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Experimental Analyses on Contrast Behaviors of iDQC and iTQC MR Images at 4.7 T

Jee-Hyun Cho,†,‡ Janggeun Cho,†,‡ Kee-Choo Chung,† Hyo-Yeon Yu,† 

Eun Kyung Ryu,‡ Sangdoo Ahn,†,* and Chulhyun Lee‡,*

†Department of Chemistry, Chung-Ang University, Seoul 156-756, Korea. *E-mail: sangdoo@cau.ac.kr
‡Division of Magnetic Resonance Research, Korea Basic Science Institute, Ochang, Cheongwon, Chungbuk 363-883, Korea

*E-mail: chulhyun@kbsi.re.kr

Received March 30, 2011, Accepted May 3, 2011

Key Words : Intermolecular multiple-quantum coherence, MRI, Contrast, iDQC, iTQC

Contrast in magnetic resonance imaging (MRI) is general-

ly affected by the spin density, magnetic susceptibility,

molecular diffusion, perfusion, and relaxation times (T1 and

T2). Particularly, the relaxation times are the most dominant

and controllable contrast-determining parameters in conv-

entional MRI methods. Hence, many studies have been

conducted on the development of contrast agents having

the ability to change the T1 and/or T2 relaxation times to

enhance the image contrast.1-3 To create different contrasts

compared to the conventional techniques, new imaging

techniques have also been developed.4,5 A new type of MR

technique based on detecting intermolecular multiple quan-

tum coherences (iMQCs) has recently attracted considerable

attention, since it has the potential to provide a fundamental-

ly different contrast mechanism from conventional MRI,

because of the intrinsic sensitivity of the iMQCs to changes

in the magnetization and susceptibility structures.5-9

In recent years, the feasibility and applications of inter-

molecular zero- and double-quantum coherences (iZQCs

and iDQCs, second order iMQCs, respectively), in both

in vitro and in vivo MRI, have been demonstrated with

various samples.5-9 The iZQCs and iDQCs correspond to

simultaneously flipping two nuclear spins in the opposite

and same directions on distant molecules, respectively. On

the other hand, higher-order iMQCs, such as intermolecular

triple-quantum coherences (iTQCs), have been rarely studied,

because of their signal intensity limitations.6 Nevertheless,

iTQCs imaging could be more sensitive to the concentration

and molecular motion, since they originate from distant

dipolar interactions among three spins in separate molecules.

Recently, the feasibility of iTQCs microscopic MR imaging

in a high field micro-imaging system (14 T) was demon-

strated.6 Note that there have been some applications using

the relatively strong MR signals from the intramolecular

triple-quantum coherences of sodium, which has a 3/2 spin

quantum number allowing for triple quantum jumps within

an atom.11

In this study, we systematically analyzed the contrast

behaviors of iDQCs and iTQCs MR images by comparing

them with various conventional MR images obtained from

echo planar imaging (EPI), T2-weighted spin echo imaging

(SE_T2), T2
*-weighted gradient echo imaging (GE_T2

*), and

T1-weighted spin echo imaging (SE_T1) techniques at 4.7 T.

As shown in previous studies and theoretical expectations,

the intensity profiles of the iMQCs with the echo time (TE)

should be quite different from those of conventional MR

images.6,8,12-14 Thus, understanding the contrast characteri-

stics of iMQCs MR images might be necessary, in order to

utilize this technique effectively on many realistic appli-

cations, such as in vivo MRI for diagnosing diseases.

There are two different theoretical models used for

explaining the effects of the dipolar interactions between

spins on different molecules in solution.15-17 One model

treats the interaction classically using the Bloch equations

modified to include the distant dipolar field (DDF) (or

dipolar demagnetizing field) as a mean field. The DDF at a

certain position is the overall sum of the local fields created

by all of the spins in the sample. Thus, this field should

depend on the spin distribution around; it could be negligible

if the spin distribution is isotropic or symmetrical, while it

becomes significant if the isotropy of the spin distribution is

broken (e.g. by applying a field gradient pulse). It is also

possible to treat the effects quantum mechanically by the

spin density matrix formalism retaining the individual dipolar

couplings explicitly and discarding the high-temperature

approximation. This treatment clearly shows that the high-

order terms in the spin density matrix are the origin of the

iMQCs and could be converted into observable terms by the

dipolar couplings.

A CRAZED type iMQC MR imaging pulse sequence,

consisting of two rf-pulses and two field gradient pulses for

the excitation and selection of the coherences, is depicted in

Figure 1.6,8,13 Two correlation gradients along the z-direction

were used to select the iMQCs; the length of the second

correlation gradient was twice or three times that of the first

one. A traditional MR treatment would predict no signal,

since there are no magnetizations doubly and/or triply

modulated in spatial after the first rf-pulse. However, the

intermolecular dipolar couplings between distant spins

can convert the multi-spin terms (which were normally

neglected) in the equilibrium density matrix into transverse

magnetizations, hence producing signals. These signals arise

from multiple nuclear spins separated around the correlation

distance, d = π/(γGT), therefore the iMQCs MR images have

the potential to reflect structural or dynamic variations on

the distance scale.6,8
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Ignoring other dynamics such as relaxations, the signal at

the echo time (TE) obtained from either the quantum or

classical treatment is;15

;

(1)

where Jn is the nth-order Bessel function, s is the direction of

the correlation gradient and τd is the dipolar demagnetiz-

ing time (~200 ms for pure water at room temperature in a

4.7 T magnet). This signal could be substantial; for example,

the iDQC (n = 2) signal reaches a maximum at TE ~2.2τd,

which corresponds to 36% of the single quantum magneti-

zation. However, in most realistic imaging applications, spin

relaxations make such a long TE impractical, hence the

iMQC image signals should be weaker than those of conv-

entional images. Therefore, the real utility of the iMQC

images is expected to come from their different contrasts.

Figure 2 presents the MR images for a sample consisting

of three parts having different CuSO4 (as a contrast agent)

contents in water, resulting in different T1 and T2 values. The

relaxation times were calculated by using the series of

SE_T1 images and SE_T2 images shown in the figure. The

resulting images show that the relative contrasts among the

three parts in the sample vary widely with the imaging

technique and/or experimental conditions. Especially, the

iDQC and iTQC images exhibit more strongly enhanced

image contrasts among the three parts compared with the

other conventional MR images under most experimental

conditions.

Figure 3(a) shows the intensity profile of each part in the

images in Figure 2. Note that the receiver gains were set

differently for each imaging method to obtain good images.

Additionally, the images have different intrinsic signal inten-

sities depending on the imaging scheme, thus it is meaning-

less to directly compare the absolute intensities of these

images. Therefore, to compare the image contrasts obtained

using the different imaging methods, we used the signal

intensities normalized to the maximum signal intensity (S/

Smax) in the series of images obtained using each imaging

method. The normalized signal intensity enables the image

contrasts obtained using the different methods to be com-

pared. As can be seen in Figure 3, the iDQC and iTQC MR

imaging techniques with favorable experimental conditions

enhanced the image contrasts dramatically.

The fractional signal difference (ΔS/Smax) was calculated

to quantitatively assess the signal difference between the

different parts of the images (see Figure 3(b)). Here, ΔS

means the signal difference (|Si − Sc|) between each part (Si, i

= a, b or c) and part c (Sc) which has the lowest signal

intensity. This fractional signal difference represents the

degree of image contrast for the different parts in one image

which was acquired under the given experimental condi-

tions, such as the imaging method, TR, TE, slice thickness

and so on. 

From Figure 3(b), it was found that the largest fractional

signal difference in the iDQC or iTQC images is about 2-10

times higher than that in the EPI, SE_T2, GE_T2
* and SE_T1

images. As described earlier, each part contains different

amounts of contrast agent and, consequently, has different

T1 and T2 values, while the spin densities are identical.

Therefore, in the conventional imaging methods used in this

experiment, the variations of T1 and T2 should be the only

source of the contrast. Fundamentally, the image contrast in

the iMQC MR imaging techniques is also significantly

affected by the variation of the relaxation times, which is

mainly associated with the changes in susceptibility. How-

ever, the signal characteristics in the iMQC MR imaging

methods are quite different from those in the conventional

T2- and/or T1-weighted MR methods, which could lead to the

enhancement of the contrast. As one can easily see in

Figures 2 and 3, the most striking difference is that the

iMQC signals increase with increasing TE value, while the
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Figure 1. Pulse sequence for acquiring iMQCs MR images with
the EPI readout. 

Figure 2. The MR images for the three parts having different
CuSO4 contents (a: 0.25 g/L CuSO4, b: 0.50 g/L CuSO4, and c:
1.00 g/L CuSO4 aqueous solution) acquired with TE (or TR for
SE_T1) variation.
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conventional MR signals just decay. It takes time to render

the iMQCs observable (converting the iMQCs into single

quantum coherences by the intermolecular dipolar coupl-

ings). There is a competition between the signal growing and

decaying dynamics, which correspond to the intermolecular

dipolar couplings and relaxation processes, respectively.

Therefore, the maximum point is definitely controlled by the

relaxation times, T1 and T2. Especially, the effects of the

variations of the relaxation time on the signal intensities are

magnified in the iMQCs, since they come from multi-spin

interactions (e.g.  for iDQCs) influenced by multi-

exponential decaying with the relaxation times of the

individual spins.18 For part a (having the longest T1 and T2),

the signal intensity of the iMQC images continuously

increases up to a TE of ~500 ms, and then starts decaying

slowly (see Figure 3(a)). For part c, the maximum of the

iDQC signals is reached at a TE of ~200 ms and the intensity

is approximately 1/2 or 1/3 of the signal of part a at 200 ms

or the maximum point, respectively. As a result, the image

contrast between each part in the iMQC increases with

increasing TE. On the other hand, as the TE is increased, the

signal intensity of each part in the conventional MR imaging

methods, such as the T2-weighted techniques, simply decays

exponentially in proportion to the relaxation rate (1/T2) of

each part. Thus, the difference in image contrast between the

iMQC and conventional methods is relatively small at short

TEs, but it becomes significantly enlarged as the TE is

increased (see Figure 3(b)). 

Compared with the iDQC MR images, the high-order

iMQCs (such as iTQCs) images were not studied exten-

sively, due to the relatively weak signals associated with the

number of spins involved in the creation of the coherences.

However, as shown in the previous study, high coherence

order iMQC MR imaging could be very useful for the

investigation of small heterogeneity in samples (e.g. spin

density, relaxation times, structural defects, etc.) at a high

magnetic field.6 Fundamentally, the effects of the hetero-

geneity in multispin interactions would be amplified as the

Ii
+

Ij
+

Figure 3. (a) The image intensity profiles and (b) the graphs of their calculated fractional signal difference (ΔS/Smax) taken as a function of
the TE (or TR for SE_T1).
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order is increased at the expense of the signal intensity of the

image. At a low magnetic field and/or low spin density, the

signal build up time is too long to overcome the signal decay

due to the relaxation process. Nevertheless, it intrinsically

has the uniqueness and effectiveness in contrast enhance-

ment which makes it worthwhile studying in depth. In this

experiment, as shown in Figure 3, the feasibility and utility

of iTQCs MR imaging for contrast enhancement were also

demonstrated at 4.7 T with favorable experimental condi-

tions.

In summary, we demonstrated that the iDQC and iTQC

MR images are readily observable on a 4.7 T animal scanner.

The systematical analyses of the contrast behaviors of these

images, reflecting the differences in the relaxation times (T1

and T2), show that they have unique and significantly

enhanced contrast compared with the images obtained from

the various conventional MR imaging methods.

Experimental Section

Sample Preparations. We used three solutions which

have different T1 and T2 relaxation times. They are H2O

solutions including 1.00 g/L CuSO4 (T1/T2 = 201/176 ms),

0.50 g/L CuSO4 (T1/T2 = 454/245 ms) and 0.25 g/L CuSO4

(T1/T2 = 737/334 ms). Each solution was put in a regular 5-

mm o.d. NMR tube, and the three solution tubes were put in

a 15 mL conical tube containing the D2O solution.

MRI Measurements. All MRI experiments were perform-

ed on a 4.7 T animal MRI scanner (BioSpec 47/40; Bruker,

Germany) with a 35 mm volume coil at KBSI in Ochang.

The experimental data were obtained and analyzed in

ParaVision 4.0 (Bruker, Germany). All iMQC images were

acquired with the CRAZED-type pulse that includes the

echo planar imaging (EPI) readout in k-space. We also

obtained the conventional SE-EPI, SE-T1, SE-T2, GE-T2
*

images to compare their contrast with that of the iMQC

images. To acquire all of the images, we used the following

parameter settings: field of view (FOV) = 19.2 × 19.2 mm2,

slice thickness = 1 mm and matrix size = 64 × 64. We set the

repetition time (TR) to ~5 s except for the T2
* images (TR =

1 s) to minimize contamination from stimulated or inter-scan

stimulated echoes. We obtained the images with various

contrasts by varying some of the experimental conditions

(TE or TR). For the iMQC images, we set the correlation

distance to 600 μm.
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