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Abstract

Intermolecular multiple-quantum coherence (iMQC) MR imaging provides a fundamentally different contrast mechanism. It

allows probing tissue microstructure by tuning the direction and strength of the correlation gradient. However, iMQC images of a

specific quantum-coherence can easily be contaminated by leakage signals from undesired quantum coherences (zero, single, and

triple quantum coherence in this work). Using a modified double-quantum CRAZED imaging sequence, we show that signals

originating from various coherence orders (M ¼ 0, 1, 2, 3) can be predicted in k-space and effectively isolated by means of a four-step

phase cycling scheme and judicious choice of flip angles. Finally, preliminary data suggest the method to be able to provide in-

formation on trabecular bone architecture such as regional mean trabecular plate separation.

� 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The signal generated by distant dipolar interactions

can be explained as resulting from the mean demagne-

tizing field which leads to the generation of multiple spin
echoes (MSEs) [1,2] or, alternatively, from intermolecular

multiple-quantum coherence (iMQC) [3,4]. Recent work

has shown that iMQC imaging provides contrast that is

fundamentally different from that of conventional MRI

techniques [5–8]. The dipolar field giving rise to these ef-

fects is caused by distant spins separated by the correla-

tion distance [3,4,9]. Thus, iMQC imaging offers the

potential to probe structure size at different scale by
tuning the correlation distance. This dipolar field effect

has previously been exploited to study structured samples

[9–11]. Bowtell et al. reported a Fourier-space formalism

describing the relationship between the amplitude of
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MSE signal and the structure of heterogeneous samples,

suggesting that in periodic structures diffraction phe-

nomena might be observed [9,10]. Using a phantom of

glass beads, Capuani et al. [11] ascribed the dip in the

signal intensity ratioof the second andfirst echoplotted as
a function of the correlation distance to the pore size.

Extending CRAZED-type pulse sequences to imaging

[8,12,13], the spatial sensitivity of iMQC signals has been

recently demonstrated by directly imaging the long-range

dipolar field in structured samples [12]. Finally, by vary-

ing the direction of the correlation gradient, the method

may be able to evaluate structural anisotropy [8].

Here, we investigate the potential of iMQC imaging
for probing trabecular bone structure at a spatial res-

olution that simultaneously permits direct visualization

and quantification of trabecular network architecture.

In this manner, the observed signal modulations as a

function of correlation distance can be compared with

actual structural parameters. Unlike in structured

phantoms, the structural heterogeneity inherent to tra-

becular bone is likely to smear out the diffraction-
like signal behavior observed in studies of structured
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materials [10,11]. To investigate this effect, iMQC im-
ages of bone specimens were acquired to examine the

dependence of signal behavior on local trabecular ar-

chitecture. First, we demonstrate with a modified dou-

ble-quantum CRAZED imaging sequence [6,14] that

the iMQC signals generated from various coherence

pathways yield predictable signals in k-space. Second,
we show that these signals can be isolated by applying a

four-step phase cycling scheme and judicious choice of
flip angles, thus providing a means to eliminate imaging

artifacts resulting from undesired pathways. Third, we

apply this approach to probe trabecular bone archi-

tecture. Images acquired at various correlation dis-

tances are used to investigate the correlation between

signal intensity and mean trabecular separation.
Table 1

Four-step phase cycling scheme for the coherence order selection

ZQC SQC DQC TQC

/a /rec /rec /rec /rec

x x x x x
�x x �x x �x
y x �y �x y
�y x y �x �y
2. Materials and methods

2.1. Sample preparation and MRI experiments

Specimens of the human distal radius harvested pre-

viously for a different project were used. Two cylindrical

trabecular bone specimens were cored (2.5 cm in diameter

and 1.2 cm in thickness) using diamond band saw
(Gryphon C-40, Sylmar, CA, USA) and the marrow was

removed by immersion in trichloroethylene (Sigma–

Aldrich, St. Louis, MO, USA) for 4 h and rinsed with a

high-pressure water jet [15]. Finally, the bone samples

were wrapped with Parafilm (American Can Company,

Greenwich, CT, USA) and placed in saline-filled cylin-

drical plastic vials for imaging. All experiments were

carried out on a 4T GE Signa scanner (GE Medical
Systems, Milwaukee, WI, USA) using a home-built so-

lenoidal coil (3.4 cm in diameter). The iMQCMR images

were acquired with a modified double-quantum

CRAZED pulse sequence shown in Fig. 1. The pulse se-

quence was validated with bulk measurements on water,

in which signal magnitude for a correlation gradient

parallel to the B0 field is twice the value expected when the

gradient is perpendicular to the field and negligible at the
magic angle [16]. Images of trabecular bone specimens
Fig. 1. Modified double-quantum CRAZED imaging sequence: RF pulses of

adiabatic to achieve uniform excitation and refocusing [17]. Hyperbolic seca
were acquired with the following imaging parameters:
TR/TE/s ¼ 5000/200/30ms, FOV¼ 4� 4 cm, slice thick-

ness¼ 2.0mm, and matrix size¼ 256� 128, while the

principal axis of trabecular elements is perpendicular

to the B0 field. RF excitation was accomplished with

B1-insensitive adiabatic pulses [17] of flip angle a ¼ p=2
(adiabatic half-passage, AHP) and b ¼ p=6 (B1-insent-

itive rotation, BIR-4). A four-step phase cycling scheme

(Xiaoping Tang et al., unpublished) was applied to the
a-pulse,/a ¼ ðx;�x; y;�yÞ, while the phase of the b-pulse
was held constant, /b ¼ ðxÞ. In order to isolate signal

generated from various coherence transfer pathways,

M ¼ 0 (ZQC), 1(SQC), 2 (DQC), and 3 (TQC), the data of

each excitation was stored and combined by cycling the

receive phase (/rec) as indicated inTable 1.Measurements

were repeated at various correlation distances (Dc ¼ 200,

500, 800, and 1600 lm) with the correlation gradient
applied either perpendicular or parallel to the principal

axis of trabecular elements.

2.2. K-space signal analysis for various coherence path-

ways

IMQC images of a specificM-quantum coherence can

be contaminated by undesired coherences, thus com-
plicating interpretation of iMQC contrast and hamper-

ing its application to retrieving structural information.

The spurious signals can readily be identified since at

k ¼ 0 (i.e., where the spatial encoding gradients are

balanced), a signal resulting from encoding by the cor-

relation gradients may occur. Referring to the pulse

sequence of Fig. 1, it becomes clear that for spins

evolving with coherence orderM during the s period, the
flip angle a (AHP), b (BIR-4), as well as the first p pulse (BIR-4), are

nt refocusing pulses are used for slice-selection.
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residual k-value, DkMc , arising from the pair of correla-
tion gradients, can be expressed as

DkMc ¼ ð2�MÞ � cGcT
2p

¼ ð2�MÞ
2Dc

; ð1Þ

where Gc is the amplitude of the correlation gradient im-

mediately following the a-pulse and Dc ¼ p=ðcGcT ). The
maximum values of kx and ky in 2D k-space are given as

kMAX
x;y ¼ Nx;y

2FOVx;y
; ð2Þ

where FOVx;y and Nx;y are the field-of-view and the

number of encoding steps along either x or y direction.

When DkMc 6 kMAX
x;y , the phase of the spurious signals will

be unwound by the spatial encoding gradients; thus

leading to refocusing at a location shifted with respect to

the center of k-space by DnMx;y pixels

DnMx;y ¼
DkMc
kMAX
x;y

� Nx;y

2
¼ ð2�MÞ � FOVx;y

2Dc

: ð3Þ

The situation is different when the correlation gradient is

parallel to the slice-selection gradient. In this case, the

unwanted coherences imbalance the slice selection gra-

dient and thus will not be re-phased.
3. Results and discussion

3.1. Spurious k-space signals

Fig. 2 shows the k-space data of iDQC images ob-

tained with different phase cycling schemes. Significant
Fig. 2. Averaged iMQC k-space data and images of trabecular bone sample f

two-step phase-cycled (b) and the corresponding image (c), four-step phase

lations caused by ZQC signal contamination. When the correlation gradient is

non-phase-cycled) and the image reconstructed does not present a banding a
contamination by spurious signals is observed without
phase cycling (Fig. 2a). It is noted that artifactual signal

maxima appear at ky ¼ DkMc . According to Eq. (3), the

pixel offset DnY of these artifactual signals is 50 (M ¼ 0),

25 (M ¼ 1), and )25 (M ¼ 3). Notably, the appearance

of a TQC signal is surprising, given that its intensity is at

least two orders of magnitude lower than its SQC

counterpart [18]. Two-step phase cycling virtually re-

moves the strong SQC signal (Fig. 2b) whereas the ZQC
signal survives. As one would predict, the leakage sig-

nals cause modulations in image space, which lead to

banding artifacts (Fig. 2c). This observation explains the

residual modulations described by Bouchard et al. [13],

in which only a two-step phase cycling has been used for

iDQC imaging. However, the DQC signal can effectively

be isolated through use of a four-step phase cycling

(Fig 2d). Although four-step phase cycling is unable to
remove unwanted signals generated by higher-order

coherence pathways (M > 3), our results indicate the

four-step phase cycling to be sufficient in light of the low

intensity of higher coherence-order signals. Alterna-

tively, coherence order selection can be achieved by a

four-step phase cycling scheme in which all quadrature

combinations of a and b pulses are used, as described by

Minot et al. [18]. In addition, the selected small flip angle
of the b-pulse also facilitates suppressing unwanted

signals (all minus quantum coherences).

As expected, the banding artifacts disappear in the

reconstructed image if the correlation gradient is applied

along slice-selection direction (Fig. 2f), although the sig-

nal intensity is decreased by a factor of two due to its di-

polar angle dependence. Nevertheless, four-step phase
or different phase cycling schemes (Dc ¼ 800lm): non-phase-cycled (a),

-cycled (d). The two-step phase-cycled image shows significant modu-

applied along the slice-select direction, no spurious echo is observed (e,

rtifact (f, two-step phase-cycled).
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cycling should further improve coherence order selectiv-
ity. Previous iMQC imaging experiments were often

performedwith the correlation gradient applied along the

slice selection direction to avoid its possible interference

with spatial encoding gradients [6,13,19]. Since the cor-

relation gradient for an unwanted coherence pathway

imparts a magnetization helix which translates into a

phase modulation across pixels. Thus, the unwanted sig-

nal should vanish as long as the correlation distance is
much less than the pixel size. However, in some circum-

stances, the spurious signal might persist. Possible situa-

tions include a non-integer number of helix cycles per

pixel, an inhomogeneous distribution of spin density (as

one might expect, for example, for trabecular bone), or

the intervention of strong local field gradients. Therefore,

four-step phase cycling is important in applications of
Fig. 3. A gradient-echo reference image (pixel size¼ 156� 156lm2) of the trab

various correlation distances (b–e); plot of iDQC signal intensity versus co

average from the entire section (labeled ROI 3). The weak modulations obser

selected.
iMQC imaging to the study of quasi-regular heteroge-
neous structures such as trabecular bone networks which

are inherently anisotropic and thus require measurement

at more than one orientation of the correlation gradient.

3.2. Assessment of trabecular architecture

The iDQC images of bone specimens acquired at var-

ious correlation distances are shown in Figs. 3b–e. It is
noted that the image contrast is a function of correlation

distance, a behavior that depends on local trabecular ar-

chitecture, while an edge attenuation effect is observed at

the largest correlation distance [12]. Similarly, signal loss

occurs at the boundary between bone and water, causing

the trabecular elements to appear thicker than in the SQC

image (Fig. 3a). This observation is consistent with prior
ecular bone specimen (a); IDQC images of trabecular bone acquired at

rrelation distance for the ROIs indicated in (a) (f); as well as for the

ved in (e) are caused by leakage signals at the large correlation distance
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work by Bouchard et al. [13] in a study of structured
phantoms. For the modified CRAZED sequence, image

intensity is determined by the density of paired spins

separated by the correlation distance. Therefore, the sig-

nal intensity is expected to increase as the correlation

distance approaches the mean trabecular spacing. Con-

sequently, when recording the signal by stepping the

correlation distance, trabecular separation (mean dis-

tance between trabeculae) can, in principle, be retrieved as
preliminary data obtained in capillary arrays suggest [20].

Evidence for such behavior is provided by plots of signal

intensity versus correlation distance in two distinctly

different regions of interest (ROI) (Fig. 3a). The curve

corresponding to ROI 1 suggests a maximum around

Dc ¼ 500lm,not seen for correspondingdata fromROI2

(Fig. 3f). To examine the relationship of these findings

with actual structural measures, trabecular separation
distributions were calculated from the reference image

(Fig. 3a) using the fuzzy distance transform method [21].

The mean and standard deviation of these distributions

are 675 and 422 lm for the ROI 1 and 467 and 226 lm for

ROI 2. These preliminary results suggest that quantitative

regional trabecular separation measurements may be

possible, although the relatively coarse sampling of cor-

relation distance does not permit quantitative measure-
ments at this stage. It is noted that when the signal from

the entire cross-section of the specimen is plotted, a curve

intermediate between those from the two ROIs is ob-

tained, reflecting structural heterogeneity (mean/

SD¼ 641/406 lm), suggesting the need for performing

localized measurements.

Capuani et al. [11] reported trabecular pore size in

bovine femoral bone on the basis of MSE bulk signals.
The observed multiple dips, which they claim to occur at

values of the correlation distance matching mean tra-

becular pore size. However, very recent data obtained

from bulk measurements (i.e., non-spatially resolved)

indicate that such dips are likely the result of performing

the experiments without phase cycling [22]. Also, in the

work of [11] the retrieved pore sizes were not validated

against actual structural measurements. Our preliminary
results emphasize the need for localized measurements

since trabecular architecture can be highly heteroge-

neous [23]. Finally, an alternative approach to measure

the spatial periodicity of quasi-regular structures is

q-space imaging [24,25], for example, to retrieve struc-

tural information of biological tissues. However, the

typical length scale in that method is on the order of the

diffusion distance (i.e., 1–10 lm) whereas trabecular
separation is at least two orders of magnitude larger.
4. Conclusions

This work shows that in double-quantum coherence

imaging involving dipolar coupling between distant
spins, leakage signals from undesired coherence path-
ways (ZQC, SQC, and TQC) can be eliminated by

means of four-step phase cycling and judicious choice of

flip angles. Experimental data on trabecular bone spec-

imens suggest the feasibility of retrieving structural pa-

rameters such as mean trabecular separation.
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