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a b s t r a c t

Chemical Exchange Saturation Transfer (CEST) offers a new type of contrast for MRI that is molecule spe-
cific. In this approach, a slowly exchanging NMR active nucleus, typically a proton, possessing a chemical
shift distinct from water is selectively saturated and the saturated spin is transferred to the bulk water via
chemical exchange. Many molecules can act as CEST agents, both naturally occurring endogenous mole-
cules and new types of exogenous agents. A large variety of molecules have been demonstrated as poten-
tial agents, including small diamagnetic molecules, complexes of paramagnetic ions, endogenous
macromolecules, dendrimers and liposomes. In this review we described the basic principles of the CEST
experiment, with emphasis on the similarity to earlier saturation transfer experiments described in the
literature. Interest in quantitative CEST has also resulted in the development of new exchange-sensitive
detection schemes. Some emerging clinical applications of CEST are described and the challenges and
opportunities associated with translation of these methods to the clinical environment are discussed.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction pre-saturation pulse. As chemical exchange can be quite sensitive
Contrast agents are widely used in MRI for signal enhancement.
They allow better differentiation between healthy and diseased tis-
sue, as well as better visualization of different structures. Most of
the agents in clinical use today are complexes of Gd3+ ions that
shorten the relaxation time of the free water protons. These agents
are not selective, and distribute uniformly throughout the extracel-
lular space after intravenous injection [1].

In addition to relaxation-based contrast, MRI offers a variety of
contrast techniques based on the intrinsic properties of tissue, such
as coupling to neighboring nuclei, chemical exchange or flow. Mag-
netization Transfer (MT) contrast, a technique utilizing Saturation
Transfer (ST), uses a long, weak, off-resonance RF pulse to saturate
a broad water signal that lies beneath a sharper bulk water signal
in many tissues [2]. In early 1990s, Balaban and co-workers intro-
duced Chemical Exchange Saturation Transfer (CEST) as a new class
of contrast agents for MRI. In this approach, a slowly exchanging
group possessing a chemical shift distinct from water is selectively
saturated and the saturation is transferred to the bulk water via
chemical exchange [3]. The method has gained and continues gain-
ing popularity due to several attractive features. CEST allows the
operator to switch the image contrast ‘‘on’’ and ‘‘off’’ via an RF
ll rights reserved.
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to the environment of a contrast agent, the CEST effect can be used
to image important physiological parameters, such as pH [4–6] and
metabolite levels [7–9]. Among numerous innovations and appli-
cations are multi-color CEST [10] and an artificial CEST gene repor-
ter [11]. The technique can be applied for variety of ailments and
metabolic disorders, such as cancer [12,13], ischemia [14], cartilage
degeneration [15], just to name a few.

A number of excellent reviews have been written on CEST meth-
ods and agents [16–23]. In this review we have tried to put an in-
creased emphasis on the physics behind CEST experiment: to put
it in the context of other saturation experiments, to emphasize sim-
ilarities between exchange and cross relaxation, and to highlight
identity with the off-resonance spin-lock experiments. We are cov-
ering in greater depth some of the novel, alternative exchange
detection techniques. In addition, we have highlighted some of
the emerging clinical applications of CEST and the challenges and
opportunities associated with the translation to the clinic.

2. CEST 101

2.1. Mechanism

The basic principle of CEST is straightforward, and schemati-
cally shown in Fig. 1. It relies on the presence of a solute protons
resonating at a frequency different from water and engaged in
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Fig. 1. Schematic of CEST experiment. (a) Pool A (solvent) is in exchange with pool
B (solute). (b) Pools A and B have distinct chemical shifts, with the difference of DCS.
RF is applied on-resonance with pool B resulting in saturation transfer and signal
decrease of pool A. (c) Z-spectrum: normalized water intensity (I/I0) vs off-
resonance frequency of the saturating RF (DRF). Water resonance is assigned 0 ppm
value. MTRasym: Z-spectrum asymmetry vs RF off-resonance value.
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the chemical exchange process, where a proton physically moves
from the solute to solvent and back. The exchanging proton pool
is saturated via selective RF irradiation at the solute frequency.
The saturation is transferred to the bulk water via chemical ex-
change thus decreasing the magnetization (and the signal) of the
water (Fig. 1b). The solute is typically in a very low concentration
(lM to mM range) and is not observable in the standard MR signal.
However, continuous transfer of saturation serves as amplification,
allowing to indirectly observe solutes at low concentration [16].
For CEST to be successful the system needs to be in the slow to
intermediate regime on the NMR scale, i.e. the chemical shift dif-
ference between solvent and solute (DCS) has to be greater (or
equal) than the exchange rate (kex = kAB + kBA): kex < DCS. Notice that
the definition of ‘‘slow’’ or ‘‘fast’’ is relative here, what is important
is the ratio. For saturation transfer to work, the two spin pools need
to be distinguishable, and we need to be able to modulate one of
the lines with a minimum effect on the other; i.e., there should
be separate spectral lines. This is possible in the slow exchange re-
gime only. Hence, CEST is the most efficient in the slow exchange
regime, although experiments were reported in the intermediate
exchange regime as well.

For the CEST analysis, the most common metric used is the
Magnetization Transfer asymmetry (MTRasym), defined as:

MTRasymðDCSÞ ¼
Ið�DCSÞ � IðDCSÞ

I0
ð1Þ

where I(Dcs) and I(�Dcs) are signal intensities acquired with RF irra-
diation applied on-resonance with the exchanging pool and at the
frequency symmetric around water, and I0 is the reference signal
intensity acquired without RF pre-saturation. In the following,
MTRasym(Dcs) and ‘‘CEST effect’’ are used somewhat interchangeably.

Often the normalized water signal intensity is monitored vs
the frequency of the off-resonance saturation: the so-called
Z-spectrum [24], as illustrated in Fig. 1c.
2.2. Types of CEST agents

In the last decade a great variety of molecules were proposed to
serve as CEST agents. To the best of our knowledge, at least two
classifications were suggested. First relies on the nature of the sol-
ute: diamagnetic CEST (diaCEST) and paramagnetic CEST (para-
CEST). We would add to it exogenous CEST agents using
liposomes (lipoCEST) and nanoparticles (molecules containing
hundreds of exchanging groups). Finally, there is CEST using hyper-
polarized gases (hyperCEST). An alternative, more organized, clas-
sification was recently introduced [17] based on the type of
exchanging species: proton exchange (endogenous and exogenous
diaCEST, some paraCEST), molecular exchange (paraCEST and
hyperCEST) and compartmental (liposomes and hyperCEST).

The chemical types of proton exchange groups that can act as
diaCEST agents are largely confined to –NH, –NH2, or –OH groups.
[3,4,8,10–12,14,15,25–28] (Fig. 2a). These groups could be endoge-
nous (i.e., present in tissue) or exogenous (i.e., introduced as a con-
trast agent). The endogenous contrast utilizes exchanging protons
in the fast tumbling molecules, protein backbones, side chains and
small peptides present in tissue (e.g. in cells or matrix). As we will
discuss in the following, the groups need to have T2 relaxation long
enough to be distinguished from the broad macromolecular com-
ponent in tissue. The chemical shift of the diaCEST agents is typi-
cally within 5 ppm from water. Using the slow-to-intermediate
exchange condition, DCS > kex, as a rough boundary condition for
CEST effectiveness, one would expect CEST to arise only for proton
sites that have an exchange rates of the order of �2 � 103 s�1 or
slower. This range happens to encompass the exchange lifetimes
observed for many types of –NH exchange groups and, occasion-
ally, some –OH exchange groups. However, the small chemical
shift differences, DCS, of diaCEST agents are their primary disadvan-
tage, since saturation of such exchange groups usually results in
partial saturation of the bulk water protons as well ([29], direct
saturation effect). As will be mathematically shown later, CEST
contrast increases with agent concentration or exchange rate.
Moreover, the exchange rate dictates minimum concentration
per exchanging group that could be detected. One way to increase
CEST effect is to increase the number of the exchanging groups per
agent. Thus, dendrimers and polymers containing multiple
exchanging diaCEST proton groups were utilized as CEST agents
[30,31].

The majority of diaCEST agents to date involve endogenous pro-
ton exchange types. These are attractive because nothing is in-
jected (FDA approval not required) and CEST imaging can be
performed using modifications of the existing pulse programs.
Hence, diaCEST agents have a great potential to reach clinical
applications in the near future. In Section 5, we will discuss some
of the endogenous diaCEST methods in greater detail. In addition,
there are several diaCEST applications involving exogenous injec-
tion of the agent, such as glucose imaging (glucoCEST [32,33])
and pH imaging using iopamidol [34].

As discussed above, the diaCEST effect is limited by the small
chemical shift differences and, hence, relatively low exchange rates
required to stay within slow-to-intermediate regime. In early 2000,
exogenous paramagnetic lanthanide (III) complexes that exhibit
large hyperfine shifts (on the order of 50–700 ppm) were intro-
duced as CEST agents: paraCEST agents [5,7,35,36], Fig. 2b. The
highly shifted bound water protons or the ligand’s amide or hydro-
xyl protons can be selectively pre-saturated, and the saturation can
then be transferred to free water via chemical exchange. There are
a number of potential advantages of these agents compared to dia-
CEST. They exhibit a wide range of exchange rates (from ls to ms)
while remaining in the slow-to-intermediate exchange regime on
the NMR time scale [20,21,23,36–38]. The fast exchange rates
should theoretically allow detection of much lower concentrations



Fig. 2. Representative examples of CEST agents. (a) diaCEST agent: ammonia and the corresponding Z-spectrum (ammonia: black circles, water: white circles. Reproduced
with permission from [112], Fig. 1). (b) paraCEST agent: EuDOTA-(glycine ethyl ester)4 and the corresponding Z-spectrum. (c) lipoCEST agent: A spherical liposome is filled
with a high concentration of TmDOTMA, a fast exchanging agent shifting intra-liposomal water downfield by nearly 4 ppm. The exchange of the shifted water across
membrane is slow, suitable for CEST. Corresponding Z-spectrum (from Ref. [46], Fig. 1). (d) hyperCEST agent: cryptophane-A cage encapsulated Xe (green) is saturated and the
chemical exchange with the free Xe (blue) allow accumulation of CEST effect (adopted from [48], Fig. 1). Demonstration of hyperCEST in two-compartment phantom: upon
selective saturation the signal from the biosensor labeled volume (red) is reduced, while the control volume signal (blue) remains unchanged (adopted from Ref. [48], Fig. 2).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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of paraCEST agents in comparison with diaCEST. In addition, the
selective RF pulse is applied far from the free water resonance fre-
quency, which reduces direct RF saturation and magnetization
transfer effects. It may be possible to design paraCEST agents that
report important biological indices, such as pH [5,6], temperature
[39], lactate [7] or glucose concentration [9], enzyme activity
[40,41] or design agents suitable for cell-labeling [42]. The poten-
tial advantages of these agents, as compared with Gd-based T1

agents, include the ability to be switched ‘‘on’’ and ‘‘off’’ at the
operator’s discretion, and thus acquire images with contrast based
on other mechanisms in the same scan session. Nevertheless, effec-
tive RF saturation of the rapidly exchanging protons or water mol-
ecules may require RF intensities that exceed the FDA guidelines
for power deposition (quantified in terms of ‘specific absorption
rate’, or SAR). The SAR limit is a complex function of RF coil design,
patient weight and the particular imaging sequence employed. In
addition, the frequency position of the bound water peak in the
paraCEST complexes is very sensitive to the temperature and
might shift in vivo. For a comprehensive review of paraCEST agents
please see for example a number of excellent manuscripts by Sher-
ry and co-workers [19,20] and Aime and co-workers [22,23,43].

As was already mentioned earlier, one route to increasing the
magnitude of the CEST effect is to increase the number of the
exchanging sites. Hence, a number of creative macromolecular
and supramolecular systems have been explored as CEST agents
[10,22,30,43–45]. A very interesting route to generate CEST is via
the use of liposomes – lipoCEST, introduced by Aime and
co-workers [46]. In lipoCEST the resonance frequency of the water
trapped inside a liposome is shifted to a frequency that differs from
the external water by a paramagnetic shift agent also entrapped in-
side a liposome (Fig. 2c). Additional chemical shift variation can be
achieved by modulating the liposomal shape [47]. In lipoCEST the
intra-liposomal water resonance is saturated and the transfer of
those saturated spins is achieved via water exchange between com-
partments. Due to size of the liposomes and the very large number
of the exchanging water molecules that can be trapped in the intra-
liposomal compartment, very high sensitivities can be achieved,
enabling the detection of the lipoCEST nanoparticles in picoMolar
range. For a comprehensive review of macromolecular, supramo-
lecular, and nanomolecular agents please see for example number
of excellent manuscripts by Aime et al. [22,23,43].

Finally, the CEST principles have been used in conjunction with
hyperpolarized Xe biosensors: hyperCEST [48], Fig. 2d. Here, a bio-
sensor possesses a molecular cage that is functionalized to bind to
a specific target. Only about 1% of the dissolved Xe is associated
with the biosensor, making it impossible to be detected via usual
routes. At the same time, the cage-encapsulated Xe possesses a
chemical shift distinct from that of free Xe and the two moieties
(free and encapsulated) engage in chemical exchange. The ex-
change dynamics is on the order of tens of milliseconds and the
chemical shift difference is on the order of tens of ppm, thus mak-
ing it an ideal system for CEST.

2.3. B0 and B1 inhomogeneities

The effectiveness of spin saturation depends upon an ability to
irradiate at the specific proton frequency. Given that the magnetic
field across any object placed inside a magnet is not completely
homogeneous across that object, small differences in B0 experi-
enced by a class of CEST agent or by tissue water molecules intro-
duce uncertainties into the experiment by slightly shifting all
resonances in the Z-spectrum. Moreover, in the imaging experi-
ments conducted in vivo there is often a distribution of the B0

and B1 values across an image. Hence, pixel-by-pixel assessment
of a CEST effect is required. B1 inhomogeneities can also result in
insufficient saturation of the exchanging pool. Sun et al. [49] stud-
ied the dependence of the CEST effect on B1 and B0 homogeneities
and have shown for diaCEST agents, the B0 homogeneities play a
more crucial role than inhomogeneities in B1, provided that B1

homogeneity is good enough for uniform saturation. The B0 inho-
mogeneities are less problematic for paraCEST, because of the lar-
ger chemical shift differences and higher RF power used.

B0 correction methods work by identifying the correct B0 (fre-
quency) value and shifting the spectrum to align with them. This
implies that more than three experiments (expected from Eq. (1))
are needed to measure MTRasym. Often the entire Z-spectrum, or at
least parts of it is acquired. Overall, three methods could be
distinguished for B0 correction. Often they are applied on the pix-
el-by-pixel basis. First method relies on acquisition of Z-spectrum,
interpolation, minimum identification and re-aligning the zero fre-
quency with the minimum [4,50]. However, this method could fail
in tissues with short T2, where the Z-spectrum could very broad.
Another method is to acquire independent B0 map and shift the
Z-spectra accordingly [49]. This method is widely used, although
care must be taken to ensure against phase-wrapping artifacts. Last,
but not least, WASSR method (WAter Saturation Shift Referencing)
relies on the acquisition of a narrow-range, low power, Z-spectrum
around water frequency and identification of its minimum [51],
thus identifying the correct position for the water frequency.

3. CEST is a member of the saturation transfer family

3.1. Basic principles

CEST is a family member of a much broader group of NMR
experiments known as Saturation Transfer (ST). The simplest,
two-pool model for ST was already illustrated for CEST, but is
equally applicable to other ST experiments. The model contains a
larger pool A, and a smaller pool B (Fig. 1). Spins in pools A and
B are different either due to different chemical environment
(as in CEST), different nuclei, or even an electron spin interacting
with a nuclear spin. In a ST experiment, the changes in magnetiza-
tion of pool A are observed upon irradiation (saturation) of pool B.
In the simplest description of the system, which we will adopt
here, there are no scalar couplings between the two pools and no
coherent interactions, and the system can be described by the
(modified) Bloch equations. The saturation transfer experiment is
one of the oldest NMR experiments. Overhauser was the first to
propose saturation of the electron line to modulate nuclei relaxa-
tion and magnetization [52]. It was quickly realized that the ST
experiment is equally applicable to experiments involving nuclei
only [53], receiving the name Nuclear Overahuser Effect (NOE).

Broadly speaking, ST can occur via two types of interactions,
dipolar mediated cross relaxation through space and chemical ex-
change. In the case of cross relaxation, the dynamics are tradition-
ally described using the Solomon equations [53], which are a set of
Bloch equations with a terms describing magnetization exchange.
The case of saturation transfer via chemical exchange, involving
real molecular rearrangement, was first described by Forsen and
Hoffman [54,55]. Again, the dynamics can be described by a set
of Bloch equations modified for exchange (Bloch–McConnel equa-
tions [56]) and the presence of RF. Whether the transfer occurs via
cross relaxation or via exchange, the overall equations governing
the process are essentially identical, and the chemical exchange
can be viewed in complete analogy to cross relaxation [55]. Indeed,
quoting Hoffman and Forsen: ‘‘. . .Both the modified Bloch equa-
tions of Solomon and those of McConnel are a set of coupled differ-
ential equations, in which the coupling arises from the existence of
a probability per unit time for magnetization at one site to be
transferred to another site’’ [55]. Explicitly, the equations for the
two-pool model can be written:



Fig. 3. Schematics of saturation transfer experiments. Gray boxes indicate RF
irradiation blocks, white boxes indicate acquisition blocks (ACQ, spectroscopy or
imaging). Dotted lines mark repetition time (TR) that includes saturation time,
acquisition time and relaxation delay before saturation. (a) Steady-state ST
experiment, in which the duration of the saturation (Ts) is much longer than T1:
Ts, TR� T1 (b) Segmented steady-state experiment. In this experiment, TR < T1, and
the whole experiment is repeated many times thus reaching a steady-state around
experiment number n, such that nTR� T1. (c) Transient experiment in which
Ts < T1. In contrast to (b), here TR� T1. Thus, if the experiment is repeated again
there is no memory of the previous experiment and no steady-state is created.
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where DA;B ¼ xA;B �xRF ; DCS ¼ xB �xA; DRF ¼ xRF �xA and, for
exchange [54]:

q1A ¼ R1A þ kAB; q2A ¼ R2A þ kAB

q1B ¼ R1B þ kBA; q2B ¼ R2B þ kBA

for cross-relaxation [57,58]:

q1A ¼ R1A; q2A ¼ R2A

q1B ¼ R1B; q2B ¼ R2B

kAB ¼ rAB or lAB; kBA ¼ rBA or lBA

In these equations, xRF and x1 are the frequency, and amplitude of
the RF irradiation (in rad/s units), respectively; DA is the chemical
shift offset from RF frequency for pool A, R1A (=1/T1A) is the spin lat-
tice relaxation rate of pool A; R2A(=1/T2A) is the transverse relaxa-
tion rate of pool A; kAB is the transition rate of a magnetization
leaving pool A. In the case of chemical exchange, it is equal to the
inverse of the time a proton spends at pool A: kAB = 1/sAB. Alter-
nately, kAB corresponds to either rAB or lAB, longitudinal or trans-
verse cross relaxation rate, respectively (notice the sign difference
here from the classical definition of cross relaxation by Solomon
[53]). In many cases the non-secular terms in the relaxation matrix
can be neglected and hence the corresponding transverse cross
relaxation rates [59]. Similar definitions apply to pool B. Without
the loss of generality, it was assumed that the RF is applied along
x. Here we assume an equilibrium state, where there is no net ex-
change of magnetization, and the detailed balance relationships
apply:

kABMA
0 ¼ kBAMB

0

rABMA
0 ¼ rBAMB

0

ð3Þ

The magnetization exchange is characterized by the rate kex = kAB +
kBA (or kex = rAB + rBA) that can be viewed as the strength of interac-
tion between the two pools. Higher kex signifies faster ‘‘information’’
exchange.

Thus, as long as we are not discussing the origin of the interac-
tion in terms of specific operators and spectral density functions,
Eq. (2) is equally applicable to cross relaxation or chemical ex-
change. The rest of this article will mostly focus on the subject of
chemical exchange. However, it is important to keep in mind the
similarities of the processes. We will return to the cross-relaxation
manifestations in the later sections.

3.2. Transient vs steady-state experiments

Two types of saturation-transfer experiments should be distin-
guished: steady-state vs transient. The steady-state experiments
refer to the state in which the system does not change further
and the state is time independent, i.e., the derivatives in Eq. (2)
are all zero. The transient experiment refers to the case when the
system is still changing, and the explicit time dependence cannot
be ignored. The general scheme of saturation transfer experiments
is shown in Fig. 3a. The RF saturation is characterized by its total
duration (Ts), amplitude (B1 = x1/2p, and off-resonance frequency
(DRF). However, the RF train employed for saturation is not limited
to CW. Indeed, due to hardware and SAR limitations, many of the
imaging applications employ the so-called pulsed version, replac-
ing the CW RF with a train of shaped RF pulses, such as Gauss or
Half-Sinc, sometimes interleaved with delays and crusher gradi-
ents. This does not change the fundamental physics of the experi-
ment, but greatly complicates analytical and semi-analytical
descriptions of the dynamics as well as quantitative analysis of
the results. Moreover, pulsed versions introduce additional degrees
of freedom in experiment optimization [60].

3.3. Steady-state solution assuming complete saturation of pool B

Generally, the steady-state condition greatly simplifies the
description of the system dynamics. For example, if in addition
to the steady-state assumption we assume complete saturation
of pool B, i.e. MB

x ¼ MB
y ¼ MB

z ¼ 0 and no direct influence of the irra-
diation on pool A (no spill-over effect), we arrive at the following
solution for the magnetization of the pool A [54]:

MA
Z

MA
0

¼ sAB

sAB þ T1A
ð4Þ

This equation can be re-arranged in terms of the agent (exchanging
group) concentration (MB

0=MA
0) and pool B lifetime:

MA
Z

MA
0

¼ sBA

ðT1AðMB
0=MA

0Þ þ sBAÞ
ð5Þ

From Eq. (5), the CEST effect can be increased by either increasing
the agent concentration, or decreasing the lifetime (increasing the
exchange rate).

Experimentally, the simplest way to achieve the steady-state is
to irradiate longer than �5 � T1A, i.e., the saturation time, Ts� T1A

(Fig. 3a) However, the irradiation does not have to be continuous.
In many applications, and particularly in imaging, a situation may
rise when the experiment is repeated with the repetition time, TR,
shorter than T1, as shown schematically in Fig. 3b. In this case, a
steady-state can also be established, albeit different (and more



Fig. 4. Comparison between saturation transfer (ST) and spin lock (SL) experiments.
(a) Schematic of the effective fields generated during application of a RF field with
intensity x1 at off-resonance DA from pool A resonance and DB = DA–DCS from pool
B resonance. In both cases an effective field is generated with the magnitude

xA;B
eff ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

1 þ DA;B2

q
. The field is inclined at the angle hA,B = arg tan (DA,B/x1) from the

Z-axis. (b) Schematic depiction of the initial magnetization of pool A in the case of

saturation transfer experiment (MA
ST ð0Þ, gray solid arrow) and spin-lock experiment

(MA
SLð0Þ, white arrow). (c) Schematic depiction of the steady-state magnetization for

both ST and SL experiments (black arrow). Both experiments result in the same
steady-state magnetization. (d) Top: schematic of the ST experiment. Bottom:
Magnetization behavior for the ST experiment (black, dotted gray and gray lines

correspond to MA
Z , MA

Y and MA
X , respectively). Behavior of magnetization at the initial

time in the ST (CEST) experiment is shown in the zoomed-out areas to the left of the
plot. The transient oscillations are due to miss-alignment between the initial
magnetization and the effective field. The oscillations decay away quickly due to
strong contribution from T2 (or T�2) and are not observed in samples with short T2 or
even moderately inhomogenous B0 or B1. (e) Top: schematic of the SL experiment.
The only difference from the ST experiment is the addition of two flip pulses
aligning magnetization with the effective field at the beginning of saturation (hy)
and with the Z-axis at the end of saturation (�hy). Due to these pulses the
magnetization is aligned with the effective field and transient oscillations are not
observed in the SL experiment. In simulation, parameters typical for a paraCEST

agent solution were used: MB
0=MA

0 ¼ 0:001818 (100 mM), T1A = 2.78 s, T2A = 0.75 s,
T1B = T2B = 0.4 s, sB = 30 ls, DAB = 19 kHz, x1/2p = 1.6 kHz.
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complicated) from the simple case described in the previous para-
graph. For example, this was recently explored by Dixon et al., in
the context of efficient paraCEST detection [61]. It should be also
noted that the steady-state condition does not imply complete sat-
uration of pool B.

3.4. Transient-state solution

If the steady-state assumption is not applicable (Fig. 3c), the
transient solution is needed, which is more complicated. However,
when appropriate assumptions are made the solution is possible.
Indeed, assuming complete saturation of pool B and no saturation
of pool A the transient state solution for MA

Z is given by [54]:

MA
Z ¼ MA

0 kABe�TSq1A � R1A
� �

=q1A ð6Þ

Approximate solutions exist describing more complicated situa-
tions. For example, recently, a solution was developed in the con-
text of CEST, incorporating non-complete saturation of pool B and
assuming no spillover effects on pool A [62,63]:

MTRasym ¼exchange only
PTR ¼ kABað1� e�tR1A Þ=R1A

a ¼ ðx1=2pÞ2

ðx1=2pÞ2 þ k2
BA

ð7Þ

where a is the saturation efficiency, representing the degree of sat-
uration for pool B and PTR � CEST effect. The equation for a is valid
in slow exchange only, the desirable, but not always met condition
for CEST. The equality on the left holds as long as the only mecha-
nism contributing to the asymmetry of the Z-spectra is CEST, an
assumption which is not valid in vivo. It could be easily seen that
Eq. (6) is equivalent to Eq. (7) under the assumption of a small pool
B concentration (q1A � R1A) and complete saturation of pool B
(a = 1).

3.5. CEST vs off-resonance spin-lock (T1q)

The RF irradiation employed in the ST experiment generates an
effective field at an angle h, depending on the off-resonance value.
The schematic of the effective fields for pools A and B are shown in
Fig. 4a. The initial magnetization is also schematically shown
(Fig. 4b). The magnetization could be aligned with the effective
field and locked, thus making it an off-resonance spin-lock exper-
iment. Two cases of spin-lock experiments should be distinguished
here: (i) B1 is higher than chemical shift difference (DAB < x1), thus
influencing both pools to the same degree; (ii) B1 is lower than the
chemical shift difference (DAB > x1). Here we only consider the sec-
ond case (common situation for the off-resonance spin-lock exper-
iments). ST (or CEST) and off-resonance spin-lock only differ in the
initial state of the magnetization, which is aligned with the effec-
tive field in the case of spin-lock, or Z-axis in the case of ST. In addi-
tion, the majority of spin-lock experiments are transient, often
performed at multiple Ts to derive relaxation times parallel or per-
pendicular to the effective field (i.e. T1q or T2q). However, overall
the equations governing the dynamics are identical for both exper-
iments (Eq. (2)), leading to the same eigenvalues (effective rate
constants) and to the same steady-state values for Ts� T1. Fig. 4
illustrates the effective fields as well as the experimental schemes
and magnetization dynamics for both experiments.

The off-resonance spin-lock experiments are applied widely for
the studies of protein structure [64]. Since the eigenvalues are the
same the solution for the effective time constants developed could
also be used for CEST. For instance, Trott and Palmer derived an
expression for R1q in the case of slow exchange and an asymmetric
population limit (MA

0 � MB
0). The same expression is applicable to

the time rate governing CEST experiment, assuming that the off-
resonance value is relatively far from resonance and the time con-
stant perpendicular to the effective field could be ignored [64]:

R1q ¼ R1A cos2 hA þ ðR2A þ RexÞ sin2 hA

Rex ¼
MA

0MB
0D

2
CSkex

ðMA
0 þMB

0Þ
2ðD2

B þx2
1 þ k2

exÞ

cos hA ¼ DA=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2

A þx2
1

q

sin hA ¼ x1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2

A þx2
1

q

ð8Þ

Indeed, T1q and CEST were compared in the recent study [65],
where it was found that the on-resonance T1q experiment is more
sensitive to the intermediate exchange regime, while CEST and
off-resonance T1q are more applicable in the slow exchange regime.
The analogous nature of CEST and off-resonance T1q was explored to
generate positive CEST contrast [66]. An experiment combining
CEST and T1q was proposed CESTrho offering improved sensitivity
in the intermediate exchange regime and decreased sensitivity to
exchange rates [67].

4. Saturation transfer in tissue

The saturation transfer experiments have long been applied to
the studies of small molecules and proteins [57]. Over the years
it has found its way to the experiments in tissue and, subsequently,
to in vivo imaging experiments. In tissue, the saturation transfer
pathways are complex, often involving both chemical exchange
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and cross relaxation simultaneously or sequentially, and, due to
the analogues nature of the exchange pathways (as discussed ear-
lier), it is often impossible to separate them [24,68]. In somewhat
oversimplified terms, we will differentiate three groups of path-
ways, based on the features explored in the following imaging
experiments: MT, CEST and NOE. The term MT will incorporate
the ST experiment between systems with short T2 (e.g. semi-solid
structures, macromolecules) and water, through complex mecha-
nisms evolving cross relaxation [24] and chemical exchange [68].
CEST, as described in detail above, refers to the ST between systems
with long T2 (e.g. mobile structures, protein side chains and small
peptides) and water, via slow chemical exchange. The NOE imaging
experiment, introduced recently and not to be confused with the
original NOE experiment, encompasses ST between systems with
long T2 and water through cross relaxation and/or delayed transfer
through exchange [17].
4.1. Magnetization transfer

The MT approach was probably the first ST imaging experiment
that gained popularity and reached clinical applications. This ap-
proach focuses on the detection of very slow, semi-solid compo-
nents, such as macromolecules. The strong residual dipolar
interaction in these molecules leads to a very broad Z-spectrum,
on the order of tens of kHz, as illustrated in Fig. 5. In a non-
quantitative MT experiment, the RF irradiation is typically applied
far from water resonance (�2000–3000 Hz) to saturate the broad
Fig. 5. Influence of MT in CEST experiments. (a) and (d) Simulated Z-spectra and MTRasym

A), solvent (pool B) and MT pool (C), gray). A typical diaCEST and paraCEST agents are show
MC

0=MA
0 ¼ 0:13, T1A = 2.5 s, T2A = 48 ms, T1B = T2B = 1 s, T1C = 1 s, T2C = 15 ls, sBA = 48 ms, sC

(based on Refs. [107,79]), with Ts = 5 s, x1/2p = 84 Hz. paraCEST model parameters in (d) w
T2C = 10 ls, sB = 250 s, sc = 20 s ms, DCS = 42 ppm, DMT = 0 ppm, B0 = 7 T (based on Ref. [1
was used for semi-solid pool simulation and CW RF shape was used for saturation. (b) Com
healthy subjects (n = 5). (b-top) Z-spectra from three ROIs placed at cerebellum, cerebra
with permission from Fig. 6 in Ref. [113]. (c) The Z-spectrum and MTRasym from a mous
permission from Fig. 9a in Ref. [108].
macromolecular component. The saturation is transferred to bulk
water via complicated pathways, details of which are still under
investigation [68] but thought to be a combination of cross relax-
ation aided by chemical exchange, spin diffusion, and combina-
tions of thereof. MT is widely used in clinical applications,
including (but not limited to) brain studies, muscle pathology, car-
tilage evaluation as well as background suppression and angiogra-
phy [2]. Typically, non-quantitative MT is characterized by the
magnetization transfer ratio, defined similar to Eq. (1):

MTR ¼ I0 � IðDRFÞ
I0

ð9Þ

Sophisticated MT Z-spectrum models and analysis methods were
developed allowing the derivation of quantitative information
about physiologically relevant parameters, such as semi-solid pool
fraction, effective cross relaxation rate, and relaxation times [69].
Due to strong residual dipolar coupling, the Bloch equations cannot
adequately describe the macromolecular MT profile. Thus, the mod-
ified Bloch equations were developed, replacing the Lorentizan line
shape with a Gaussian or SuperLorentzian [69].

4.2. CEST–MT interaction

In tissue, the MT effects always accompany CEST. Fig. 5a dis-
plays a simulated Z-spectrum for a model containing MT and dia-
CEST pools. Notice the decrease in the intensity as well as the
decreased CEST effect compared with the model with no MT.
using two-pool model (solute and solvent, black) and three-pool model (solute (pool
n in (a) and (d), respectively. diaCEST model parameters in (a) were: MB

0=MA
0 ¼ 0:05,

A = 35 ms, DCS = 3.5 ppm, DMT = 0 ppm (off-resonance value of the MT pool), B0 = 3 T
ere: MB

0=MA
0 ¼ 0:00018, MC

0=MA
0 ¼ 0:10, T1A = 2.5 s, T2A = 0.75 s, T1B = T2B = T1C = 0.1 s,

08]), with Ts = 10 s, x1/2p = 595 Hz. In both, (a) and (d) SuperLorentzian lineshape
parison of the experimental results of 3D CEST imaging in different brain regions on
l WM and cerebral GM). (b-bottom) Corresponding MTRasym plots. (b) Reproduced

e brain tissue phantom with 7 mM Eu3+-DOTAM-Gly-Phe (34 �C). Reproduced with
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Though in quantitative MT studies, the MT profile is assumed to
be symmetric around water, several studies indicate that in tissue,
it is slightly asymmetric, probably due to the contribution from ali-
phatic protons reducing the weighted average chemical shift in tis-
sue [70,71]. Thus, Eq. (1) is no longer valid for describing the pure
CEST contribution and the effect is strongly contaminated by MT.
This is why many studies using Eq. (1) refer to it as MTR asymme-
try (MTRasym) and not CEST. For example, in CEST studies of brain,
negative MTRasym is often observed (Fig. 5b), presumably due to
the underlying MT effects [4].

The CEST–MT problem is less severe, but still present for para-
CEST agents. Though paraCEST agents typically have chemical shift
differences much higher than the diaCEST, and can even be beyond
the edges of the MT profile, the higher RF power necessary for the
paraCEST effect still results in a relatively high MT effect, even at
very high off-resonance frequencies, as is illustrated in Fig. 5d
and c. It should be noted that recently, paraCEST agents with very
high chemical shift difference were introduced, putting them out-
side the range of the MT profile, and thus avoiding the MT compli-
cation altogether [72].

From our earlier discussion of the similarity between exchange
and cross relaxation processes and because the MT and CEST are
close relatives from the same family of experiments, it becomes
apparent that it is very hard to achieve the separation between
MT and CEST using a standard ST approach. Thus, the development
of methods disentangling MT and CEST became one of the active
topics for discussions and research. Several methods were pro-
posed to distinguish and separate the two.

The most basic one, and the one most widely applied, is the use
of zero-order approach of additive effects. In this case, the signal
intensity at the off-resonance value DRF:
IðDRFÞ ¼ I0 � PTRðDRFÞ � DSðDRFÞ �MTðDRFÞ ð10Þ
where PTR is proton transfer ratio caused by CEST (i.e. the pure CEST
effect), MT signal decrease due to MT and DS is the signal decrease
due to direct water saturation. Using Eq. (1) with DRF = DCS or
DRF = �DCS, assuming symmetrical DS and noting that PTR(�DRF) = 0
the MTRasym:
MTRasymðDCSÞ ¼ PTRðDCSÞ þMTRMTC
asymðDCSÞ

MTRMTC
asymðDCSÞ ¼ MTðDCSÞ �MTð�DCSÞ

ð11Þ
The MTRMTC
asym is the underlying MT profile asymmetry caused by

other factors than CEST. Though imperfect, this approach is com-
monly used. Of course, a-priori information is required about
MTRMTC

asym in order to derive PTR from Eq. (11). Often at least two
physiological perturbations are compared, where it is possible to as-
sume unchanging MTRMTC

asym and changing PTR, and this change
(DPTR) is detected [4,17].

Several approaches are trying to truly ‘‘decouple’’ MT effects
from CEST. For example, LOVARS introduced by Song et al. is based
on different phase modulation patterns induced in CEST and MT
pools via saturation with different length and offset [73]. Another
approach, introduced by Liu et al., is based on histogram analysis
of the MTR ratios [74].

Quantitative Z-spectrum fitting and analysis based on multi-
pool models including MT (thus separating CEST from MT) have
been discussed, but to the best of our knowledge, their in vivo
application has been limited to a paraCEST agent under very spe-
cific circumstances [13,50].

A different set of approaches to disentangle CEST and MT, based
on the alternative CEST detection schemes, will be described later
in the text.
4.3. Lipid artifacts

It was realized early on that in addition to inherent MT effects
and asymmetry complicating CEST experiments, there are often
dips in the Z-spectrum on the negative side of the water line, in
the aliphatic region where there are no identifiable chemically
exchanging sites. For instance, these artifacts were observed in
brain studies. Since the brain lipid concentration is very low, the
main source of these dips is image contamination from direct sat-
uration of lipids in the skull (the so-called lipid artifacts [75]). The
lipid artifact complicates CEST analysis, since the lipid resonance
lines are at �3.5 ppm from water, exactly symmetrical to the
amide protons. Methods of reducing the artifact were introduced
using various methods including frequency-selective refocusing
pulses [75] and pre-saturation [15].
4.4. Nuclear Overhauser effect

However, not all dips appearing at the negative side of water
line are artifacts. Not only lipids, but also other molecules contain-
ing –CH and –CH2 groups can contribute to ST via cross relaxation,
exchange relayed transfer or some combination of the above. Jers-
chow and co-workers were the first to observe additional peaks in
the Z-spectrum of cartilage, at �1 ppm and �2.6 ppm [15]. From
that study the name NOE started to be used to identify ST from mo-
bile groups with long T2 and chemical shift in approximately �1 to
�4 ppm range (not to be confused with the original NOE). The ef-
fects were also observed recently in human and animal brain stud-
ies at high field [76,77]. The exact NOE mechanism is complicated,
tissue dependent, and contains contributions from exchange re-
layed transfer and cross relaxation. While there are similarities be-
tween MT and NOE, there are several differences. One of the main
differences is the T2 values: relatively long for NOE (transfer from
mobile proteins) and short for MT (transfer from semi-solid molec-
ular pool). In addition, the exchange relayed NOE probably plays
more important role in transfer from mobile proteins, than from
the semi-solid pool [68,78], though exact process, as well as pro-
portions of various contributions are still under study.

The NOE could be a source of nuisance, since it interferes with
any CEST estimation using Eq. (1). At the same time, there could
be a potential for the NOE to provide some additional useful infor-
mation [76].

Of course, in tissue all ST mechanisms: MT, CEST and NOE ap-
pear simultaneously. This is illustrated in Fig. 6 in examples from
cartilage and mouse brain. Note that high field strengths (7 T,
9.4 T and 11.7 T) and low-power steady-state conditions are help-
ful to enhance the NOE dips in the Z-spectra that could have been
unobservable at the lower fields [15,76,77].
5. Endogenous diaCEST agents and applications

Endogenous CEST relies on exchanging groups and molecules
already present in the tissue. These ‘‘agents’’ do not require any
additional injections or FDA approvals. Not surprisingly, the major-
ity of the in vivo applications to date involve endogenous CEST.
Also, it is very likely that these methods will have an impact on
the clinical MRI in the near future.

There is a growing number of the endogenous CEST applications
aimed at detection of different metabolites or environments: gly-
coCEST for the glycogen detection [8], gagCEST for the glycosami-
noglicans detection [15], gluCEST for glutamate [27] and Amide
Proton Transfer (APT) for the pH and tumor imaging [4,26]. These
methods are summarized in Table 1. As many of the proposed
methods target the same exchanging groups, it probably would
have been appropriate to use a different nomenclature, based on



Table 1
Examples of endogenous diaCEST contrast, exchanging groups, off-resonance values and exchange rates. The exchange rates are approximate and may
strongly depend on physiological conditions such as pH and temperature.

Name Target Exchanging group Off-resonance Exchange rate

APT Intracellular proteins pH (brain) –CONH2 3.5 ppm 10–200 s�1

glycoCEST Glycogen (liver, muscle) –OH 0.5–1.5 ppm >103 s�1

gagCEST Glycosaminoglican (cartilage) –OH 0.9–1.9 ppma >103 s�1

–NH 3.2 ppm 10–30 s�1

gluCEST Glutamate (brain) –NH2 3 ppm 5500 s�1

a Approximately 0.5–1.5 ppm reported for IVD.

Fig. 6. Experimental observations of multiple ST in tissue: MT, CEST and NOE. (a) Z-spectrum of bovine cartilage ex vivo at 11.7 T. From Fig. 1c in Ref. [15]. (b) The average Z-
spectrum obtained in cortex, corpus callosum (CC) and cerebrospinal fluid (CSF) ROIs (n = 6). Here, in addition to ‘‘standard’’ amide line at 3.5 ppm (blue arrow) additional
CEST site was identified at 2 ppm from water (yellow arrow), as well as NOE site around �4 ppm. Reproduced with permission, from Fig. 2a, in Ref. [76]. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. APT imaging. Conventional (a) and APT (b) MR images of a patient with
stroke 5 days postonset. The stroke (open arrow) is hypointense on the APT images.
The hyperintense signal in the basal ganglia region (black arrow) contralateral to
ischemia on the APT image (b) is an artifact. Conventional (c) and APT (d) MR
images of a patient with lung cancer metastasis. The tumor (solid arrow) is
hyperintense. Reproduced with permission from Fig. 5 in Ref. [80].
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the type of the exchanging group: OH-CEST, NH-CEST and NH2-
CEST. However, in the following discussion, we will adhere to the
accepted names and conventions and we will briefly describe some
of the applications. The selection is not all encompassing and pre-
dominantly focuses on the CEST techniques that could become
standard clinical protocols in the near future.

5.1. Amide Proton Transfer (APT)

Probably the most developed technique to-date, APT imaging,
introduced in 2003 by Zhou and co-workers, focuses on the detec-
tion of exchangeable amide protons of mobile tissue proteins and
peptides [4]. The maximum APT effect is observed at 3.5 ppm from
water; however, it is likely that a number of the exchangeable
groups in the range of 1–6 ppm contribute to the effect. APT was
the first technique to find its way to human imaging.

The APT effect strongly correlates with pH because proton ex-
change in –NH groups slows dramatically with decreasing pH.
Many studies reported applying APT imaging to study ischemia
in animal models [4,14,79]. Recently a human stroke study was re-
ported by Zhao and co-workers [80]. An image from the patient
study demonstrating hypointense region correlating with the
stroke-effected areas is shown in Fig. 7a and b.

A calibration formula was derived connecting the amide PTR
(APTR, Eq. (7)) with pH [4]:

pH ¼ 9:4þ log½APTR=5:73� ð12Þ

The formula was derived using phosphorus spectroscopy to deter-
mine intracellular pH values. Alternatively, quantification methods
could be applied to establish a relationship between the APTR and
pH, such as, for example, QUEST or QUESP methods [63]. In these
methods, pH is deduced from exchange rates derived using a
numerical fit of experimental CEST dependence on RF intensity
(QUESP) or time (QUEST). In in vivo applications care must be taken
isolating APT from MT, as discussed in the previous section.
Another exciting application of APT is for tumor studies. An
example of a patient study is shown in Fig. 7c and d. The important
difference can be observed between the MTRasym in ischemic
(Fig. 7b) vs malignant (Fig. 7d) tissue; while MTRasym decreases
during ischemia, it increases in tumors. An explanation for this dif-
ference is based on the suggestion that different mechanisms can
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contribute to APT changes [26]. In acute ischemia, the proton con-
tent remains constant, while the brain pH decreases [4], thus
decreasing the exchange rate and the CEST effect (Eqs. (4)–(6)).
In tumors, the intracellular exchangeable proton content increases,
while the intracellular pH remains approximately unchanged, thus
leading to an increased CEST effect (Eqs. (4)–(6)).

A human brain tumor study using APT conducted by Jones et al.
indicated that APT could provide complementary information to
standard imaging protocols by providing better identification of tu-
mor boundaries [12]. In addition, a recent study by Zhou et al.,
indicated that APT imaging may provide differentiation between
glioma and radiation necrosis, and could serve as a predictor of tu-
mor response to therapy [28]. No other imaging method can cur-
rently achieve this.

5.2. gagCEST

Glycosaminoglycan (GAG) is one of the main constituents of
cartilaginous tissue. It is known that many cartilage diseases, such
as osteoarthritis and intervertebral disc degeneration, are charac-
terized by the deterioration of the cartilage collagen network with
simultaneous degradation and depletion of GAG. The gagCEST
method was introduced in 2008 by Jerschow and co-workers
[15]. It focuses on the detection of ST from hydroxyl protons, res-
onating at 0.9–1.9 ppm downfield from water. MRI has been tar-
geting cartilage for years, with sequences such as quantitative T2,
delayed gadolinium enhancement (dGEMRIC), T1q mapping and
Sodium imaging. If gagCEST will provide sensitive and specific
information on GAG it could become a powerful method for detec-
tion, evaluation, and studies of cartilaginous tissue, such as inter-
vertebral discs (IVD) or articular cartilage.

Ex vivo studies of excised bovine articular cartilage and IVDs
have shown that gagCEST decreases with degeneration [15,81].
The technique was applied in vivo for articular cartilage
[15,82,83] and IVD in humans [84]. Fig. 8b shows an example of
gagCEST map of a human IVD acquired at 3 T. The CEST effect of
up to 10% was reported [84]. Recent studies correlating gagCEST
with degeneration in vivo have reported decrease of gagCEST with
Fig. 8. (a and b) gagCEST imaging of human IVD. Conventional (a) and zoomed gagCEST
was obtained with 0.75 ppm off-resonance value. Reproduced with permission from Fig
MTRasym is shown in (c) with inlaid anatomical image. (d) glycoCEST map obtained usin
increase of IVD degeneration as assessed by the standard clinical
grading using T2 weighted imaging [85,86].

At 3 T field strength, the gagCEST effect in normal articular car-
tilage in vivo was shown to be low, around 2% [82,83]. There are
several complicating factors contributing to this low effect. The
main reason is associated with the small chemical shift difference
between the water and the exchanging group, putting the system
in the intermediate to fast exchange regime at 3 T: a maximum
CEST is observed around 1.2 ppm, i.e., about 150 Hz chemical shift
difference, with an estimated exchange rate of 103 s�1 in solution
(probably slower in tissue). Second, direct water saturation is high,
again, due to the small chemical shift difference. Third, MT from
the collagen results in a very broad Z-spectrum, substantially
broader than the one observed in brain, or even in the discs nu-
cleus pulposus. Last, the NOE effect upfield of water decreases CEST
and can make it negative for some RF power levels. In general, the
presence of NOE almost exactly symmetrical around water greatly
complicates any analysis of the data. At the same time, a recent
study conducted at 7 T has shown a remarkable increase in the
articular cartilage CEST, and values of up to 6% were reported
[83,87]. The likely explanation for this increase in signal is two-
fold; there would be less off-resonance saturation of water at 7 T
and also there should be slightly more favorable exchange regime
at 7 T (with a chemical shift difference increasing from �150 Hz to
�360 Hz).

It should be emphasized that the CEST–MT interaction is espe-
cially acute for cartilaginous tissue, since the MT effect is quite
strong in that tissue. Thus, additional investigations are required
to establish whether the gagCEST method is indeed specific to
changes associated with GAG only and not influenced by the
changes in the surrounding collagen matrix.

5.3. glycoCEST

glycoCEST method, aimed at the detection of glycogen targets
the exchanging hydroxyl protons of glycogen with the chemical
shift difference of 1 ppm from water. Glycogen is the primary stor-
age form of glucose in mammalian tissues. Abnormalities of glyco-
(b) images of an IVD at L5/S1of healthy 25-year old volunteer. gagCEST map shown
. 4 in Ref. [84]. (c and d) glycoCEST imaging of human calf muscle. Z-spectrum with
g 1 ppm off-resonance value. Reproduced from Fig. 6 in Ref. [51].
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gen metabolism and content are associated with an array of disor-
ders, including obesity, type 2 diabetes and insulin resistance. MRI
has been targeting glycogen detection for years predominantly
using C13 spectroscopy [8], although detection using proton spec-
troscopy has also been reported.

glycoCEST was demonstrated in 2007, by van Zijl and co-work-
ers [8]. The effect was shown in the perfused liver ex vivo. It was
shown that the glycoCEST signal decreases during perfusion with
glucagon which initiates breakdown of glycogen and export of glu-
cose. glycoCEST effect is also observed in vivo in human calf muscle
(Fig. 8c and d) and in the back muscles during IVD studies [51,84].
In calf muscle glycoCEST effects on the order of 3–7% were
observed. To the best of our knowledge, no human in vivo glyco-
CEST was reported in liver. In vivo liver studies are generally com-
plicated by motion, T2 effects and, possibly, lipid contamination.

Notice, that the chemical shift associated with glycoCEST and
gagCEST are in the same range, as they target the same exchanging
group. Again, the CEST method is not selective for the molecule per
se, but for a specific type of proton exchange. Thus, additional
information, assumptions or analysis are needed in order to differ-
entiate between different metabolites. In the case of gagCEST vs
glycoCEST the solution is straightforward, because there is no gly-
cogen in cartilage and no GAG in liver (one of the main target tis-
sues for monitoring glycoCEST). At the same time, care must be
taken about muscle. It could be assumed that the glycogen contrib-
utes majority of the signal. However, other metabolites, such as
creatine cannot yet be excluded.
6. Detection methods

6.1. Off-resonance methods

So far we have focused on the classical scheme for CEST, to
which we shall refer to as the off-resonance method. However,
over the years several alternative methods have been introduced.
These will be briefly reviewed below.
6.2. On-resonance method

Applying RF irradiation on-resonance with the exchanging
group (off-resonance from water) is not the only method to detect
exchange. For instance, the on-resonance spin-lock experiment is
also used to detect exchanging species. It could be viewed as an
‘‘on-resonance’’ version of the experiment.

Another on-resonance method, introduced in 2005, and called
OPARACHEE (On-resonance PARamangnetic Chemical Exchange
Effects) involves application of a 360� RF pulse on-resonance with
water. The idea is that the non-exchanging magnetization will re-
gain its magnitude at the end of the pulse, while exchanging pro-
tons will cause signal decay. To compensate for B0 and B1

homogeneities a modified WALTZ-16� pulse train was employed,
with the 90� of the standard WALTZ-16 sequence replaced by a
fixed-length pulse of 2.5 ms [88]. The RF intensity and pulse length
was optimized for paraCEST, but could, in principle be optimized
for diaCEST. One of the advantages of this approach that it avoids
application of high power saturation necessary for the complete
saturation of the paraCEST exchanging group. Thus, it can detect
very low agent concentrations without significant RF deposition.
In addition, the exact position of the exchanging group does not
need to be known a-priori, a particular advantage for paraCEST
agents wherein the chemical shift could change with changes in lo-
cal temperature or chemical environment. At the same time, the
sequence results in substantial signal reduction due to MT effects
and direct saturation. In addition, the sequence cannot be used
with multiple paraCEST agents, as it lacks the selectivity of the
off-resonance approach.

Despite its drawbacks the sequence was successfully applied in
several in vivo paraCEST studies [89–91]. An example of OPARA-
CHEE detection of a paraCEST agent in mouse kidney in vivo is
shown in Fig. 9a.
6.3. Positive CEST

The standard CEST contrast is negative, i.e., the water proton
signal decreases in tissue areas of interest. Typical changes in inten-
sity that must be detected are small, on the order of 5%. When such
small signal changes must be detected, background noise and
background artifacts can strongly influence the observed effect.
The suppression of background signal in CEST studies could allow
better utilization of the dynamic range to collect only a ‘‘useful’’
signal, i.e., the small signal originating from the contrast agent of
interest, and would minimize background artifacts. Since CEST
contrast is negative, it cannot be detected if the overall signal is
suppressed. Thus, positive CEST contrast is essential to employ
simultaneous background suppression. Such a positive CEST ap-
proach (pCEST) was introduced recently and is illustrated at
Fig. 9b. The method utilizes an inversion pulse and can be viewed
as a modification of the off-resonance spin-lock experiment. It uses
saturation-transfer induced changes in relaxation rates to generate
positive contrast.

Indeed, as is illustrated in Fig. 9b the method achieves substan-
tial background suppression. The absolute effect sizes are smaller
in pCEST than in CEST, but the pCEST sequence provides back-
ground suppression and therefore has better dynamic range.
Potentially, in non-quantitative studies, if robust background sup-
pression can be achieved, only one CEST image could be acquired,
with no need for a control image. However, currently the back-
ground suppression is not ideal and the reference image is still
required.
6.4. FLEX

ST is not the only way to observe exchange. Friedman et al. [92]
have introduced an alternative method based on a series of so-
called label transfer modules (LTMs), in which exchangeable solute
protons are selectively labeled, and subsequently transferred to
water (Fig. 9c). Signal amplification occurs because fresh z-magne-
tization is present for the solute protons at the start of each LTM,
allowing serial transfer of labeled protons to water when applying
multiple modules during the preparation time, tprep. Different op-
tions could be used for the labeling sequence [17]. Specifically, a
90� pulse on-resonance with the exchanging pool, could be used
followed by the evolution time which allows chemical shift evolu-
tion to separate the different frequency components. Depending on
tevol, a different size of magnetization component is flipped back to
the Z-axis by the second 90-x pulse. When performing a series of
acquisitions at different evolution times, a free induction decay
(FID) containing the multiple frequency components is obtained.
Fourier transform and line fitting allows the separation of the dif-
ferent components based on frequency (chemical shift) and ex-
change rate (peak width), as is illustrated in Fig. 9c. The
experiment brings high-resolution NMR into MRI.

The sequence was successfully applied for detection of diaCEST
and paraCEST agents. Notice that MT component can be separated
from CEST in this experiment [93], using time domain fitting and
taking the advantage of the fast decay of the MT component. As
with any fitting procedure, care must be taken here to obtain accu-
rate fit.



Fig. 9. Alternative detection of exchange. (a) In vivo kidney perfusion study using OPARACHEE. Schematic of the OPARACHEE scheme is shown at the top. The images
(zoomed in on the area marked on the anatomical image in the upper left corner) are acquired before and after a bolus injection of 20 mM TmDOTAMGly. The
hypointensity is observed when the agent reaches the kidneys, and the intensity returns to pre-injection levels as the agent clears out. Reproduced with permission from
Fig. 3 in Ref. [89]. (b) Phantom study demonstrating pCEST vs CEST in various concentration solutions of EuDOTAGly�4 , as marked at the low left corner image. While
standard CEST images are hypointense when the RF is applied on-resonance with the exchanging pool, pCEST images display suppressed background when RF is off-
resonance and are hyperintense when the RF is on-resonance. Schematic of pCEST method is displayed at the top of (b). Reproduced with permission from Fig. 5 in Ref.
[66]. (c) FLEX sequence applied in a phantom, containing 10 mM EuDOTAGly�4 and 4% agarose in tris buffer. Top: Flex pulse sequence diagram. Middle: conventional Z-
spectrum (black) and MTRasym (red). Bottom: FLEX spectrum. Reproduced from Fig. 3 in Ref. [93]. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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6.5. Dual saturation methods

In a typical ST experiment the saturation is applied at a single
frequency only. At the same time, any periodic irradiation with cy-
cle sc applied at frequency m0 will generate bands at a frequencies
m0 ± n/sc with complex amplitudes An depending on the particulars
of the RF. Recently, irradiation patterns involving two main side-
bands received increased attention from the CEST community.
The reason is that such techniques could offer several benefits over
Fig. 10. Multiple-frequency saturation methods. (a) Z-spectra measured in heat-denatura
modulated (ZAPISM, red), for two rms RF amplitudes. Reproduced with permission from
(left) MTRasym image uncorrected for B0 homogeneities and (right) SAFARI-APT image. Rep
to color in this figure legend, the reader is referred to the web version of this article.)
standard approach, with the main benefit being potential separa-
tion of MT and CEST effects.

Narvainen et al. [94] studied the influence of modulated
irradiation on the MT effect and exchange behavior. Two types of
irradiation were investigated: Z-spectroscopy with Alternative
Phase Modulation (ZAPI) and Sine Modulation (ZAPISM). The first
one generates saturation sidebands at frequencies m0 ± n/sc, while
the latter only at frequencies ± 1/2sc (Fig. 10a). It was shown that
changing the modulation frequency changes MT effect and can
ted egg white at 400 MHz using CW (black), alternating phase (ZAPI, blue) and sine-
Fig. 1 in Ref. [94]. (b) 3 T APT imaging results in a representative human volunteer:
roduced with permission from Fig. 5 in Ref. [97]. (For interpretation of the references
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help in differentiating between different T2 components and mo-
tion regimes.

Lee et al. [95] developed a theoretical model to demonstrate
that dual frequency saturation results in better suppression of a
strongly-coupled spin system. The group has also shown that the
asymmetry analysis of the Z-spectra generated from a dual satura-
tion resulted in a superior separation between CEST and MT effects
in phantoms [96].

Scheidegger et al. introduced a technique called SAFARI (Satura-
tion with Frequency Alternating RF Irradiation), that employs dual
frequency saturation in combination with standard CEST satura-
tion [97]. The SAFARI method relies on a number of assumptions
and efficient image combination to successfully suppress MT
asymmetry effects as well as the influence of B0 inhomogeneities.
To understand the method it is important to recognize the non-
linearity of the saturation process: once the exchanging pool has
been completely saturated, adding more power will not increase
CEST. At the same time, it is harder to saturate the macromolecular
pool, which could be assumed to be not fully saturated, thus lead-
ing to an MT effect that varies (approximately) linearly with
power. The SAFARI image is acquired with RF irradiation applied
with equal power at the control and label frequencies: i.e. at �DCS

and DCS. Originally it was achieved by alternating the frequency of
the pulses in the saturation module, though a CW implementation
employing cosine (or sine) modulation, similar to ZAPISM, is also
possible [98]. The signal in the SAFARI image is modeled as zero-
order approximation of additive effects, Eq. (10). SAFARI signal is
a combination of the CEST, as well as signal loss due to direct water
saturation and MT from both off-resonance frequencies:

ISAFARI ¼ I0 � PTR� P � DSðjDCS þ dB0jÞ � P �Wð�jDCS þ dB0jÞ
� P �MTðjDCS þ dMT þ dB0jÞ � P �MTð�jDCS þ dMT

þ dB0jÞ ð13Þ

where I0 is the unsaturated reference signal intensity, dB0 is the B0

inhomogeneity, dMT is the center of MT asymmetry, and P repre-
sents a scaling factor proportional to the RF irradiation power.
When all of the pulses applied at one frequency, RF power depos-
ited doubles. In the SAFARI analysis, the dual frequency image is
doubled and subtracted from the sum of the positive and negative
frequency images resulting in:

MTRSAFARI ¼ IðDCSÞ þ Ið�DCSÞ � 2 � ISAFARI ¼ PTR ð14Þ

The right equality is valid assuming that the CEST effect is already in
the steady state (P = 1), while MT pool is not at steady state, and P
doubles with double power deposited. Thus, SAFARI effectively iso-
lates CEST effect from MT asymmetry and B0 inhomogeneity.

Fig. 10b demonstrates APT-SAFARI image comparison to the
APT-MTRasym uncorrected for the B0 inhomogeneities. The uncor-
rected MTRasym shows spatial intensity variation over the brain,
corresponding to the water frequency shift. The uncorrected
MTRSAFARI map shows a dramatic improvement in homogeneity.
The linearity and steady-state assumptions underlying the SAFARI
analysis still require additional verification and confirmation.
However, the sequence offers practical advantage of robustness, a
total of four or five images required, and a simplicity of analysis.
These features are invaluable in the clinical environment.

Notice, that while all three techniques described above
acknowledge and rely on the superior qualities of the dual (or
multi) frequency saturation for the suppression and differentiation
of the MT vs CEST effects, the reasoning provided for each are
somewhat different. While the authors of ZAPI emphasized the
importance of the modulation frequency, Lee and colleagues high-
lighted a superior saturation and asymmetry analysis advantage,
while Scheidegger and co-workers relied on full vs partial satura-
tion achieved in CEST and MT pools, respectively. It would be very
interesting and beneficial to generate a more unified explanation of
the phenomena observed and probably more techniques using
multi-frequency saturation will emerge in the near future.

6.6. DQCEST

Another interesting approach is to enhance CEST by adding an
intermolecular Double Quantum Coherence (iDQC) filter after the
saturation [99]. This approach was shown to enhance CEST effects
by almost a factor of two.
7. Practical challenges

Though straightforward in principle, practical application of
CEST in vivo in a clinical environment faces several challenges.
First, as was already discussed in Section 2, B1 and B0 inhomogene-
ities need to be corrected for successful CEST implementation. In
the following we will describe some of the additional problems,
potential solutions and emerging technologies for successful trans-
lational of CEST imaging to the clinic.

7.1. SAR and parallel imaging acquisition

An important challenge is associated with several aspects of RF
saturation. Ideally, standard CEST should employ prolonged irradi-
ation (long enough so that the system could reach steady-state).
For diaCEST, the RF intensity required is generally low, such that
the total RF deposition is within FDA dictated SAR limits. paraCEST
agents however, due to their fast exchange, may require RF depo-
sition that exceeds SAR limits. To overcome this challenge, se-
quences like OPARACHEE or FLEX described above could be used.
Alternatively, weaker or shorter RF pulses could be used, at the
price of a smaller CEST effect.

An additional advantage could be gained from the use of Paral-
lel Imaging (PI) MRI. Parallel MRI is an accelerated imaging tech-
nique that reduces the number of phase encoding steps required
for image reconstruction. This reduction is accomplished by mak-
ing use of redundant spatial encoding information obtained from
arrays of surface coils. PI has become a standard part of many clin-
ical imaging protocols, primarily to reduce acquisition times. In the
context of CEST, parallel imaging can be used to manage SAR and
modify image contrast in several ways. By reducing the number
of phase encoding steps, one can increase the repetition time
(TR) of the sequence without increasing the total acquisition time.
This will lead to a reduction of average SAR, if the same pre-
saturation RF characteristics are used. In addition, if the SAR
deposition limit is kept constant and TR is increased, higher RF
intensities can be used, thus possibly leading to higher CEST effects
in some of the B1 limited applications. In addition, parallel imaging
can be used in a standard way to reduce the total acquisition time
with other parameters fixed. This may improve the temporal reso-
lution of the CEST imaging, when multiple acquisitions are
required, e.g. for better quantification or to monitor dynamic pro-
cesses. However, PI reconstructions exhibit a decreased Signal-
to-Noise Ratio (SNR) due to the reduced number of signal averages
acquired, according to a

ffiffiffiffi
N
p

rule, and an additional penalty, depen-
dent on the specific receiver-array geometry (the g-factor). Despite
these limitations, PI can be combined with CEST without penalties
in Contrast-to-Noise, at least in phantoms [100].

7.2. Pulsed CEST and parallel transmit

One of the main challenges to practical application of CEST on
the clinical scanners is achieving RF irradiation long enough to
get to the maximum saturation. In contrast to the animal scanners,
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clinical scanners’ RF amplifiers cannot generate irradiation with a
high duty cycle. Typical pulse lengths that can be achieved are
around 250–500 ms. Achieving longer irradiation times is often
associated with a reduction of overall power available for imaging.
In addition, long saturation times are often associated with signif-
icant intensity droops, again reducing the CEST effect and compro-
mising quantifications.

Thus, pulsed approaches are commonly used on the clinical
scanners, where a train of RF pulses is interleaved with crusher
gradients or windows. Even then, often only relatively short satu-
ration periods can be achieved resulting in the essentially transient
experiment as described above, or low duty cycle RF is used
decreasing saturation efficiency.

Several publications explore and optimize the pulsed CEST ap-
proach [60,101]. Short TR and clever k-space acquisition could be
used to overcome RF duty cycle limitations required to reach stea-
dy state [61,102].
Fig. 11. APT (a–e) and gagCEST (f–i) imaging at 7 T. (a–e) Anatomical images and MTRasym

MTRasym plots from ROIs marked at (a and b). Reproduced from Fig. 2 in Ref. [105]. Anato
are shown in (f) corresponding to native (left) and repair tissue (right). Z-spectra (h) and M
Ref. [87].
Exciting opportunities presented itself with the development of
parallel transmit. First, parallel transmit could be used in a stan-
dard way to minimize the B1 inhomogeneity thus improving CEST.
Another opportunity was recently explored by Keupp et al. [103].
In this new parallel transmit approach two amplifiers are used in
the interleaved fashion to generate RF with a duty cycle close to
100%. Each amplifier is allowed to rest for sufficient time between
the pulses without losing overall RF power. Thus, a long, high duty
cycle, pulsed RF saturation train is generated.

7.3. Acquisition of Z-spectrum and time

More often than not, a complete Z-spectrum is acquired for
CEST. One of the main reasons is that the B0 inhomogeneity
changes from pixel to pixel with inter-pixel difference, often as
high as 200 Hz (on 3 T). In addition, quantification approaches
based on modeling require information from the entire Z-spectrum
(and sometimes at several RF powers). The WASSR B0 correction
maps from a healthy control (a and c) and an MS subject (b and d). Z-spectrum and
mical image (f) and MTRasym map (g) of a cartilage-repair surgery patient. ROI boxes

TRasym curves (i) from the ROIs analysis. Reproduced with permission from Fig. 1 in
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approach also acquires many off-resonance points. Collection of
the images, for both CEST and WASSR, may prove time consuming
(depending on the acquisition parameters) and when applied
in vivo are more likely to become susceptible to motion, or simply
too long for a routine clinical scan.

Thus, speeding up the CEST acquisition is crucial for successful
translation of the technique to human applications. One way is to
acquire a small subset of Z-spectrum points, around the exchang-
ing group resonance and on the reference side, covering estimated
B0 shift range [104]. Another is to use sequences like SAFARI that
demonstrate better robustness and require less images.

Additional way to speed up any acquisition where multiple
images of the same anatomy are acquired using multi-shot se-
quences is to use a Key-hole approach. Originally developed for dy-
namic contrast enhanced MRI, it could be equally well applied to
the CEST Z-spectra [82]. In the Key-hole approach the reference im-
age is acquired at high (desired) resolution, while the off-
resonance images are acquired at lower number of phase encodes.
Reconstructing images using the low resolution data as the k-space
center and complementing the periphery of k-space with the infor-
mation from the high resolution images should result in an im-
proved resolution image with all of the CEST information. Several
approaches were evaluated for the efficient data combination for
CEST. It was found that the Generalized Series approach, where a
modeling theory is applied to reconstruct the combined image,
performs best for CEST [82]. However, there is a limit to reduction
in matrix size for Key-hole CEST since the minimum spatial resolu-
tion is dictated by the size of the object(s) of interest and low-
resolution. Further improvement in the technique might be
possible by a periodic update of high frequency information, as
demonstrated in techniques like block regional interpolation
scheme for k-space or BRISK.

7.4. 7 T promises and challenges

High magnetic fields offer several advantages for diaCEST. Due
to increased frequency separation, any direct saturation effects
are decreased and the exchange regime may cross into the more
favorable slow exchange. Thus, it could be anticipated that increas-
ing field strength will increase CEST. Moreover, NOE also becomes
more prominent at the 7 T.

While fields higher than 3 T are commonly used in animal stud-
ies, human imaging at 7 T is at the frontiers of technical develop-
ment. Some of the main issues are inhomogeneous RF profile and
high SAR deposition. RF inhomogeneity issues, largely dependent
on the size of the RF coil, are particularly acute for body imaging.

Despite the challenges, several papers have reported successful
human diaCEST studies: APT in brain [77,105,106] and glycoCEST
in articular cartilage [83,87]. Pulsed steady-state approaches (Sec-
tion 3) can prove especially useful at high field [77]. Brain APT
imaging at 7 T offers increased MTRasym effects; decreased MT ef-
fects could be achieved when using very low saturation pulses
[77]. A 7 T CEST study of multiple sclerosis at 7 T [105] is shown
in Fig. 11.

As was already mentioned earlier, 7 T is particularly beneficial
for articular cartilage [83,87]. Relatively small coil size helps allevi-
ate RF inhomogeneity issues, while higher frequency separation
leads to an increase in gagCEST effect, as was already mentioned
earlier, in Section 5. Fig. 11f–i demonstrates gagCEST in articular
cartilage.

7.5. A note on quantification

Often, the detection of the presence of the agent (or an exchang-
ing group) is not enough. The exchange rate may change as a result
of particular molecular event (e.g. pH), or concentration may
change as a result of physiological process. In addition, the CEST
experiments are not standardized, due to variation in saturation
pulses and sequences it is impossible to quantitatively compare
CEST results from difference sites. Thus, quantification methods
aimed at measuring agent exchange rate and concentration have
been proposed.

As was already mentioned earlier, model fitting could be used
to characterize exchanging system [50]. In addition to the two-pool
model described in Section 2, three pool models containing CEST
pool, water pool and MT were proposed [107] as well as four pool
models containing two exchanging CEST pools, water pool and MT
pool [108]. While model fitting is useful for basic agent character-
ization in vitro, in its current form it is probably not feasible for the
in vivo studies.

One of the methods proposed is the so-called ratiometric meth-
od, which requires an agent with two exchanging groups. In those
situations, a concentration-independent metric can be obtained
[109]:

R ¼ ð1� PTRðD1
CSÞÞPTRðD2

CSÞ
ð1� PTRðD2

CSÞÞPTRðD1
CSÞ

ð13Þ

where D1
CS and D2

CS are chemical shift values of the two exchanging
groups. However, this method is not applicable to all agents.

Thus, methods relying on the CEST dependence on saturation
intensity and length were developed, such as QUESP, QUEST (Sec-
tion 5) and QUESTRA [110]. Another method, introduced by Dixon
et al. [111], determines exchanging proton lifetime independent of
concentration using the following equation:

IðDCSÞ
Ið�DCSÞ � IðDCSÞ

¼ a
1
x2

1

� 1
s2

BA

ð14Þ

where a is a constant depending on the agent concentration, relax-
ation times, etc. A linear fit of data represented by I(DCS)/[I(�DCS)
� I(DCS)] acquired with a small number of irradiation strengths
results in an intercept which is the square of the proton lifetime.

7.6. Specific metabolite identification

We can anticipate that one of the topics of the extended re-
search in the near future will be studies verifying and improving
the technique specificity to a particular metabolite in vivo. For in-
stance, gluCEST and APT operate at the two frequencies very close
to each other (their difference of 0.5 ppm at 3 T is 64 Hz), while
spectral lines can be very broad. Thus unwanted saturation is pres-
ent. Another example is in gagCEST: the influence of collagen on
the observed gagCEST cannot be ignored. Similar questions could
be asked about glycoCEST, or even about APT dependence on pH
vs protein content.

Thus, the question rises, is the experiment selective enough to a
specific molecule, or are we detecting complex effects proportional
to some complex combination of different molecular contributions.
To the best of our knowledge, today, there is no definite answer to
this question.

8. Conclusion

Introduction of CEST generated a set of new contrast agents,
endogenous and exogenous. It led to exciting developments in
agent chemistry including paramagnetic compounds, liposomes,
nanoparticles and hyperpolarized gases. CEST also led to introduc-
tion of new detection methods and to new research into ways to
detect and employ embedded exchange and relaxation mecha-
nisms in tissue. It is reasonable to expect that CEST soon will be-
come standard in many clinical protocols. It is amazing how an
approach rooted in basic NMR experiment is evolving, finding
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new applications and opening new opportunities from high resolu-
tion NMR experiments to clinical human applications.
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