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MR Imaging with Phase Encoding of Intermolecular Multiple
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Novel 2D and 3D pulse sequences producing images through
the phase encoding of intermolecular multiple quantum coherences
(i-MQCs) are presented. The signal acquired with these sequences is
free from intermolecular zero quantum coherences (i-ZQCs) which
are not phase encoded and additional phase cycling eliminates arti-
facts. Phase encoding during the n-quantum evolution period pro-
vides n times the resolution expected from equivalent phase encod-
ing of the reconverted single quantum coherences. These sequences
have potential applications for producing i-MQC images of bio-
logical tissues as well as nonbiological materials with substantial
amounts of water.  © 2001 Academic Press
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helix (1). The ability to potentially manipulate image contrast by
changing the helix pitch and thus altering the interaction distanc
between the spins makes this technique of interest for biologic
and clinical imaging. Previous work employing i-MQCs to pro-
duce MR images adopted multiple quantum filtering strategie
that convert i-MQCs to single quantum coherences that are the
phase and frequency encodé&dq). In this Communication, we
demonstrate a novel approach for creating i-MQC images ¢
water protons with enhanced resolution by phase encoding t
i-MQCs during their evolution.

Figure 1 displays the pulse sequence used to produce 2
slice-selective images employing i-MQCs. The first plilse

creates i-MQCs and i-ZQCs. The coherence grad&nton
during the i-MQC evolution period, creates a magnetization he
Intermolecular multiple quantum coherences (i-MQCs) créix with pitch length of 2r/y Git. The phase-encoding gradi-
ated from the distant dipolar field have been employed feft G, is also on during the evolution period of the i-MQCs.
producing magnetic resonance imagess]. The imaging se- The i-ZQCs are insensitive to gradients and are thus not pha
quences are based on the CRAZET) (COSY Revamped by encoded. However, in the caselof 0 one might expect con-
Asymmetric Z-Gradient Echo Detection) sequence for creatibutions from i-ZQCs. Such contributions can be suppresse
ing i-MQCs and the HOMOGENIZED1(0) (HOMOGeneity by employing appropriate phase-cycling schemes. The secol
ENhancement by Intermolecular ZEro Quantum Detection) sgulse ¢°) is issued at the optimum flip angle for maximizing
quence for creating intermolecular zero quantum coherengegonversion of i-MQCs into SQCs. For intermolecular dou-
(i-ZQCs). In the past, the technique of phase encoding multigé quantum coherences (i-DQCs) the optimum angle is 12
quantum coherences has been carried out only in systems with6(> depending on echo or antiecho selectiér= 90° can
intramolecular coupled spind1-13). The creation of i-MQCs, be employed for reconversion of other higher order i-MQCs
however, does not demand the presence of intramolecular spie period between the first 9@ulse and the° reconver-
couplings and can thus be applied in a wide range of systegién pulse,ziwg, can be varied to produce contrast that de-
including biological specimens. pends on the transverse relaxation of i-MQQ$,(-vac). The
Sequences for the creation of i-MQCIs-8) usually apply a coherence selection gradie6t of amplitudenG; unwinds
RF pulse followed by a gradient pulse that modulates the traige helix. The period after reconversion,+ TE/2, is opti-
verse magnetization into a helical structure. The pitch length, mized to produce coherence transfer echoes of coherence
of the helix is given by 2/y Gt wherey is the gyromagnetic dern (14). Depending on the relative gradient polarity of the
ratio, G is the gradient strength, ands the duration of the gra- coherence transfer selection gradient pair and G,, coher-
dient. The signal is generated from pairs of spins within a corrence transfer echoes or anti echoes can be generated. The
lation distancel = = /y Gt that is half the repeat distance of thenerence gradier®; can be placed anywhere between the firs
90° pulse and th&° reconversion pulselp). The final 180

1 To whom correspondence should be addressed at 139-74 Beckman I&H—lse is a slice-selective-shaped puBgiceis the slice-selective

tute, Caltech, Pasadena, CA 91125. Fax: (626) 449-5163. E-mail: rjacob%d!em and the paiGcr .symmetric to the slic.e—selecti_ve
caltech.edu. gradient are crusher&gg, is the read compensation gradient
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FIG.1. Pulse sequence for 2D slice imaging using i-MQGg.andG; are coherence order selection gradients. (See text for details.) The arrow indicates
position of the echo.

and the echoes or antiechoes are frequency encod&kky on an SGI Indy work station. Unless stated otherwise, field-of
the read gradient. The last9fulse along with the spoiler gradi- view (FOV) quoted in this Communication corresponds to phas
entsGc; at the end of the sequence eliminates stimulated ech@esl frequency encoding with SQCs.
(2, 3. We also employed the phase-cycling scheme of Minot Figure 3 shows 2-mm-thick slice images of the phantom ob
et al. (15) to further improve the separation of the required cdained with a FOV of 2x 2 cm. The view perpendicular to long
herence order. axis of the tubes is displayed. The image shown in Fig. 3a wa
Figure 2 shows the pulse sequence for 3D imaging witibtained with a conventional spin echo sequence. Figures 3b al
two phase encoding gradien® and Gp applied during the 3c are i-DQC images obtained with the 2D sequence shown i
evolution period of i-MQCs followed by frequency encodingd-ig. 1. Figure 3b shows the i-DQC image obtained with phast
of single quantum coherences. A hard 1®Qilse along with encoding along and read along thgdirection. Figure 3¢ shows
crushersGc, replaces the soft 18@ulse of the slice-selective the i-DQC image obtained with phase encoding alpagd read
version. Other symbols are as in the 2D sequence. alongx direction. The phase and read gradient values used i
All the experiments reported here were implemented usind-&3. 3a, 3b, and 3c are identical. In Fig. 3b and 3c the cros
500 MHz (11.7 T) Bruker AMX spectrometer running Paravisections appear elliptical with major-to-minor axis ratio of 2: 1
sion software for image acquisition. The i-DQC images shovand the major axis along the phase direction. Figure 3d wa
were obtained with an actively shielded microimaging probebtained with parameters identical to Fig. 3b, except that th
head employing a 10-mm birdcage RF coil maintained at 293 phase-encode gradient increment was reduced by a factor of
The experiments were conducted with a phantom consistingTdie i-DQC images display slighg; inhomogeneity artifacts at
one large tube with three inner tubes. The outer tube 4.d. the edges.
9 mm) and two inner tubes (i.dv 2.4 mm) were filled with Figures 4a and 4b show twey slices extracted from 3D data
water and one inner tube is empty. The reconversion flip anglets. The FOV for the 3D images wax22 x 2 cm. Figure 4a
0° was 120. The value of the pitch length is 156m for all the was obtained with the sequence shown in Fig. 2. i-DQCs wer
images. The\ and TE were kept at 6 and 15 ms, respectively, fgghase encoded along two dimensions and the single qua
all the water phantom images. The images were thresholdedtim coherence was frequency encoded in the third dimensiol
dividually and processed with the VoxelView software runningigure 4b displays the same slice obtained with a sequenc
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FIG. 2. Pulse sequence for 3D imaging of i-MQCs.

(not shown here) in which single quantum coherences converterder. As expected, the standard expression for the FOV in tt

from i-DQCs were phase and frequency encodeeB). The single quantum state is obtained whee= 1. Moreover, when

strengths of the phase encode and read gradients were kepatheMQC of coherence orderis phase encoded with a gradient

same for obtaining both the images. There is a distortion-fretep size AG, the “effective” step size becomaa G. Because

magnification of a factor of 2 for each phase encoding performtte FOWbpaseiS inversely proportional to the step size it gets

before conversion to single quantum coherence. reduced by a factan. This offers the advantage of employing
The integrity of the i-DQC signals was tested in several wayseduced phase encode gradient amplitudes with i-MQCs ar

Coherence gradients placed along the magic angle nulled di#aining images with resolution equivalent to the normal singls

signal. Changing the coherence gradient froto thex or y quantum image resolution.

directions reduced the echo amplitude by half. The coherenceThe voxel size in 2D slice selective (i-MQC) image can be

selection was extremely sensitive to the ratio of the gradieexpressed as

pair G; andG,, such that even a slight deviation from the cor-

rect ratio of 1:2 resulted in a nulling of the signal. All these

observations confirm that the signals generated were due, o {2D) = [FOVlphaseivac)  [FOV]read

i-DQCs. St NNy Ny
Interpretation of the effect of phase encoding in the multi- 2]

ple quantum versus the single quantum state is straightforward.

Phase encoding the i-MQCs yields afield of view,

- Slice thickness

wheren is the coherence order amd, and Ny are the number

of points along the phase and read directions. Since the FO
[1] (SQC) in our case is % 2 cm andN, and Ny are 128, the

in-plane resolution for the images shown in Figs. 3b and 3c ar

78 x 156 and 156x 78 um alongx andy directions, respec-
whereAG is the gradient increment which is the same for eadlvely. For images shown in Figs. 3a and 3d the in-plane resolt
phase step,is the phase encode duration, arid the coherence tion is 156x 156 um.

1

FOV MQC) = ————,
[ ]Phase(tMQC) t. I’l)/AG
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FIG. 3. Slice images: (a) spin echo; (b, c, d) i-DQC images obtained using the sequence shown in Fig. 1. (See text for details.) Slice thickness 2 mm.
size 128x 128, TR=2s,NS=4, FOV (SQC)= 2 x 2 cm.

When multiple phase encode gradients are applied during tRdQC evolution period the voxel size is
evolution of i-MQCs the voxel sizes get reduced by a factor
of n for each phase encode direction. For example, in a 3D . )
experiment where two phase encodes are applied during the v, (3D) = iz FOV("MQC)PhaSE. FOV(I-MQC)phase
n NX NY

. FOV(SQC)?ead
Nz ’

(3]

whereNy, Ny, andN, are the number of points along the two
phase encodes and read directions and the order of the
coherence. We can readily see that the voxel size is reduce
by a factor of 4 by encoding both the phase directions with i-
DQCs. The images shown in Fig. 4a and Fig. 4b correspond t
an in-plane resolution of 156156 and 31% 312um , respec-
tively. The resolution along the read direction is 168. In both
cases measurements of the signal-to-noise ratios for the i-DQ
images correlate well with the voxel sizes derived in Egs. [2]

FIG.4. 2D slices obtained from 3D data sets are shown. The 3D data siz&gd [3] . .
128 x 64 x 64. NS=4, FOV (SQC)=2 x 2 x 2 cm. The 2D slice dimension ~ Following Warren and colleagued, 14 the signal re-
corresponds to 64 64 and TR= 1.5 s. converted from i-MQC with coherence order is given
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by pared to phase encoding of single quantum coherence recc

Nty ) verted from the intermolecular double quantum coherence. Tt

tAs

images obtained by phase encoding the intermolecular douk
guantum coherence are free from contamination due to inte
3 (_t2A5> 11/ Taruoc gt/ Tasoc 4] molecular zero quantum coherence except for the possibility :

S(tl, t2) — in—leiwztze—inwltl MO (

k = Oline. This can be eliminated by appropriate phase cycling

The techniques outlined here can be easily extended to produ

wherews, w; are the frequencies of precession during the T3 yqc, Tzi-mqc, and i-MQC diffusion-weighted images. In

(n-quantum evolution) anth (single quantum detection) peri-general i-MQC signals are weaker than the SQCs employed

ods with their respective transverse relaxation timkss the conventional imaging. However the contrast produced in i-MQC

nth order Bessel functiomys = [3(5 - 2)> — 1]/2 where§ is the images makes these sequences attractive.

direction of the of the coherence gradients, and the static

ma_lgneticfield_directionvlo isthe e_quiliprium ma_lgnetization per ACKNOWLEDGMENTS

unit volume,yis the gyromagnetic ratio, and, is the vacuum
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