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Abstract
Chemical exchange–dependent saturation transfer and paramagnetic chemical exchange–
dependent saturation transfer are agent-mediated contrast mechanisms that depend on saturating
spins at the resonant frequency of the exchangeable protons on the agent, thereby indirectly
saturating the bulk water. In general, longer saturating pulses produce stronger chemical and
paramagnetic exchange–dependent saturation transfer effects, with returns diminishing for pulses
longer than T1. This could make imaging slow, so one approach to chemical exchange–dependent
saturation transfer imaging has been to follow a long, frequency-selective saturation period by a
fast imaging method. A new approach is to insert a short frequency-selective saturation pulse
before each spatially selective observation pulse in a standard, two-dimensional, gradient-echo
pulse sequence. Being much less than T1 apart, the saturation pulses have a cumulative effect.
Interleaved, multislice imaging is straightforward. Observation pulses directed at one slice did not
produce observable, unintended chemical exchange–dependent saturation transfer effects in
another slice. Pulse repetition time and signal-to noise ratio increase in the normal way as more
slices are imaged simultaneously.
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Ward et al. (1) and Ward and Balaban (2) demonstrated that low-molecular-weight
compounds with slowly exchanging –NH or –OH protons can alter tissue contrast via
chemical exchange dependent saturation transfer (CEST) of chemically shifted, presaturated
spins to bulk water. Images using CEST are typically generated by subtracting images
obtained by applying a radiofrequency saturation pulse at the resonant frequency of the
exchanging protons from images obtained by applying the saturation pulse at a control
frequency. More recently, this CEST approach has been extended to exogenous
paramagnetic lanthanide chelates with slow water exchange to produce MR contrast based
on the paramagnetic CEST (PARACEST) effect (3,4). These PARACEST agents have
advantages over more conventional T1-shortening agents because they are activated
selectively by an excitation pulse applied at a specific frequency. Targeted CEST/
PARACEST agents with different targets and different resonant frequencies for the
exchanging protons may be injected together, yet imaged separately in a single examination
(5). The CEST/PARACEST effect has been applied with responsive agents (6) to produce
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images sensitive to a variety of tissue parameters, including temperature (7), presence of
enzymes (8), pH (2,9), and concentrations of glucose (10,11), lactate (12), and zinc (13).
Also, since the relaxivities of these PARACEST agents are low, endogenous MR contrast is
preserved until external radiofrequency saturation is applied and there is no interference
with subsequent imaging with T1-shortening agents.

In practice, the external radiofrequency saturation pulse is applied for a time longer than the
T1 of the bulk water protons. Woessner et al. (14) have published numerical solutions to the
Bloch equations that show that both CEST and PARACEST systems approach steady state
under these conditions. As was recently pointed out by Liu et al. (15) and Sun et al. (16), the
most straightforward acquisition schemes for PARACEST and CEST MRI involve
collecting a single line of k-space data with radiofrequency irradiation and a control. This
approach can lead to long acquisition times since this process can only be repeated with
repetition times longer than the T1 of the tissue. They approached shorter acquisition times
for PARACEST/CEST imaging with a fast imaging method like fast spin echo following a
long presaturation period. The long presaturation period may contain many short saturation
pulses rather than one long one, thereby placing less stress on the radiofrequency amplifier.

In our alternate approach, short presaturation pulses are interleaved within an ordinary two-
dimensional, multislice, gradient echo pulse sequence (Fig. 1), one short presaturation pulse
before each excitation pulse. The shorter presaturation pulses, being spaced at much less
than T1, have a cumulative effect on the magnetization. The flexibility in speed, coverage,
and signal-to-noise ratio of ordinary gradient echo imaging is preserved (17). This note
shows that multislice imaging with PARACEST/CEST agents is practical and that in a
uniform phantom the same effect is seen in each slice.

MATERIALS AND METHODS
Images were acquired in a circularly polarized, transmit-receive, birdcage coil 18 cm long,
with 10-cm diameter in a 1.5-T Signa scanner (GE Healthcare, Waukesha, WI).

Phantom data in Table 1 and Figs. 2 and 3 came from 70mm-long Eppendorf centrifuge
tubes, tapered over about a third of their length. One contained only water, one 20-mM, and
one 60-mM  (18). This agent has a chemical shift of 52 parts per million, or
3320 Hz at 1.5 T.

Slices were 5mm thick, separated by 5mm gaps. The field of view was 12 cm, echo time 5
ms. Pulse repetition time (TR) was 100 ms per slice, number of excitations was 2, and
excitation flip 30°. With a 128 by 64 matrix, this required 12.8 sec scan time per image. The
CEST saturation pulses were a Fermi function, with a maximum intensity of 1600 Hz. The
expression below, with t in ms, describes half our 50-ms, symmetric Fermi pulse. The
Fourier transform of this pulse has a full width at half maximum of 32 Hz, much less than
the water-agent chemical shift difference.

RESULTS
A five-slice CEST experiment provided the data for Figs. 2 and 3. Figure 2 shows CEST
images of the middle slice. Figure 3 shows the equivalence of CEST spectra across the five
slices.
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Table 1 shows the CEST effect for two agent concentrations, several numbers of slices (and
therefore repeat times), and several observation pulse flip angles. The CEST effect is
expressed in two independent ways, as a contrast-to-noise ratio and as the fraction of the
signal destroyed by CEST. Specifically,

where Sr is the signal in an image made with saturation pulses resonant with the CEST
agent. Sc is the signal with saturation pulses at a control frequency symmetrically on the
other side of the water resonance. Noise, N, was assessed as mean magnitude in an empty
part of the image. Noise did not vary with agent concentration, observation pulse flip, or the
number of slices and TR. Increasing TR, as happens when the number of slices increases,
increases the CEST effect by both criteria.

DISCUSSION
Sun et al. (16) and Liu et al. (15) have demonstrated that a long saturation pulse can be
broken into shorter pulses, reducing the CEST effect somewhat, depending on the saturation
pulse duty cycle. Here we have used the time this provides between saturation pulses to
observe the signal. Imaging one slice with TR twice the saturation pulse duration gives a
50% duty cycle.

The attractions of this method depend on the coverage required. To image a single slice, the
early acronym FLASH (19) for Fast Low Angle SHot is appropriate. Interleaving more
slices while continuing to follow the pulse sequence diagram of Fig. 1 and keeping the
saturation pulse duration constant increases TR. Spins in a given slice have longer to relax
before the next observation pulse at their resonant frequency occurs. Hence, sensitivity
increases with the number of slices imaged. Table 1 shows this for two concentrations at a
variety of observation pulse flips.

Sensitivity increases with the number of slices imaged because of the increased relaxation
time between excitations of a given slice. However, during that extra time, an observed
pulse directed at water in one slice may excite the CEST agent in another slice. This happens
to certain slices but not to others, potentially making slices inequivalent. Figure 4 illustrates
how this effect could arise. A similar mechanism produces unintended magnetization
transfer contrast in multislice imaging (20,21). With magnetization transfer contrast,
however, every slice affects the contrast in every other slice, not just a specific slice.
However, the results presented in Fig. 3 appear free of this inequality, as hoped, presumably
because the saturation pulses are longer than observation pulses. Thus, CEST effects in
different slices can be compared to one another conveniently and quantitatively.

In summary, we concur with others that splitting long saturation pulses into a multitude of
shorter ones is advantageous. We obtain the expected increase in signal-to-noise ratio when
we interleave more slices in a scan. We did not see spurious CEST effects in some slices due
to observation pulses directed at other slices.
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FIG. 1.
Pulse sequence for two-dimensional, multislice, gradient-echo CEST, shown here for three
slices. Saturation pulses are not spatially selective so the saturation pulse before each
spatially selective observed pulse produces a CEST effect on all slices. The number of
saturation pulses in each TR period is equal to the number of slices imaged. Scanning k-
space from most negative to most positive, rather than working from 0 out, along with four
dummy acquisitions at the start, assures reaching steady state before reaching the center of
k-space.
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FIG. 2.
Images of several samples with and without EuDOTA-from observation pulses. (gly)4. Right
column irradiated at agent resonance frequency, which is 3.3 kHz greater than water. Left
column is the control experiment irradiated 3.3 kHz below water resonance. The center
column is the difference between images, which shows only samples containing Eu (III)–
1,4,7,10-tetrazacyclododecane–1,4,7,10-tetrakis (acetamidoacetic acid).
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FIG. 3.
CEST-spectra. Y-axis: observed signal divided by signal with saturation pulse 6 kHz below
water resonance. X-axis: saturation pulse frequency relative to water (Hz). Top to bottom:
water with 0, 20, 60 mM Eu (III)−1,4,7,10-tetrazacyclododecone−1,4,7,10-tetrakis
(acetamidoacetic acid). Plotting symbols are the mean signal from the five slices imaged at
once. Error bars extend ±4 standard deviations from the means.
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FIG. 4.
Imaging five slices with an agent chemical shift that is about twice the frequency difference
between adjacent slices. Slices 1, 2, and 3 may produce a CEST effect on slices 3, 4, and 5.
Slices 3, 4, and 5, but not slices 1 and 2, receive incidental CEST from observation pulses.
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Table 1

CEST Effect at Different TR, Observation Pulse Flip, and Agent Concentration

Observation pulse
flip degrees Conc mM CEST contrast/noise CEST percentage

90 20 2.8 6.6 14.0 25.3 15 18 21 24

60 20 4.1 9.9 19.6 34.0 17 21 26 31

45 20 5.2 12.1 22.2 33.8 19 24 30 34

30 20 6.7 14.5 23.5 30.0 23 29 36 39

15 20 9.3 14.4 16.8 18.9 32 39 40 43

10 20 8.7 11.3 12.1 12.9 37 41 42 43

90 60 4.9 11.8 25.2 45.2 28 33 41 49

60 60 6.8 16.6 31.2 51.6 32 41 49 56

45 60 8.6 19.9 32.7 44.9 37 46 54 59

30 60 11.1 21.3 29.4 35.5 44 54 58 62

15 60 12.8 16.8 18.8 20.6 55 61 63 65

10 60 10.4 12.1 13.1 13.1 59 62 64 64

Slices 1  3  7 13 1 3 7 13

TR ms 100 300 700 1300 100 300 700 1300
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