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A number of contrast enhancement effects based on the use of intermolecular multiple-quantum coher-
ences, or distant dipolar field effects are known. This phenomenon is characterized by the dependence on
the mth power of the initial magnetization (where m is the coherence order used). In this paper, we
describe the contrast enhancement based on chemical exchange saturation transfer and NOE, which is
achieved by the use of intermolecular double-quantum coherences (iDQC). The method was validated
using clinically relevant systems based on glycosaminoglycans and a sample of cartilage tissue, showing
that the CEST contrast, as well as, NOE are enhanced by iDQC.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Recently, a large class of chemical exchange saturation transfer
(CEST) agents and methods have been introduced to provide a
mechanism for contrast enhancement in MRI. Exchangeable
groups on molecules, which can be irradiated separately from the
water resonance, can transfer their degree of saturation to the large
water pool. The changes in the water signal can then be detected
with higher sensitivity. Large contrast enhancement factors have
been reported [1,2]. The introduction of paramagnetic centers as
CEST agents allows one, in principle, to achieve higher enhance-
ment factors if there exists a large induced chemical shift. A related
effect is based on the magnetization transfer (MT) effect [3],
whereby irradiation off-resonance from the water resonance leads
to the saturation of the proton pool on immobilized molecules due
to the large homogeneous broadenings arising from dipolar cou-
plings. Examples of applications of the CEST approach include
imaging tissue pH [4], mapping brain proteins through their –NH
residues [5], monitoring glycogen concentration in the liver [6],
mapping specific gene expression in vivo [7], and assessing glycos-
aminoglycans in tissues [8].

It was recently shown, that the MT effect can be enhanced by
combining it with intermolecular multiple-quantum coherences
ll rights reserved.

how).
(iMQCs), whereby the contrast effect is raised to the mth power
(m being the coherence order) [9]. In addition, it was shown that
the signal modulations in the Goldman–Shen, as well as, in the
Edzes–Samulski experiments can be enhanced in a similar man-
ner. The transverse and longitudinal relaxation behaviors of
iMQCs have been analyzed [10,11], and the enhancement of z-
spectrum dips was shown using intermolecular double-quantum
coherences (iDQCs) with a simple system of ethanol and water
[12].

In this paper, we show that the CEST contrast, as well as, the
NOE, can similarly be enhanced by exploiting the iMQC effect in
a clinically relevant system. For demonstration purposes, we
choose a model system relevant for imaging cartilage, interverte-
bral discs, heart valves, and the cornea [8], namely solutions of gly-
cosaminoglycans (GAGs), and show a nonlinear enhancement of
the contrast due to iDQCs (intermolecular double-quantum coher-
ences). Contrast enhancement is also demonstrated on cartilage
tissue, comparing the conventional single quantum (SQ) with the
iDQC approach.

2. Theory

The formalism of iMQC was established to describe the forma-
tion of multiple echoes and harmonic peaks in NMR experiments
[13,14]. Alternatively, one may explain such phenomena
using the classical concept of the distant dipolar field, or dipolar
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Fig. 1. Pulse sequence for (a) CEST, (b) iDQC CEST, and (c) iDQC CEST imaging.

Fig. 2. –NH CEST vs. [GAG] using SQ and iDQC CEST.
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demagnetizing field (DDF) [15,16]. While both the classical and the
quantum treatments appear equivalent, the quantum description
lends itself more readily to the interpretation of experimental re-
sults using common NMR concepts such as phase cycling, and
coherence selection via pulsed field gradients [13]. By contrast, a
quantitative description is typically more easily performed using
the classical description. iMQC imaging contrast has also been ap-
plied to show structural contrast [17–20] and functional imaging
applications have been developed [21].

iMQCs can be created in an experiment simply by applying a
hard pulse to a sample at equilibrium. At high temperature, the
equilibrium density matrix may be written as

qeq ¼ 2�N
Y

i

ð1� aIziÞ; ð1Þ

where a ¼ �hx0
kT . After a hard 90� x-pulse one obtains

q ¼ 2�N
Y

i

ð1þ aIyiÞ

¼ 2�N 1þ a
X

i

Iyi þ a2
X

i;j

IyiIyj þ a3
X
i;j;k

IyiIyjIyk þ . . .

" #
; ð2Þ

which contains terms with increasing coherence orders. The differ-
ent terms can be selected either by phase cycling or by pulsed field
gradients.

The application of another pulse leads to the partial creation of
intermolecular antiphase coherence. If double-quantum terms are
selected between the pulses, the maximum conversion is obtained
if the second pulse angle is 60� (for the coherence pathway of
�2 ? �1) or 120� (for the coherence pathway of +2 ? �1). This anti-
phase term then leads to an observable signal via the evolution under
intermolecular dipolar couplings [22]. The signal carries a prefactor
of a2 (or a|m| if an m-quantum filtered experiment is performed).

Similarly, the classical theory can be used to derive the signal
amplitude as

Sðt2Þ¼M0i�m�1½mJmðfÞ=f�1=2fJm�1ðfÞ� Jmþ1ðfÞgcosh�expð�t2=T2Þ;
ð3Þ

where M0 is the initial magnetization value, Jm the Bessel function of
order m, f = l0cM0t2sinh, and h the flip angle of the second pulse
[23]. From this expression one likewise deduces the dependence
of the signal on Mjmj

0 , as well as, the dependence on the flip angle,
i.e. (1 + cosh)sinh for m = �2, and (1 � cosh)sinh for m = 2 [23].

Since at the time of the application of the pre-saturation pulse
the demagnetizing field is practically zero and the spins contribut-
ing to the iDQC signal are expected to be uncorrelated, each of
them is affected in the same way as in the conventional CEST
experiment. Therefore, it is permissible to write hIziIzji = hIziihIzji
where hIzii and hIzii denote the expectation values observed in the
conventional CEST experiment for the spins that are involved in
the iDQC. As a result, the overall M2

0 dependence of the signal is ob-
served with M0 representing the magnetization altered from equi-
librium by the pre-saturation pulse.

3. Results and discussion

We have recently identified the exchangeable groups on glycos-
aminoglycans (GAGs), which lend themselves towards measuring
GAG concentration via a CEST method in MRI. Every GAG unit
has one –NH and several �OH, which can be used as CEST agents.

Fig. 2 shows the results of CEST experiments on samples of
varying GAG concentrations. The CEST effect can be quantified by

CESTðdÞ ¼ ½Sð�dÞ � SðþdÞ�=Sð�dÞ; ð4Þ

where S(d) is the signal integral after pre-saturation at the offset d.
The conventional SQ CEST method leads to a linear effect with
concentration in the low concentration regime. The CEST effect
as measured in the iDQC experiment depends on the square of
the initial magnetization M0, which decreases upon GAG satura-
tion. The iDQC CEST factor can be shown to be

CESTiDQC ¼
SiDQCð�dÞ � SiDQCðdÞ

SiDQCð-dÞ
¼

S2
SQ ð�dÞ � S2

SQ ðdÞ
S2

SQ ð�dÞ

¼ SSQ ð�dÞ � SSQ ðdÞ
SSQ ð�dÞ 2� SSQ ð�dÞ � S SQ ðdÞ

SSQ ð�dÞ

� �

¼ 2CESTSQ � CEST2
SQ ð5Þ

under the weak rf pulse approximation [2]. The result is a second
polynomial plot of the form 2p[GAG]–p2[GAG]2 with p depending
on the exchange and relaxation parameters, as well as, on the water
content of the sample. At higher concentration this curve will be al-
tered because the CEST effect itself becomes nonlinear.

Fig. 3 shows the comparison between the SQ CEST and the iDQC
CEST experiments performed on a cartilage sample. The enhance-



Fig. 3. z-spectra using SQ and iDQC CEST on a bovine cartilage specimen.
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ment of the CEST effect in the iDQC version is clearly visible for all
exchangeable sites, as well as, for the sites that have been identi-
fied as NOE-based [8]. Because of the presence of the NOE effect,
a conventional MT asymmetry analysis would be misleading for
some of the CEST sites due to the overcompensation by NOE in
the subtraction step of Eq. (4) as reported in reference [8].

Fig. 4 shows SQ CEST and iDQC CEST images performed on a
GAG sample using the hydroxyl protons as the exchangeable
groups. The images show S(d = 1 ppm)/S(d = �1 ppm), in which
case the SQ and iDQC intensities should compare according to

½SðdÞ=Sð�dÞ�iDQC ¼ ½SðdÞ=Sð�dÞ�2SQ : ð6Þ

The experimentally observed intensities agree well with this rela-
tionship as shown in Fig. 4.

4. Conclusions

We show that contrast based on CEST can be enhanced by com-
bining the experiment with intermolecular double-quantum
coherences (iDQCs). This effect is demonstrated with a clinically
Fig. 4. SQ and iDQC CEST images of a GAG phantom
relevant system (glycosaminoglycan solutions), as well as, on a tis-
sue sample. Two-dimensional images demonstrate directly the
squared dependence of the contrast on the initial magnetization.
Previously-identified NOE sites are also shown to exhibit this con-
trast enhancement effect. Using this concept in combination with
nonlinear feedback or chaotic spin dynamics [24–27] one may fur-
ther enhance the contrast of CEST, MT, and NOE imaging, as well as
of any other processes that alter the initial magnetization.

5. Experimental

5.1. NMR sample preparation

Five samples with 125, 100, 75, 50, and 25 mM GAG concentra-
tions were prepared from CS A (Aldrich–Sigma, St. Louis, MO, USA)
in a standard solution of phosphate buffered saline (PBS, pH = 7.4,
cell culture, Aldrich–Sigma). The concentration refers to the num-
ber of the disaccharide units in GAG.

The bovine cartilage samples were obtained from a USDA ap-
proved slaughter house (Bierig Bros, Vineland, NJ) within 5 h of
animal sacrifice (4–6 months old cows) and frozen at �20�C until
used. After deicing, the soft tissue was removed first. The samples
were cut so as to include every anatomical region of cartilage, and
without bone segment, and placed into 5 mm liquid NMR tubes
(sample sizes—4 mm in diameter and 5 mm in length). Flourinated
oil (Fluorinert, FC-77, Aldrich–Sigma) was filled into the void
spaces for reducing susceptibility artifacts.

5.2. NMR hardware

Data are acquired at 11.7 T (500 MHz 1H frequency) using a Bru-
ker Avance spectrometer equipped with a BBO probe. The temper-
ature of the sample was stabilized at 22 �C with a variation of
±0.2 �C.

5.3. NMR experiments

For the single quantum (SQ) CEST experiments, continuous
wave irradiation (CW) was used with the irradiation power and
duration varying according to the system of interest, followed by
a 5� pulse (x1/2p = 6.7 kHz). The short pulse allows one to reduce
the recycle delay and alleviates radiation damping effects. Eight
accumulations were used, a spectral window width of 10 kHz
and 8192 points were used, and the recycle delay was set to 6 s.

For the iDQC CEST experiments, continuous wave irradiation
(CW) was used with the irradiation power and duration varying
according to the system of interest, followed by a 90� pulse and a
. Inner tube: 44 mM, outer tube: 88 mM GAG.
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60� pulse. A combination of phase cycling and pulse field gradients
was used to select the intermolecular double-quantum coherence.
The phase cycle was uCW = 0�, u90� = k � 45�, u60� = l � 90�, and the
receiver phase ur = k � 90� � l � 90� with k = 0,1,2,3,4,5,6,7 and
l = 0,1,2,3. Two trapezoid-shaped gradients were used with a
duration of 800 ls and 200 ls rise and fall times were applied
before and after the 60� pulse, with strengths of 18.4 and
�36.8 G/cm, respectively. A spectral window width of 10 kHz,
and 8192 points were used, and the recycle delay was set to 10 s.

For measuring the –NH based iDQC/SQ CEST effect, the probe
was detuned by +4 MHz to reduce radiation damping effects. The
GAG phantoms were irradiated for 6 s at d = ±3.2 ppm, with an irra-
diation power of 550 Hz (d = +3.2 ppm is irradiation at the –NH site
of GAG, and d = �3.2 ppm is irradiation on the other side of the
water signal). The power level for the other pulses was set to x1/
2p = 6.7 kHz.

For both the SQ and the iDQC z-spectra on cartilage, the probe
was tuned on resonance. There was no interference with radia-
tion damping for this sample, mainly due to the much shorter
T2 (typically 20–30 ms in articular cartilage). The CW irradiation
power was 50 Hz and the duration 10 s. The power level for the
other pulses was set to x1/2p = 23 kHz. A total of 71 spectra
were collected with 100 Hz shift in offset frequency per step.
The water intensity was then plotted as a function of the irradi-
ation frequency with respect to the center of the main water
resonance.

5.4. Imaging

A Bruker 7.4 T micro-imager was used to obtain the images
shown in Fig. 4. The instrument was equipped with a probe of
10 mm diameter and a gradient unit with a rise time of 100 ls
and a maximum gradient intensity of 180 G/cm. A sample with
two concentric tubes of 5 and 10 mm diameter containing 44
and 88 mM chondriotin sulfate, respectively, was prepared. A sat-
uration power of 85 Hz and duration of 4 s was used in both the
conventional CEST experiment as well as the CEST iDQC experi-
ment. The imaging module was a fast spin echo with 4 echoes
per scan and TE/TR of 29/7000 ms. The imaging pulse sequence is
shown in Fig. 1c. The gradients were of 24.3 and �48.6 G/cm
strength and their durations 0.6 ms. Best results were achieved
using an echo delay te (optimized for the conversion between
T2,�1 ? T1,�1), followed by a 90� pulse and crusher gradient of
136.1 G/cm strength and 3 ms duration, after which the T1,0 com-
ponent remains. This component is then imaged using a fast spin
echo readout. The echo delay te was 70 ms and tLM = 2 ms. The
number of averages was 1 for the SQ CEST measurement and 64
for the combination with iDQC. The image was represented as
S(d = +1 ppm)/S(d = �1 ppm).

5.5. Data processing

For both the SQ and iDQC CEST experiments, the integral of
water signal was used to plot the CEST effect, the integration re-
gion was chosen as ±0.3 ppm with respect to the water signal.
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