0.75x 1 1x5 04x4,02x4

At represents digitization dwell time and ¢ is the phase of RF pulse. #,; refers to the duration of a single phase-gradient lobe.
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echo from the reference scan (MMME4 sequence with z gra-
dient) according to Eq. (8) (ie, p(x)=F '(Si.)/
F 1 (8%40))- The results of the reconstructed 1-D image pro-
file (solid line) of a water sample inside the cylindrical glass
tube are shown in Fig. 8. Spikes from the division by zero
values outside the sample regions are removed by applying
a top-hat filter. Inset figure (A) shows the expected 1-D pro-
file of the sample obtained from a spin echo sequence with
the x gradient, and (B) is the 1-D profile of the 6th echo
before applying a top-hat filter. (Spikes outside ~32 kHz
bandwidth  were filtered out, considering that
1G L ~ 31 kHZ in this experiment. L denotes the dimension
of the sample.)

It is important to note that the reference scan experi-
ment along the z gradient with an infinitely long sample
can be replaced by theoretically calculated echo shapes
for the 1-D image reconstruction [13]. Dashed lines in
Fig. 8 show 1-D image profile obtained using theoretical
echo shapes, which removes the necessity of an additional
experiment for a reference scan.

3.3. 2-D imaging with slice selection

The pulse sequence of 2-D imaging with slice selection is
given in Fig. 2. For the MMMES sequence, five hard pulses
are applied with [54° —71°—-71°—-71°—110°]flip angle com-
binations [13] and the phase of all pulses was set to zero. 1
was varied from 200 to 800 ps with 7, =31, 73=91y,
74 = 171;. A total of 47 echoes are created and 39 echoes
are sampled for image reconstruction. Low amplitude

echoes (echo 2, 11, 42-47) are left out for better image
reconstruction. Other relevant experimental parameters
are summarized in Table 1.

A train of small blipped gradients are switched between
successive echoes to phase encode each echo separately.
The ordering of encoding k-space used in the experiments
(MMME4 and MMMES5) follows the encoding scheme
described in Fig. 3. Also, 15 high amplitude echoes are
sampled during the delays 73 and 14, and a refocusing gra-
dient lobe is applied at the end of both periods to remove
any phase accumulation before the next RF pulse.

For slice selection, Fig. 9 shows magnetization profiles
after each pulse with sample C. (Magnetization profiles
are obtained by application of each soft pulse for 1 ms fol-
lowed by spin echo detection with a z gradient.) We
observe similar slice selectivity for both soft pulses. A gra-
dient [c] (20 G/cm) in G, direction is applied to crush the
transverse magnetization excited by soft pulses.

For image reconstruction, each echo is cropped with 64
or 96 data points, centered at nt; time points from the
beginning of the acquisition and Fourier transformation
in the frequency encoding direction is performed. The spec-
trum of each echo is divided by the spectrum of the corre-
sponding echo from the reference scan (MMME sequence
with z gradient only) according to Eq. (8). Second, Fourier
transformation is performed in the phase encoding direc-
tion. Finally, a top-hat filter is applied to remove spikes
outside the image profile region along the frequency encod-
ing direction. A 2-D profile of 1 cm diameter water sample
in a cylindrical glass tube and that of 4 tubes (two 4 mm
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and two 2 mm water tubes) with 5 mm slice selection by
DIGGER pulse were obtained.

Fig. 10 shows images reconstructed following this
method with experimental parameters listed in Table 1.
(A) and (C) are images without echo variation compensa-
tion. (B) and (D) show corresponding corrected images
with our compensation scheme. Ghosting artifacts along
the phase encoding direction (y) in the uncorrected images
(A) and (C) are likely due to the amplitude, phase, and
shape variations for different echoes. Inhomogeneous
image profiles such as bright spots in (A) and (C) seem
to originate from a distribution of flip angle across the
sample along the frequency encoding direction (x). All
images are 96 x 39 matrix. Their resolutions are 0.3 mm

(x, frequency)x 0.6 mm (y, phase) for (A), (B) and
0.3 mm (x) x 0.4 mm (y) for (C), (D). The SNR (mean sig-
nal intensity in the object divided by the standard deviation
of background intensity) was measured to be ~19 and non-
uniformity of object intensity (standard deviation of signal
intensity divided by the mean signal intensity in the object)
was ~6% for the corrected images. Scan time was 45 ms for
both cases with ; = 800 ps.

Fig. 11 shows a similar image with t; = 200 ps. To pre-
vent echo overlap, frequency encoding gradient strength
was increased to 20 G/cm, and it provided enough echo
separation for image processing. However, the shorter peri-
od between echoes precluded the previously applied phase
encoding gradient due to the switching times. We

A B
5 £
3 - 3
- 0
y (phase)
1.55cm 1.55cm
uncorrected corrected
x (readout)

C D
: g

5 - o

& N~

1.72cm

1.72cm

Fig. 10. 2-D imaging with slice selection for 7; = 800 ps. All images have a matrix size of 96 x 39, and resolution of 0.3 mm (x, frequency) x 0.6 mm
(v, phase) and 0.3 mm (x) X 0.4 mm (y), respectively. (A) and (C) are images without echo variation compensation. (B) and (D) show corresponding
corrected images with our technique. Scan time is 54t; + 2 ms (DIGGER) = 45 ms for both experiments.

1.7cm

1.72cm

1.66cm

1.66cm

Fig. 11. 2-D half Fourier imaging with slice selection for 7; = 200 ps. (A) and (B) have a matrix size of 96 x 25 and 96 x 64, respectively, and resolution of

0.5 mm (x) X 0.9 mm (), 0.45 mm (x) x 0.75 mm (y), respectively.
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performed half Fourier imaging [25,26] to overcome this
difficulty because it removes the need for a high strength
phase encoding gradient in the middle of the sequence.
For image (A), a 96 x 13 matrix was obtained in 5 ms for
the positive k, component only with the MMME4
sequence. The negative components were filled using
s(—k) = s* (k) relationship to obtain a 96 x 25 matrix. The
resolution of the image was 0.5 mm (x) X 0.9 mm (y). Image
(B), a 96 x 64 matrix, was obtained in 14 ms with the reso-
lution of 0.45mm (x)x0.75 mm (y) with a similar half
Fourier method after acquiring a 96 x 32 matrix with the
MMMES sequence. The SNR of the image was measured
to be ~36 for image (A) (MMME4) and ~23 for image
(B) (MMMEY). Non-uniformity of object intensity was
~3% for the MMME4 and ~7% for the MMMES.

3.4. Discussion

The benefit of our correction technique is clearly demon-
strated in Fig. 10. However, it should be noted that the
effective field of view in the corrected image is smaller than
the field of view set by the digitization time and gradient
strength along the readout direction due to the application
of a top-hat filter. Other advanced deconvolving algo-
rithms might remove the need for division by zero values
in the signal-free region of echo spectrum, thus enabling
the use of the full field of view.

Even though a combination of [54°—71°—71°—110°]
flip angles is found to provide less variation in echo ampli-
tude and shape, both in experiment and simulation, than
[90°—90° — 90° —180°] pulses, it is not clear if there exists
a better combination of pulses for general applications of
the MMME sequence. While it is known that it is impossi-
ble to find a set of flip angles to equalize the amplitude of
all echoes even at on-resonance condition, the set of
[54°—71°—=71°—110°] flip angles is shown to provide the
minimum spread of echo amplitudes at on-resonance con-
dition [13], but not necessarily the minimum for echo shape
variations. The quality of the MMME sequence will
improve with a set of flip angles with the least echo
variations.

The limitation in the achievable speed with the MMME
imaging sequence mainly lies in two factors. The overlap of
adjacent echoes as a result of reduction in the delay
between the pulses (71) can deteriorate the quality of recon-
structed image profile. Experimentally, we observe an echo
width of ~200 ps for a 10 G/cm read out gradient strength.
In principle, it is possible to prevent echo overlap from very
short delay as echo width is inversely proportional to the
applied gradient strength. However, RF power needs to
be increased to cover the entire sample range as gradient
strength gets larger. For a sufficient excitation of the entire
sample with a hard rectangular pulse, it will be desirable to
have

2

L

N

©)

where L is the dimension of the sample, 7y is the gyromag-
netic ratio, G is the gradient strength and ¢, is the RF pulse
width. Since the field of view along the readout direction
(FOV,,) should be comparable to the sample size of
interest,

1 2
>

FOV,, =—— > L(~
° vGAt ( yGt,

); (10)
where At is the digitization rate along the frequency direc-
tion. Combining Eq. (9 and 10), we can obtain the relevant
range of applicable RF pulse widths for MMME imaging,
which is

(11)

2At <ty ~ GL'
For instance, ~20 G/cm gradient strength is needed for en-
ough echo separation (echo width of 100 ps) for 200 us (74)
delay (the shortest echo spacing we achieved in our sys-
tem). Subsequently from Eq. (11), the requirement for
RF pulse width follows as 3.2 us <, <24 ps for a 1 cm
sample. There exists a trade-off between RF power and
the possible maximum speed of the MMME imaging se-
quence with a given sample size. On the other hand, it is
possible to reduce the echo overlap by alternating the phase
of RF pulses. It is found that a simple phase alternation of
RF pulses ([0,0,0,0,0]— [0,%/2,0,7/2,0]) produces /2
phase shifts between successive echo signals, which im-
proves the separation of each echo by a factor of two.

Another factor to consider is the switching time of the
phase encoding gradient. The phase encoding gradient is
smaller than the frequency encoding gradient, and requires
less gradient slew rate. Still, it poses a limitation for
extremely short sequences. Half fourier imaging (when
the image is real) [25] seems to be a good solution to
remove the high amplitude phase encoding gradient
because only small gradient blips are used to encode half
of the k, space. We did not observe any obvious artifacts
in Fig. 11 using half fourier technique with the MMME
imaging sequence for a static sample, which indicates that
there are no detrimental local phase errors from the
MMME imaging sequence itself. However, it might be
worthwhile to apply advanced local phase recovery algo-
rithms, such as POCS along with the half fourier MMME
imaging sequence in the presence of fast flow [26].

In short, faster and higher signal-to-noise ratio one-shot
imaging can be performed at the cost of high power RF
pulses with the MMME imaging sequence proposed in this

paper.
4. Conclusion

In conclusion, we have presented a fast imaging method
based on the MMME sequence. Echo shape variations
from a constant frequency encoding gradient during the
RF pulses is successfully deconvolved from the true 1-D
image profile, and this method is extended to 2-D imaging
with phase encoding and slice selection. Fast imaging
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(<10 ms) is achieved at sub-millimeter resolution. This
method could be useful in capturing real-time events such
as the beating of a heart or muscle flexings, etc., though
motion dependent signal dephasing during the pulse train
may deteriorate image quality for in vivo applications. It
may also be used for ex situ NMR imaging applications
where a non-switchable gradient field exists such as rapid
well-logging.
The authors thank G. Leu for helpful discussions.
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