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Abstract
Image contrast in intermolecular double-quantum coherence (iDQC) imaging of a pig tail was investigated on a 7.05-T microimaging
scanner. In addition to TR (repetition time) and TE (echo time), the time interval  between radio frequency pulses during iDQC evolution
and the areas under the iDQC-encode gradients in the iDQC imaging sequence were also used to manipulate image contrast. When suitable
imaging parameters were selected, images with unique contrast, such as those with certain regions of the sample highlighted, were obtained
without using contrast agents. The effects of iDQC-encode gradient on image contrast were studied quantitatively, and the unique contrast
imposed by the related diffusion weighting was also shown. Experimental results demonstrated that the iDQC images have contrast
fundamentally different from the conventional single-quantum coherence images. © 2004 Elsevier Inc. All rights reserved.
Keywords: MRI; Image contrast; Intermolecular double-quantum coherences; Microimaging; Diffusion-weighted

1. Introduction
In the past decade or so, great research efforts have
focused on the phenomena of multiple spin echoes (MSEs)
or intermolecular multiple-quantum coherences (iMQCs),
which can be observed in a highly polarized spin system
using a simple pulse sequence with two radio frequency
(RF) pulses in the presence of pulsed field gradients [1,2].
MSEs and iMQCs have been analyzed theoretically using
either classical dipolar field theory [1,3–7] or quantum mechanical density matrix treatments [1,8 –11]. Although the
formality of the two treatments is significantly different, so
far both of them have led to the same quantitative predictions of the nuclear magnetic resonance (NMR) signals for
simple pulse sequence, such as Cosy Revamped by Asymmetric Z-gradient Echo Detection (CRAZED) [2,7,8]. Recently, there has been great interest in application of the
iMQC or MSE in magnetic resonance imaging (MRI) [12–
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16], due to the unique contrast mechanisms of iMQCs that
might potentially result in novel image contrast, and provide
improved detection of tumors, for example, without the
need for contrast agent injection. Warren and coworkers
[9,10,12,13] first proposed an intermolecular zero-quantum
coherence (iZQC) imaging method. The contrast of iZQC
images reveals structural features, which are not seen in
conventional MR images. The first in vivo iDQC image was
explored by Mori et al. [15]. Zhong and coworkers successfully obtained the first multislice human brain iDQC images
using a 1.5-T clinical scanner [17], and demonstrated the
feasibility of iDQC imaging at 1.5 T for human brain functional mapping [18]. They have also investigated theoretically and experimentally, diffusion and relaxation behaviors
of iMQCs related to MR imaging contrast [19 –22]. Novel
MR imaging based on a combined diffusion weighting and
iDQC encoding [23], and dependence of image contrast in
iDQC images of human brain on several time variables have
been reported [24].
Warren and coworkers [2] have shown that iZQC signals
originate primarily from coupled spins separated by a macroscopic length, the so-called correlation distance dc ⫽
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Fig. 1. (a) iDQC SE imaging sequence, (b) diffusion-weighted SE imaging sequence.

/(␥G␦), where ␥ is the gyromagnetic ratio, G and ␦ are the
strength and duration of the iZQC-encode gradient in
CRAZED sequence, or half a cycle of the magnetization
helix generated by the coherence-selection gradient. This
correlation distance dc is produced by the first iMQC-encode gradient in a CRAZED-like sequence, so the signal
from iDQCs generated with such pulse sequence should
have similar spatial dependence as that from iZQCs. Several
research groups [25–28] have shown theoretically and experimentally that the iDQC images of heterogeneous phantoms do reveal altered contrast. For instance, Capuani and
coworkers [29,30] have demonstrated recently that by varying the correlation distance, in vivo and ex vivo iMQC
images reveal the characteristics of trabecular bone structures of particular sizes. Therefore, tuning the correlation
distance may provide new contrast for iMQC imaging.
However, to the best of our knowledge, to date there are few
practical applications of such unique contrast for iMQC
imaging.
In the present work, iDQC images of an isolated pig tail
were obtained at 7.05 T, and the effects of longitudinal

relaxation, transverse relaxation, diffusion and correlation
distance on the iDQC image contrast were investigated.
With careful selection of imaging parameters, unique contrast was obtained without the need to use contrast enhance
agents, and parts of the pig tail with different morphological
features were selectively highlighted.

2. Methods and materials
The spin echo (SE) CRAZED-like imaging sequence, as
shown in Fig. 1a, was used to obtain iDQC images. The first
/2 pulse creates iMQCs, including iZQC, iDQC and other
high-order quantum coherences, and then the iMQC-encode
gradient pair with a total area ratio of 1:2 before and after
the ␤ RF pulse was applied to select the desired iDQCs. The
␤ pulse then transforms the iDQC signals into detectable
signal quantum coherence (SQC) signals. In iDQC imaging,
␤ is chosen to be either a /3 (for n ⫽ ⫺2 quantum
transition) or a /3 (for n ⫽ ⫹2 quantum transition) pulse
for maximum iDQC signal intensities, which is increased by
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a factor of 3公3/4 compared to when ␤ is set to be /2 [17].
In the present work, /3 pulse with n ⫽ ⫺2 was used for the
␤ RF pulse to take advantage of the more uniform excitation
with a smaller flip angle. In the iDQC sequence as shown in
Fig. 1a, the first  pulse refocuses chemical shifts and
magnetic field inhomogeneities while retaining long-range
dipolar couplings. Besides removing magnetic field inhomogeneity and chemical shift effects, the second  pulse (a
soft Sinc pulse) also acts as the slice selection pulse.
Crusher gradients G'␦' were placed along the y-axis on
either side of the soft  pulse to dephase signals other than
that from the selected slice. The phase encoding gradient
and dephasing pulses for the readout gradient were placed
right before acquisition to minimize their interactions with
coherence selections. Due to the background gradients and
unavoidable imperfections in RF pulse flip angles and gradient waveforms, phase cycling of RF pulses are often
necessary. A four-step phase cycling scheme (x, ⫺x, y, ⫺y)
for the first /2 RF pulse along with (x, x, ⫺x, ⫺x) for the
receiver phase, were adopted to remove residual conventional SQC signals [31,32]. Charles-Edwards et al. have
demonstrated that the use of appropriate phase cycling
smoothes signal dips in MSE experiments, which was
caused by residual conventional SQCs [33]. iDQC images
with and without the phase cycling schemes were acquired
in this study, and the image quality improvement imposed
by the phase cycling will be illustrated in the next section.
In conventional SE imaging sequence, TR (repetition
time) and TE (echo time) are the two time parameters that
are usually used to obtain images with different contrast
effects based on T1 or T2-weighting. Besides TR and TE,
more experimental parameters, such as the areas of the
iDQC-encode gradient and time interval  between the first
/2 and ␤ RF pulses can be adjusted in the iDQC imaging
sequence as shown in Fig. 1a. Therefore, there is more
flexibility in the iDQC sequence, and unique contrast in the
iDQC images may be achieved more readily. Although both
T1-weighted iDQC and conventional SE images are obtained by varying TR, longitudinal relaxation related to
iDQC signals is not a monoexponential process [21], which
is different from the conventional SQC. It was observed that
T1-weighted iDQC images show more pronounced contrast
than that of T1-weighted SQC images (details will be given
in the next section). In both iDQC and conventional SE
imaging sequence, TE can be varied to achieve T2-weighted
images. However, the iDQC signal right after the ␤ RF
pulse needs certain time to grow to its maximum, the peak
strength and the rate to reach the maximum are functions of
T2 values [22], so the variation of iDQC signal with respect
to the increase of TE will also be different from that of SQC
signals. Therefore, the combination of the iDQC signal
growth and the transverse relaxation process related to intermolecular dipolar interactions will certainly aid in the
creation of unique imaging contrast. Moreover,  in the
iDQC imaging sequence is a unique time variable, which is
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not present in the SE sequence. This additional time variable
will add extra means to manipulate iDQC image contrast.
In addition, iDQC-encode gradient pair (G␦ and 2G␦)
and the crusher gradient pair (G'␦') are another two parameters that could be used as additional tuning tools for iDQC
imaging contrast variant. Besides their functions of encoding iMQCs and dephasing unwanted signals outside the
selected slice, respectively, the presence of these gradients
also encodes molecular diffusion process. By varying the
areas of these gradients, images of different diffusionweighting are obtained, and the relationship between the
signal intensity and the gradient area can be quantitatively
characterized. However, since the iDQC-encode gradient
acts on iDQCs, while the crusher gradient acts on SQCs
converted from iDQCs by the ␤ RF pulse, the efficiency of
these gradients for diffusion weighting are different. As
demonstrated previously by Zhong and coworkers [20,23],
the diffusion rate of iDQCs in the evolution period is twice
of that of conventional SQCs. Therefore, the diffusionweighting effect imposed by iDQC-encode gradient is twice
of the crusher gradient. In addition to its effects on diffusion, variation of the iDQC-encode gradient area can also
impose changes in correlation distance dc, which may also
contribute to the image contrast variation, as suggested
previously [25–28]. For comparison, imaging pulse sequence as shown in Fig. 1b was used to obtain conventional
SQC diffusion-weighted SE images, and the corresponding
parameters were set to the same as those in diffusionweighted iDQC imaging experiments. The contrast variations were characterized quantitatively for diffusionweighted SE images, iDQC-encode gradient imposed and
crusher gradient imposed diffusion-weighted iDQC images.
All experiments reported here were performed using a
7.05-T Varian Unity Inova NMR spectrometer (Varian,
Palo Alto, CA, USA) with microimaging capabilities. The
images were obtained at room temperature with a microimaging probehead (Resonance Research Inc., Millerica, MA,
USA), which consists of a quadrature birdcage imaging RF
coil (30 mm i.d.) and a self-shielded gradient system with
peak gradient strength of 100 G/cm each in x-, y- and
z-directions. Pig tail samples were purchased from the local
meat market, cut into sections of about 4 cm long and kept
refrigerated at ⬃5°C until measured. The following imaging
parameters were used for both iDQC and conventional SE
images: field-of-view of 3.5 cm ⫻ 3.5 cm, slice thickness of
3 mm, matrix size of 256 ⫻ 128. In the iDQC imaging
experiments, the durations of the hard /2 pulse, the ␤
pulse, the hard  pulse and the soft Sinc pulse were 29.5s,
17.9 s, 59 s and 2 ms, respectively. In experiments other
than the diffusion-weighted imaging, the iDQC-encode gradient strength G of 21.4 G/cm, duration ␦' of 1 ms, and the
crusher gradient strength G' of 24.4 G/cm, duration ␦' of 0.5
ms were used, while in diffusion-weighted imaging experiments, the iDQC-encode gradient strength G and the
crusher gradient strength G' were both set to 42.8 G/cm, and
the gradient durations were varied from 0.5 ms to 2.5 ms in
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Fig. 2. Images of a pig tail under different experimental schemes. Conventional SE image (a); iDQC images with four-step phase cycling when the
iDQC-encode gradients are along the direction of the static magnetic field B0 (b), along the direction of the magic angle (c) and along the direction
perpendicular to B0 (d); iDQC image with the same imaging parameters as in (b) but without phase cycling.

step of 0.5 ms. Because a very high-level suppression of the
conventional SQC signal was realized using the iDQC imaging sequence, the individual receiver gain was adjusted to
fully utilize the dynamic range of the analog-to-digital converters. In order to quantitatively evaluate the signal intensities of different regions of the pig tail sample, receiver
gain was set to the same value in the experiments of varying
the iDQC-encode and crusher gradient areas. The same
treatment was used for the diffusion-weighted SE imaging.

3. Results and discussions
At the center of the pig tail is a central spinal bone full
of bone marrow, which is surrounded by tendons, muscles,
fat and subcutaneous tissue, and the outmost layer is skin. A
transverse image of the pig tail obtained by conventional SE
MRI with TR of 4 s and TE of 35 ms is shown in Fig. 2a.
The marrow in the central spinal bone, the muscles and the
fat and subcutaneous tissues all appear bright. The skin
surrounding the tail has low intensity, and the outer layer of
the bone is dark. iDQC images were also obtained using the
sequence shown in Fig. 1a. To verify that the signals in
iDQC images are indeed from iDQC and not from a leakage
of SQCs through the iDQC-encode gradients, experiments
were performed with the iDQC-encode gradients applied
along the static magnetic field (B0) direction, along the
magic angle (54.7°) with respect to B0, and along the direction perpendicular to B0 (x-direction in this case). Time
durations with TR of 4 s,  of 2.7 ms and TE of 35 ms were
used in acquiring these images. The resulting images are
shown in Fig. 2b– d. As expected, a signal minimum was
observed when the gradients are at the magic angle (Fig.
1c), and the signal is approximately half when the gradients

are along the direction perpendicular to B0 (Fig. 1d), in
comparison to the image with iDQC gradients along B0
(Fig. 1b). However, when the iDQC-encode gradients are at
the magic angle, there are still weak residual signals, not
zero as predicted theoretically. This is because the pig tail is
structurally inhomogeneous and there exists magnetic susceptibility variation across the sample. As a result, the
actual gradient at the sample, which is a combination of the
applied iDQC-encode gradient and local gradient, deviates
slightly from the magic angle across the sample.
To demonstrate the image quality improvement imposed
by the four-step phase cycling scheme, (x, ⫺x, y, ⫺y) for the
first /2 RF pulse and (x, x, ⫺x, ⫺x) for the receiver, iDQC
images obtained with and without the phase cycling scheme
are shown in Figs. 2b and 2e, respectively. For the image
without the phase cycling scheme, the phase scheme (x, x, x,
x) was applied for both the first /2 RF pulse and the
receiver. Except the phase cycling scheme difference, all the
other imaging parameters were exactly the same for the two
images. As the images show clearly, the phase cycling
scheme does reduce noise level and improves signal-tonoise ratio of the images. Experimental results show that the
iDQC image with phase cycling appears smoother and
cleaner.
To investigate the unique contrast created by iDQC imaging, images of the pig tail sample obtained using iDQC
imaging sequence with different time variables, TR,  and
TE, along with SE images with corresponding TR and TE
values are shown in Fig. 3. Fig. 3a is an iDQC image with
TR of 4 s,  of 2.7 ms, and TE of 35 ms (the same image as
in Fig. 2b). Longitudinal relaxation times of the pig tail
sample are in the range of 0.5 ⬃ 1.3 s. Therefore, TR of 4 s
is sufficiently long to avoid T1-weighting effects. TE of 35
ms was chosen such that iDQC signals from different tis-
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Fig. 3. iDQC images of a pig tail with different time parameters. (a) TR ⫽ 4 s,  ⫽ 2.7 ms and TE ⫽ 35 ms; (b) TR ⫽ 0.3 s,  ⫽ 2.7 ms and TE ⫽ 14
ms and (c) TR ⫽ 2.5 s,  ⫽ 50 ms and TE ⫽ 70 ms in which bone marrow in the central spinal bone is highlighted. For comparison, (d)–(f) are the
corresponding conventional SE images with the same TR and TE values as in (a)–(c), respectively.

sues are near their maxima. Fig. 3a shows that iDQC image
obtained using these settings does not provide much additional feature, with image contrast similar to that of the SE
image (Fig. 3d) of the same sample using the corresponding
settings of TE ⫽ 35 ms and TR ⫽ 4 s.
Figures 3b and 3e are T1-weighted iDQC and SE images
(TR ⫽ 0.3 s), respectively, of the same sample. Signal from
fat tissues has a higher intensity, because T1 of fat is usually
shorter than other tissues such as muscles. Although the
same TR was used in both Figs. 3b and 3e, the contrast in
the two images is not the same. In the T1-weighted iDQC
image, only fat tissue is clearly seen with a strong positive
contrast to the surrounding tissues. In the T1-weighted SE
image, however, although fat tissue has a higher intensity,
muscles, skin and even part of bone marrow are still visible.
The contrast difference between the two images is primarily
due to the different longitudinal relaxation characterization
related to intermolecular dipolar interactions and to conventional SQCs. Unlike the monoexponential longitudinal relaxation process of SQCs, with the signal following the
function of the form (1 ⫺ e⫺TR/T1), the longitudinal relaxation process related to iDQC dipolar interactions is (1 ⫺
e⫺TR/T1)2 [21]. This indicates that when intermolecular dipolar interactions are involved, the recovery of the longitudinal magnetization through longitudinal relaxation process
is slower than when only conventional single-quantum coherences are involved. As a result, the T1 difference in
different tissues of the pig tail sample are amplified in iDQC
images, and their contrast is greater than that in conventional SQC images.
Figure 3c is an iDQC image with the central spinal bone
marrow being highlighted. This iDQC image was obtained
using the time variables: TR ⫽ 2.5 s,  ⫽ 50 ms and TE ⫽
70 ms. For comparison, conventional SE image with TR ⫽
2.5 s and TE ⫽ 70 ms is shown in Fig. 3f, in which the

central spinal bone marrow also has a higher intensity, but
the surrounding fat tissues and muscles are still visible and
with considerable intensities. The contrast enhancement of
iDQC images benefits from the presence of the additional
time variable .
Figures 4a and 4b are iDQC images of the pig tail with
varied areas of the iDQC-encode gradient or the crusher
gradient, while keeping their gradient strengths, G and G'
constant at 42.8 G/cm. In Fig. 4a, the duration ␦' of the
crusher gradient was kept constant at 0.5 ms, and the duration ␦ of iDQC-encode gradient was set to 0.5 ms, 1.0 ms,
1.5 ms, 2.0 ms and 2.5 ms, respectively. In Fig. 4b, the
duration ␦ of the iDQC-encode gradient was kept constant
at 0.5 ms, but the duration ␦' of the crusher gradient was set
to 0.5 ms, 1.0 ms, 1.5 ms, 2.0 ms and 2.5 ms, respectively.
Figure 4c is SE images of the same sample using the
sequence in Fig. 1b with the gradient strength G'' kept
constant at 42.8 G/cm, while the gradient duration ␦'' set to
0.5 ms, 1.0 ms, 1.5 ms, 2.0 ms and 2.5 ms, respectively. In
Fig. 4, TR ⫽ 3 s and TE ⫽ 35 ms were used for both the
iDQC and conventional SE images, and  ⫽ 6 ms was used
for all iDQC images. These images clearly show that the
signal intensities decrease with the increase of corresponding gradient area. This is expected with the gradient-imposed diffusion effects, larger gradient areas making the
diffusion effects greater, thus resulting in lower signal intensities. It is noticed that the bone marrow has faster signal
decay than that of the fat tissue in all three sets of images,
therefore, a contrast variation is present with the increase of
gradient areas. This is because fat tissues have a smaller
diffusion coefficient. Besides these differences, it is also
obvious that iDQC images with variation of the iDQCencode gradient area demonstrate a greater contrast change
than those of both the iDQC images with variation of the
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Fig. 4. Diffusion-weighting images of a pig tail. (a) iDQC image with different iDQC-encode gradient duration ␦, (b) iDQC images with different crusher
gradient a duration ␦' and (c) conventional diffusion-weighted SE images with different gradient duration ␦''.

crusher gradient area and conventional diffusion-weighted
SE.
To characterize the contrast change quantitatively, three
different regions of interest depicted by the three squares
labeled I, II and III in the first image of Fig. 4a were used
to measure mean signal intensities of fat tissue, muscle and
bone marrow, respectively. The normalized signal intensities were then plotted as a function of the diffusion weighting factor b, which is defined by b ⫽ ␥2G2␦2 (⌬ ⫺ ␦/3),
where ⌬ is the diffusion time. For diffusion-weighted SE
images, b ⫽ ␥2G''2␦''2 (⌬'' ⫺ ␦''/3) and for iDQC images
with varied crusher gradient duration, b ⫽ ␥2G'2␦'2 (⌬' ⫺
␦'/3). It is noted that for iDQC images with varied iDQCencode gradient duration, the gradient pair has a 1:2 ratio in
strength. As reported in our previous article [20], the apparent diffusion coefficient during the evolution period satisfies D2app ⫽ 2DT, in which DT is the conventional translational diffusion coefficient. Therefore, the action of the
first gradient, G␦ results in the diffusion weighting factor of
b ⫽ 2␥2G2␦2 (⌬ ⫺ ␦/3). On the other hand, the action of the
second gradient, 2G␦, results in the diffusion weighting
factor of b ⫽ ␥2(2G␦)2(⌬ ⫺ ␦/3) ⫽ 4␥2G2␦2(⌬ ⫺ ␦/3) since
the iDQC terms are already converted to SQC signals by the
␤ RF pulse during the detection period. To take two sides
into consideration, an averaged diffusion weighting factor, b
⫽ 3␥2G2␦2(⌬ ⫺ ␦/3), was approximately used for iDQC

images with the varied iDQC-encode gradient areas. The
plot of the normalized signal intensities versus the diffusion
weighting factors is shown in Fig. 5. The plot shows that in
the diffusion-weighted SE images, as the diffusion weighting factor b increases from 8 to 330 s/mm2, the signal
intensity of the fat tissue decreases to about 66%, the muscles to about 67%, and the bone marrow to about 63%, with
three different tissues therefore having about the same level
of signal decay. In the iDQC images with the crusher gradient duration variation, the signal of fat decreases to about
58%, bone marrow to about 57% and muscles to about 65%,
as b increases from 8 to 330 s/mm2. Although fat and bone
marrow have a slightly faster signal decaying than muscle,
the difference is not significant. The diffusion of iDQC
images due to crusher gradient appears slight faster than in
diffusion-weighted SE images. In the iDQC images with
iDQC-encode gradient duration variation, the signal decreasing is still present, but the decay rates are quite different for different tissues: fat tissue reduces to about 63%,
muscle to about 28% and bone marrow to about 17%, as the
diffusion weighting factor b increases from 8 to 330 s/mm2.
These results clearly suggest that the contrast in the iDQC
images with iDQC-encode gradient area variation is more
significant than both iDQC images with the crusher gradient
area variation and the conventional diffusion-weighted SE
images. This can be partially explained by the fact that the
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Fig. 5. Plot of normalized signal intensities of conventional SE images, iDQC images with crusher gradient duration variation and iDQC-encode gradient
duration variation as a function of the diffusion weighting factor b. In each image, signal intensities of three regions of interest corresponding to fat, muscle
and bone marrow depicted by I, II and III in the first image of Fig. 4a were obtained.

apparent diffusion coefficient of iDQCs signals is twice as
fast as that of conventional SQC signals, therefore, diffusion
weighting is more significant when iDQC signals are involved. However, the variation of the iDQC-encode gradient areas also induces changes in correlation distance, dc.
The greater the gradient area, the smaller the correlation
distance. As the studies [25–27,29,30] have shown that
iMQC image contrast does depend on the correlation distances, contribution of the correlation distance in the contrast of iDQC image due to variation of the iDQC-encode
gradient area cannot be ignored. Correlation distances usually induce novel contrast in heterogeneous samples
[13,29]. Therefore, image contrast of biological samples
with more structural features should be more sensitive to
correlation distance variation. In the pig tail used in the
present study, fat, muscle and bone have different structural
features. The spinal tail bone consists of complex threedimensional bone trabeculae [29], muscle has fibers, which
may be regarded as a two-dimensional structural feature,
and fat is more homogenous and has the least structural
features among the three. These differences in microstructures may explain why upon the variation of iDQC-encode
gradient the images of bone marrow and muscle show much
greater change than that of fat, and bone marrow is the one
with the greatest change among the three components. To
evaluate quantitatively the contribution of the correlation
distance to the contrast enhancement, we are currently carrying out more detailed studies, and results will be presented
in a separate report.
4. Conclusion
In this article, iDQC image contrast of a pig tail sample
based on CRAZED-like SE imaging sequence was investi-

gated using a 7.05-T microimaging scanner. Unlike conventional MRI, in which image contrast is based on variations
in spin density and/or relaxation times, iDQC has more
variables to be manipulated to obtain unique image contrast.
In addition to TR and TE, experimental parameters, such as
time interval of  and the areas of the iDQC-encode gradient
or the crusher gradient in the iDQC imaging sequence, can
be used as tuning tools for image contrast. When suitable
imaging parameters are selected, images with unique contrast, such as those with certain regions of the sample
highlighted, can be achieved. The effects of iDQC-encode
gradient on image contrast were also studied quantitatively.
Diffusion weighting imposed by the iDQC-encode gradient
certainly contribute to the contrast, however, the contribution of correlation distance cannot be ruled out. Questions
regarding the role of the correlation distance and how much
it contributes to contrast remain to be answered through
more detailed studies, which is underway in our laboratories.
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