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Abstract

Chemical Exchange Saturation Transfer (CEST) has emerged as a novel MRI contrast mechanism

that is well suited for molecular imaging studies. This new mechanism can be used to detect small

amounts of contrast agent through saturation of rapidly exchanging protons on these agents,

allowing a wide range of applications. CEST technology has a number of indispensable features,

such as the possibility of simultaneous detection of multiple “colors” of agents and detecting

changes in their environment (e.g. pH, metabolites, etc) through MR contrast. Currently a large

number of new imaging schemes and techniques have been developed to improve the temporal

resolution and specificity and to correct the influence of B0 and B1 inhomogeneities. In this

review, the techniques developed over the last decade have been summarized with the different

imaging strategies and post-processing methods discussed from a practical point of view including

describing their relative merits for detecting CEST agents. The goal of the present work is to

provide the reader with a fundamental understanding of the techniques developed, and to provide

guidance to help refine future applications of this technology.

This review is organized into three main sections: Basics of CEST Contrast, Implementation, Post-

Processing, and also includes a brief Introduction section and Summary. The Basics of CEST
Contrast section contains a description of the relevant background theory for saturation transfer

and frequency labeled transfer, and a brief discussion of methods to determine exchange rates. The

Implementation section contains a description of the practical considerations in conducting CEST

MRI studies, including choice of magnetic field, pulse sequence, saturation pulse, imaging

scheme, and strategies to separate MT and CEST. The Post-Processing section contains a

description of the typical image processing employed for B0/B1 correction, Z-spectral

interpolation, frequency selective detection, and improving CEST contrast maps.
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INTRODUCTION

Since the term chemical exchange saturation transfer (CEST) was first coined by Balaban

and his colleagues at NIH in 2000 (1), this field has quickly attracted broad interest because

of its great potential as a new MRI contrast mechanism for biomedical applications. As

originally described by Forsen and co-workers (2), the reduction in water signal is generated

by applying a frequency-selective saturation pulse (or pulse train) to mobile protons and

observing the exchange transfer of signal loss to water. The sensitivity of CEST contrast is

much higher than directly observing these protons through MR spectroscopy because the

proton signal loss is amplified via many exchange events during the extended period when

saturation pulse(s) are applied. Exchange results in transfer of magnetization from the small

exchangeable proton pool (e.g. μM to mM range) to a much larger water proton pool (~110

M) until a steady state is reached. Contrary to other MRI contrast mechanisms such as T1,

T2, and diffusion weighting, CEST specifically probes molecular targets carrying

exchangeable protons in a frequency specific manner, (at the chemical shift of their

exchangeable protons) making it a unique technology for molecular imaging. Because of

this chemical shift (frequency offset) dependence of CEST contrast, multiple agents

possessing exchangeable protons with distinct chemical shifts can be designed such that

CEST MRI schemes may detect and discriminate between these agents simultaneously,

which has been called multi-color (3-5) or multi-frequency MRI (6,7). This is similar to the

most attractive feature found in optical imaging agents, which is difficult to realize with

conventional 1H MRI contrast agents. Moreover, when using CEST agents (unlike T1 or

T2* contrast agents) all other intrinsic MRI contrasts are perturbed negligibly except in

cases where large concentrations of agents collect or when certain CEST agents tuned to

produce T2 contrast such as the ones mentioned in the review of Soesbe and coworkers in

this issue are used. Also, as we will show later, CEST contrast is favorable at high fields and

provides a substantially high contrast to noise ratio (CNR) for biomedical applications,

providing an alternative to T1 relaxation contrast agents at high field whose contrast will

unfortunately be decreased due to the well-known phenomenon of T1 relaxation time

convergence (8).

The difference between CEST and conventional Magnetization Transfer Contrast (MTC) is

a question frequently raised. The general consensus is that MTC is a result of magnetization

transferring between macromolecules in the solid or semi-solid phase and bulk water

through cross-relaxation (9,10) and/or a combination of cross-relaxation and chemical

exchange (11,12). Macromolecules possess short T2 relaxation times (on the order of 10

μsec) (13), much shorter than water in a wide range of tissues or solute protons suitable for

generating CEST contrast. As a result of this, their linewidths are much broader than those

of CEST protons, on the order of 100 kHz. The saturation lineshape of such a MT pool are

approximately symmetric and could be mathematically described by super-Lorentzian (14).

While it may be difficult to decouple conventional MTC from CEST effect experimentally

at a particular saturation frequency, MTC typically can be observed over a very broad range

of frequency offsets, whereas CEST can be only observed at the resonance frequencies of

the exchangeable protons in the compound or particle. CEST contrast generally originates

from protons on molecules or associated with well-dispersed particles that exchange with
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bulk water solely through chemical exchange, and can be in the form of proton exchange

(1,5,15-17) (Fig. 1a), water ligand exchange (17-19) (Fig. 1b), a combination of the two

(Fig. 1c), compartmental exchange (20-24) (Fig. 1d), or a combination of compartment and

proton exchange (25,26) (Fig. 1e). An exception to applying CEST to water exchange has

been developed by Pines, Dmochowski and colleagues using Xenon as the solvent (which

can be Hyperpolarized to allow sufficient sensitivity for detection) and cryptophan cages as

the compartment with a perturbed chemical shift (27-29). CEST agents can also be

subdivided into the following classes: diamagnetic CEST (DIACEST), paramagnetic CEST

(PARACEST) and hyperpolarized CEST (HYPERCEST) (27).

Based on the advantages mentioned above, there is great enthusiasm within the MRI

contrast agent community to develop new and powerful CEST agents and implement these

into biomedical applications. One extremely attractive feature of these agents is the potential

to be sensor to sense a variety of environmental factors and molecules (1,17,30). For

example, pH influences proton exchange rates through an acid and base catalysis of the

exchange rate as described in detail by a number of groups previously (31-34). To date, a

range of agents have been developed including CEST probes for specifically detecting

biologically and pathologically relevant molecules such as: inorganic ions (35-37), glucose/

glycogen (38-40), enzymes (41-44), metabolites (45-50), peptides and proteins (5,51-53),

nucleoside base (16,44) and temperature (54-56). Biomedical applications which might

benefit from CEST imaging include: detecting and grading tumors (53,57,58), characterizing

ischemia (45,59), monitoring drug delivery (60) and release (60,61), monitoring cell therapy

(36), monitoring osteoarthritis (62-64), and monitoring gene expression (65).

Comprehensive reviews of these recent developments and other possible biomedical

applications can be found in the review of Terreno and coworkers in this issue and

elsewhere (6,66-72).

Many exciting new techniques have been reported to improve the sensitivity, specificity or

inter agent discrimination capabilities of CEST imaging because there are a number of

technical hurdles when applying CEST MRI to a broad range of biomedical applications.

Each application presenting its own set of challenges. These challenges include (but are not

limited to): long acquisition times/poor temporal resolution, large RF power deposition, low

specificity in the presence of endogenous CEST or MT contrast, and artifacts caused by B1

or B0 inhomogeneity. This review will focus on these newly reported techniques and will

provide guidance for choosing the best technique for a given agent and pre-clinical or

clinical application.

1. BASICS OF CEST CONTRAST

The name Chemical Exchange Saturation Transfer was chosen because the contrast was first

observed using the saturation transfer technique, a strategy employed much earlier in NMR

spectroscopy (2). While detecting a reduction in water signal produced by saturation pulse(s)

is still the predominant method for observing CEST contrast, several alternative methods

have been also reported (73-77), and more may be presented in the near future. Therefore, to

be more general, CEST is defined as a type of MRI contrast that is created by applying
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pulses to exchangeable protons and observing the subsequent alteration in water

magnetization. We will first describe saturation transfer in detail below.

Saturation Transfer (ST)

Mathematical Model of Saturation Transfer: CEST contrast is generated in the presence

of chemical exchange between solute and solvent provided there is a large enough exchange

rate, i.e. on the order of the chemical shift difference between the exchangeable protons and

water, and a saturation pulse(s) is applied either on-resonance or nearly on-resonance, with

the exchangeable protons which is sufficiently strong to saturate the protons and long

enough for multiple exchange events to occur. Multiple mathematical models are available

to describe this process and provide guidance for optimizing the contrast. To date, the

simplest model is the two-pool model (2,15,78,79). The two pools are the exchangeable

proton pool and bulk water proton pool with difference in proton chemical shifts (Δω) and

equilibrium exchange rate (kex). In contrast to the standard model of saturation transfer in

NMR where the sizes of two pools are similar, the proton concentration in the water pool

(~110 M) is significantly larger than the solute proton pool (~ μM - mM). Hence the

equation kex= ksw+kws ≅ ksw with the relative magnitudes of ksw, kws determined through

mass balance by: ksw /kws= M0w/M0s where M0w, M0s are the equilibrium magnetizations of

water and solute exchangeable protons respectively. The exchange rate, kex, has to be on the

order of Δω or less. Below kex = Δω protons with faster exchange will generally produce

larger CEST contrast. This simple two-pool model very often is adequate for interpreting in

vitro (78) and even in vivo data (80). One of the advantages of the two-pool model is the

possibility of using an analytical solution(15,81), which is simple and easy to use compared

to obtaining numerical solutions to the Bloch Equations (79). In particular, the analytical

solution for the Proton Transfer Ratio (PTR, CEST contrast) upon application of a saturation

pulse is given by:

[1]

in which xCA is the fractional ratio of exchangeable protons to bulk water protons, tsat is the

saturation time, and α is the saturation efficiency defined as

[2]

and

[3]

Note that Eq. [1] is equivalent to the expressions reported by Zhang et al. (18) and Aime et

al. (17), when the applied RF is strong enough to produce complete saturation (i.e. α = 1).

More complicated mathematical models, including three-pool models (79,82-84) and four or

higher pool models (85) have also been reported which include additional exchangeable
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proton and/or semi-solid proton pools. A number of CEST agents contain multiple types of

exchangeable protons, so it is necessary to include these to model their behavior properly. In

addition, including exchangeable protons or semi-solid protons in the model is important to

understand the in vivo CEST data. However, the introduction of additional variables which

are often hard to measure experimentally complicates analysis and can preclude their use,

even though efforts have been made to derive simplified solutions (82).

Experimentally, CEST contrast is usually determined through collecting a z-spectrum (86), a

plot of the normalized z magnetization of water (Sw/S0w) as a function of saturation offset.

Fig. 2, which is reproduced from the excellent review paper by van Zijl and Yadav (72),

provides a good illustration of how a z-spectrum is plotted to directly visualize CEST

contrast. As shown in this figure, a significant reduction in water signal will occur after

irradiation at a frequency offset which corresponds to the resonance(s) of the CEST agent

(Δω), and in addition a big ‘valley’ will be present (Fig. 2c) due to direct water saturation

(DS), also known as water spillover. When tsat is sufficiently long, the saturation transfer

reaches a steady state and Eq. [1] becomes:

[4]

which can be rearranged into:

[5]

Eq. [5] can be further simplified to a pseudo-first order equation, as first demonstrated by

Ward et al. (1,87) and Goffeney et al. (16) assuming α=1, R1w >> kswxCA.

[6]

The assumptions for Eq. [6] often hold in vitro. For example, for a CEST agent with ksw =

100 Hz at a concentration of 30 mM, kswxCA ~ 0.027 s-1. This is much smaller than R1w,

which is typically ~ 0.25 - 0.35 s-1 in vitro. Hence Eq. [6] can often be used to predict the in

vitro contrast provided the exchange rate and concentration are known.

Quantification: Perhaps the most straightforward quantification metric for CEST contrast is

the PTR (15,78), which is analogous to another metric used in quantifying conventional

MTC, the Magnetization Transfer Ratio (MTR). Similarly, the Proton Transfer

Enhancement (PTE)(78,87), is defined as:

[7]

Note that PTE (unit=mol-1) reflects the proton transfer efficiency per unit concentration of a

given contrast agent and, as a result, is a suitable metric for comparing CEST agents

candidates (5).
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It is not possible, however, to measure PTR or PTE directly in vivo because, as mentioned

above, the saturation pulses used to create CEST contrast will also reduce the water signal

through DS and MTC. In addition, if a study involves administering an exogenous CEST

agent, the endogenous PTR of the tissue imaged should also be considered. Typically, the

total saturation of water Sw (Δω)total can be described by

[8]

Given the fact that both DS and MTC are approximately symmetric with respect to the water

resonance, one can use MTRasym defined in Eq. [9] to separate the CEST effect from MT

and DS.

[9]

[10]

As mentioned (Eq. [9]) the assumption of MTC being symmetric with respect to water is

true for in vitro samples and for PARACEST agents whose offsets are sufficiently far from

water resonance. However, as shown by Hua et al (88), this assumption becomes invalid for

the frequency range close to the water resonance. This is problematic for most DIACEST

and LIPOCEST agents whose offsets are typically less than 5ppm from water. While the

apparent MTRasym will be ‘contaminated’ by asymmetric MTC, this metric is useful to

quantify the change in CEST contrast, especially the difference between pre-contrast and

post-contrast (51,65), or the difference between target and control tissue (3,40,89), with the

assumption that asymmetric MTC is constant. Currently MTRasym is still the most widely

used metric for CEST studies.

It should be noted that an alternative definition of MTRasym is in use, and has been shown to

be robust in vivo by a number of studies(3,45):

[11]

Using this definition, DS and MTC on the opposite side of water from CEST contrast are

included in the denominator, resulting in an MTRasym which is ‘normalized’ according to

the signal losses produced by DS and MTC at -Δω. This definition produces higher

MTRasym values than Eq. [9]. The advantage of using this definition is that, assuming the

same macromolecular content, the impact of B1 inhomogeneity can be reduced because,

intuitively, an increase or decrease in B1 will result in a raising or lowering in the

denominator through an increase or decrease in MTC. As a result, this new metric is

expected to be more accurate for monitoring CEST contrast over time within the same

tissue. This definition has been used in the study of monitoring lymphatic uptake of

DIACEST liposomes(3), where the CEST contrast of the targeted lymph node is directly
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compared to the contralateral node. However, caution has to be used when comparing CEST

contrast originating from different tissues because there can be significant differences in DS

and MTC of the tissues which will bias comparisons. Other metrics derived from MTRasym

have been proposed based on integration (38,90), these will be discussed later in the section

on Data processing.

Detectability: Considering detection will be affected by the amount of noise present in the

images, the contrast-to-noise ratio (CNR) can provide a better measure of detectability than

just assuming MTRasym ≥5% will be detectable. Assuming the CEST contrast is generated

based on the subtraction of S+Δω from S–Δω, the CNR can defined as:

[12]

or

[13]

where σ+Δω is the standard deviation of the noise region in the CEST weighted images. Eqs.

[12] and [13] indicate that use of either definition of MTRasym will not change the

detectability for a given agent.

The lowest detectable concentration is determined by the concentration of agent which

produces a CNR= 2√2, a general threshold which can be applied to in vivo studies (91).

Determining kex for a CEST agent: It is extremely useful to determine the exchange

rate(s) for an agent so that one can evaluate it's potential for in vivo applications and

determine if chemical or physical modifications are necessary. Calculating MTRasym alone

is not sufficient for determining this rate, as the concentration of the agent will affect the

amount of contrast. It is possible, although challenging, to use more sophisticated imaging

sequences to extract concentrations and chemical exchange rates or determine the exchange

rate without knowing the concentration.

MRS Measures of Exchange Rate: For high concentration exchangeable protons in the

slow exchange regime, exchange rates can be measured directly through spectroscopy by

determining their linewidth (LW). This is possible because the LW is related to the

transverse relaxation rate (R2s=1/T2s) and the exchange rate by (92,93):

This approach is generally limited to measuring in vitro NMR samples, due to the

concentration and knowledge of R2s requirements. Large contributions to LW from B0

inhomogeneity will complicate this analysis.
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Alternatively, exchange rates can be measured using so-called water-exchange WEX

spectroscopy (11,94,95), in which the water magnetization is selectively inverted and

subsequently transferred from water to solute within a mixing time (tm). To determine

exchange rates, the signal for exchangeable protons on the solute (Ss) is measured as a

function of tm (15,94) and fit using the expression:

[14]

Here S0s is the equilibrium magnetization of solute protons. The advantage of WEX

spectroscopy is that when ksw>>R1w and ksw>>R1s, substantial errors in R1s and R1w will

not produce significant errors in the ksw values determined from the fits. However, this

method is less suitable for determining fast exchange rates (ksw ~ 300-400 Hz or higher)

because the maximum intensity of the signal is reached at very short mixing times (several

milliseconds) which places stringent requirements on the selective water labeling period.

MRI Measures of Exchange Rate: Although the above MRS methods are well suited for

measuring exchange rates on a single uniform sample, there are additional challenges posed

by measurements on phantoms containing multiple agents and for in vivo data where there

might be a spatial distribution of exchange rates. To overcome these challenges, MRI

approaches have been developed. The first comprehensive techniques that were proposed

utilized the tsat or B1 field dependence of the water signal during saturation transfer imaging,

and were termed quantification of exchange as a function of saturation time (QUEST) and

saturation power (QUESP) (78). If a CW pulse is used, the z magnetization of water as a

function of tsat can be fit using the analytical solution presented in Eq. [1] assuming: 1)

MTRasym = PTR as described in Eq. [10]; 2) ksw << ω1 ; 3) ksw << Δω; and 4) arctan

(ω1/Δω) < 30°. For other cases the Bloch equations should be numerically solved as

described in detail in McMahon et al. (78). In this report, both theoretical simulations and

experimental data on phantoms (Figs. 3a &3b) showed that ksw can be accurately

determined using either the QUEST or QUESP experiments and fitting the data to either

analytical or numerical solutions to the Bloch Equations. However, caution has to be taken

when performing this experiment for several reasons. The fit parameters should be carefully

chosen, as they may greatly affect the accuracy of the results. For example, when R2w is

larger than the parameter used, the fitted exchange rate for either QUEST and QUESP will

be distorted by direct saturation of water. The choice of saturation power for QUEST (or

range of saturation powers for QUESP) highly influences the accuracy of the fitting, and

selection of this power or range of powers requires prior knowledge of the approximate

range of exchange rate(s). In addition, to improve the fitting in the presence of direct

saturation, the fits of both QUEST and QUESP data can be performed using numerical

solutions to the Bloch equations (79). As was shown, numerical solutions provide a better

estimate of the exchange rate than the analytical solution, particularly when the four

conditions mentioned above are not met.

Inspired by this study, several subsequent techniques have been proposed to improve

exchange rate estimation through fitting QUEST or QUESP data to alternate analytical

expressions. For example, the omega plot method was proposed to determine the exchange
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rates of CEST agents without requiring prior knowledge of their concentration (96). In this

approach, an alternative form of QUESP, the steady state water saturation  is plotted in

the form  versus 1/ω2
2 (Fig. 3c). Based on the two pool Bloch equations

and assumptions of negligible direct water saturation and fast exchange rate compared to

R1w (i.e. ksw>>R1w), the x-intercept of the plot can be shown to be equal to -1/ksw
2,

allowing the estimation of exchange rate without knowing concentration. This approach is

potentially useful for directly measuring exchange rates in vivo, where the agent

concentration is typically unknown, however, the assumptions include negligible DS and

MT contrast making this method not suitable in many cases, especially for DIACEST or

LipoCEST agents. In another very recent report (97), ratiometric analysis was performed on

QUEST data, reducing the dependence of the data on choice of B1 (Fig. 3d). QUEST

Ratiometric Analysis (QUESTRA) normalizes the magnetization transfer ratio at the CEST

and reference frequencies, which potentially reduces the dependence of the fits on

parameters such as T1, T2, ω1, and chemical shift compared to MTRasym.

Another new approach for determining exchange rates has been proposed which uses pulsed

saturation transfer (98,99). In this approach, oscillations are observed when plotting the

CEST contrast as a function of saturation pulse flip angle with the amplitude of the

oscillation dependent on exchange rate (whereas variations in other parameters such as T1w

and T2w don't affect this amplitude). Because of this dependency, the exchange rate

therefore can be determined in an unbiased manner. This multiple flip angle approach may

be suitable for studies on a clinical scanner where the use of CW pulses are restricted.

Frequency Labeled EXchange (FLEX)—The FLEX and Exchange Signal Averaging

(ESA) sequences are fundamentally different from saturation transfer in that a modulation in

water signal is imparted based on an evolution time (tevol) which is similar to the indirect

dimensions in multi-dimensional NMR experiments (73,77,100). These methods aren't

technically CEST methods, as saturation transfer is not employed, however they fall under

the CEST imaging umbrella as they are methods which allow the collection of images with

the contrast in these images dependent on chemical exchange. A figure describing the

differences between the FLEX experiment and saturation transfer is given below (Fig. 4).

The main element of the sequence is a succession of identical Label Transfer Modules

(LTMs), which create the modulation in water signal, through a systematic variation in tevol

across the series of images collected, and post-processed. Current implementations rely on

keeping the total time of each LTM constant for all evolution times collected in the series,

although this is not a requirement of the sequence. The signal generated for each pixel can

be described via a free induction decay (FID), and converted from the time domain into the

frequency domain via fourier transformation as shown in Fig. 4a. FLEX and ESA are similar

to saturation transfer in that the preparation of magnetization can be placed in front of many

image acquisition schemes. There are multiple advantages to these sequences, as will be

discussed later. These schemes have different requirements in total scan time from saturation

transfer as the number of images collected is adjusted to adequately sample the time-domain

of the preparation module as well. The number of points and tevol used in sampling have to

be optimized based on the chemical shift of the CEST agent protons, their chemical
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exchange rate, and the offset of the labeling pulses. As has been demonstrated (73), analysis

of the LTM dependence of the FLEX transfer allows determination of exchange rates in a

similar manner to QUEST or QUESP.

2. IMPLEMENTATION

Choice of magnetic field—Increasing the magnetic field strength (B0) can substantially

increase the sensitivity of the signal on MRI scanners (8), which has led to the development

of commercial MRI scanners with high and ultra high magnetic fields in the last decade,

both for humans (up to 11.7 Tesla) and animals (up to 21 Tesla). MR parameters will change

as a function of B0, which has been termed field dispersion. The T1 and T2 of cortical tissue

of mice at different field strengths are displayed in Table 1, which are important to CEST

contrast. In contrast to T1 and T2* contrast agents, CEST agents are suitable for high fields

and could play an important role on high field strength scanners. The reasons for this are: 1)

the separation of exchangeable protons from water (Δω) is proportional to the main field

strength. A larger Δω will allow the use of CEST agents with faster exchange rates without

the concern of violating the slow to moderate exchange rate restriction (Δω ≥ ksw); 2) The

longer T1 relaxation times at high field will slow down the recovery from saturation,

resulting in a larger CEST contrast. The dependence of CEST contrast with B0 can be

predicted using numerical simulations. As shown in Fig. 5, based on the published

relaxation times MTRasym is proportional to the B0 field strength for all the exchange rates

tested, especially for B0 < 9.4T. However, the specific absorption rate (SAR) of RF power

increases approximately with the square of the field strength (101), which may also result in

an inability to capitalize on this dependence.

Choice of imaging pulse sequence—The current paradigm to create CEST is through

application of long saturation pulses or pulse trains (i.e. > 2-3 seconds). If this long

preparation period is implemented prior to each collection of points in k-space (17), the

acquisition time can become impractically long. For example, using a standard fast spin

echo sequence with a TR of 3 sec to allow the saturated protons to recover prior to the next

scan (tsat = 2 sec), the total acquisition time is approximately 9.6 minutes to acquire the

minimal set of three images needed for CEST imaging: S0, S(+Δω), and S(–Δω) with each

acquired using 64 phase encoding steps. For practical collection schemes therefore it is

necessary to utilize fast imaging sequences to accelerate CEST acquisitions to an acceptable

temporal resolution. This is particularly important for dynamic contrast investigations which

often require temporal resolutions on the order of one minute or less.

As first demonstrated by Liu et al. (91), two possible strategies can be used to improve the

temporal resolution of collecting CEST images through fast imaging pulse sequences : 1) a

multiple echo/steady-state sequence strategy, or 2) a fast gradient echo sequence (e.g.

FLASH) (Fig. 6). Using either of these two strategies, or a combination (102), the

acquisition time is reduced significantly without compromising the CEST contrast. To date,

CEST images have been collected using a variety of fast imaging sequences, including: EPI

(51,52,102), RARE (3,44,91), FLASH (91), FISP (38) and GRASE (103). Table 2

summarizes the features of each method and therefore provides practical guidance.
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In practice, the appropriate pulse sequence should be chosen, in addition to the acquisition

speed, by the characteristics of each pulse sequences including if it is suitable for a given B0

field strength, anatomical region, if the SNR will be adequate and if specific absorption rate

(SAR) will be an issue. For example, while the RARE sequence has been widely used and

produces exquisite images at high field, the additional refocusing pulses can create SAR

concerns on clinical scanners. Gradient echo sequences, on the other hand, have the

advantage of low SAR and high speeds, but can produce poor quality images because of

eddy currents and B0 inhomogeneity, limiting their application at high fields (i.e. ≥ 7T).

For PARACEST agents, ultrashort TE methods may improve the CEST detection as is

discussed in detail by Soesebe and coworkers in this issue. Another interesting imaging

sequence that has been demonstrated by Ling et al (104,105) is to use the intermolecular

multiple-quantum coherence (iMQCs) filter to enhance the exchange contrast. When only

the intermolecular double-quantum coherences (iDQs) were selected, the CEST contrast of

GAG was enhanced as demonstrated on phantoms, however, at the expense of a

significantly decreased SNR.

Choice of saturation pulse(s)—To date, a long, continuous wave (CW) rectangular

pulse is the most widely used saturation pulse for CEST MRI, which provides several

advantages. For example, the long rectangular pulse is very efficient, allowing a rapid and

complete saturation of the solute protons (106). In addition, the Bloch equations using a

rectangular CW pulse are simple, resulting in fast computation of numerical solutions and

straightforward optimization of CEST contrast since only two parameters, saturation power

(B1) and saturation time (tsat), are adjustable (78). For a CEST agent with exchange rate

constant ksw, the optimal B1 was predicted to be ksw /2π using this pulse (79). In addition,

the CEST contrast is relatively insensitive to B1 around the optimal value. However, proper

selection of B1 must also consider the contrast-to-noise ratio (CNR), especially when a

stronger B1 is used, as the strong pulses can increase DS and MTC signal losses which

reduce the effective size of water pool that can exchange with solute protons (72). Sun et al.

(81) showed that the relationship between CEST contrast, DS and B1 can be described using

an analytical solution to the Bloch equations. Using this equation, the optimal B1 for

obtaining maximal PTR for PLL (B0=4.7 T) is predicted to be 2.43 μT, which is in

accordance with the experimental 2.5 μT. This optimal B1 is not dependent on the

concentration of CEST agent. While this equation is complicated by the number of

parameters including pool size ratio (xCA), it can be simplified into three main components:

ideal PTR, saturation efficiency (α) and spillover factor (σ) (80,107). The optimal B1 is

achieved through balancing saturation efficiency and spillover. However, this expression's

flaw is that it neglects MTC, which must be taken into account for in vivo CEST imaging.

As shown in a recent study (83), choosing a lower B1 can be favorable for detection of

CEST contrast because MTC is reduced. As a result, typically B1 is optimized

experimentally for each new in vivo application.

Despite the wide use of long rectangular CW pulses in CEST imaging, clinical translation of

CEST imaging using such pulses can be problematic as the field strength of the saturation

pulses will be limited by SAR concerns. The exact field strength allowed is a complicated

question, as SAR will also be affected by the choice of transmit coil and use of smaller
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transmit coils (108) or parallel transmit coils (109) can reduce the deposition of heat.

However, in the case that the hardware doesn't allow sufficiently strong cw pulses for

saturation, an alternative is to use a train of shaped pulses instead (110), often called pulsed-

CEST MRI. A number of waveforms have been tested which were previously used in NMR

spectroscopy and conventional MTC studies including: Fermi (96,111), e-burp (67,112),

Gaussian (50,113), SEDUCE (110), d-SNOB (110), and Blackman-shaped inversion pulses

(114). Simulations were performed to illustrate how to choose the waveform and settings

that should be used for CEST studies (Fig. 7). The calculations were performed using the

program SPINEVOLUTION (115) using the chemical exchange library recently added to

this software for a phantom at 11.7T with a contrast agent which has Δω = 5ppm, ksw =

1000 Hz (similar to the CEST agent barbituric acid). In Fig. 7a, the most common shape, a

long rectangular CW pulse, is shown. As is shown in Fig. 7b, applying saturation pulses

shorter than 5s results in substantial wiggles around the water frequency at this saturation

field strength. It is important to keep in mind that the conditions required to avoid these

wiggles varies with saturation field strength with imaging gradients potentially suppressing

them. These wiggles can be eliminated using weaker saturation fields even if the tsat is

short,. For example, use of tsat = 2 sec is sufficient when B1=3.6 μT, and use of tsat = 0.5 sec

is sufficient for B1= 0.5 μT. The challenge of choosing pulsed saturation instead and an

alternative waveform is that optimization is more complicated and these trains can have a

tendency of generating wiggles in the z-spectrum. Several additional parameters need to be

added into the theoretical model which affect the performance of these shaped pulses or

pulse trains: saturation pulse duration (τp), inter-pulse delay time (τd), the pulse shape

defined by the time-dependent B1 function B1 (t), and the number of pulses (n). In addition,

there are two dependent parameters: flip angle of saturation pulse (θ), which is defined by

the net effect of RF pulse on a spin over the period of τp, and duty cycle which is defined by

τp /(τp+ τd). Fig. 7 shows two alternative shapes which have been used previously, dSNOB

(110) (Fig. 7d-f), and Fermi(96) (Fig. 7g-i). As shown in Fig. 7e, setting τp = 5 ms, τd = 0, θ

=180° for dSNOB pulses produces similar z-spectra to the rectangular pulses, with a

reduction in the number of wiggles, but broader and steep features in both water dips and

CEST dips at 5 ppm from Fig. 7b. Fig. 7h shows some of the complications of choosing a

Fermi pulse shape. Setting θ =1620 ° produces better results than θ =180 ° for this shape

with peak field strength of 3.8 μT (upper panel). Using θ =1620 ° results in smooth Z-

spectra at shorter tsat, (lower panel) with the efficiency slightly reduced from Fig. 7b.

Sun et al. (116) derived a simplified expression to optimize conditions for pulsed-CEST

acquisition. Such an approach, as indicated by the authors, is only suitable for certain pulse

shapes. Zu et al. (84) derived an alternate expression based on the average B1 power

(Bavg power) which includes two parameters describing the shaped pulses:

[15]

where p1 is the ratio of the average amplitude to the maximum amplitude and p2 is the ratio

of the average of the square of the amplitude to the square of the maximum amplitude

respectively for the shaped pulse. p1 and p2 are well defined for a specific shape, for
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example, p1= 0.416, p2 =0.295 for the Gaussian pulse used in their study. The optimal

Bavg power, is still approximately the same whether shaped pulses or long rectangular are

used for saturation. In addition, this study indicated that one should use the maximum

allowed duty cycle since increasing the duty cycle increases the efficiency of CEST contrast

generation.

More exotic types of preparation schemes have also been tested. Several groups have

investigated applying saturation pulses with the frequency or phase alternated systematically

within the pulse or pulse train which includes:z-spectroscopy with Alternating-Phase

Irradiation (ZAPI) (117), Saturation with Frequency Alternating RF Irradiation (SAFARI)

(114), Two-Frequency irradiation (118), and WALTZ-16* composite pulses for On

resonance PARAmagnetic Chemical Exchange Effects (OPARACHEE) (119,120).

Alternatively, the magnetization can be prepared prior to application of long saturation

pulses to impart T1rho contrast (75) or Positive contrast (74). Some of these strategies

appear to be promising for discriminating MTC from CEST contrast as will be discussed

later in the Strategies to separate MT and CEST section.

Choice of imaging scheme

Alternatives to full z-spectral acquisition: In practice, researchers are often only interested

in determining the CEST contrast at one particular offset instead of examining the whole z-

spectrum. Of course, image collection would be much faster through a two-offset (+Δω and

-Δω) saturation scheme, which can be sufficient when the saturation field strengths used is

strong relative to the B0 inhomogeneity (91,121,122). For detecting DIACEST or

LIPOCEST agents, particularly outside the brain, multiple offsets around +Δω and -Δω

should be collected which span the range in B0 shifts detected in the B0 maps to properly

correct MTRasym maps. For example, Zhou et al. (123) demonstrated that a six-offset

acquisition scheme (Fig. 8) was sufficient for acquiring high SNR APT images of brain

tumors in patients. This scheme was short enough to be performed in a clinically relevant

time frame (~ 2.8 min or 4.5 min with a low SNR z-spectrum for assessing B0

inhomogeneity ~1.7 min). Depending on the shimming conditions, this six-offset imaging

scheme can be sufficient for detection of CEST contrast agents in subcutaneous tumors as

well. Alternatively on resonance approach could be used without the need of multiple

chemical shift selective saturation pulses. For instance, it was shown that a low power

WALTZ-16* preparation pulse could be used to create detectable CEST contrast using the

OPARACHEE scheme(124). Images collected using this method often possess low SNR

due to the large amounts of signal loss generated by the WALTZ-16* preparation. In

addition, this method lacks the capability of discerning CEST contrast from conventional

MTC. Other alternatives include the LOVARS (125), and SAFARI (114) schemes which

will be described in the Strategies to separate MT and CEST section.

Strategies to reduce the number of sampling points in k-space: After selecting a fast

imaging sequence, the temporal resolution can be improved further through selection of a

suitable k-space sampling trajectory and compressing the sampling of this trajectory. One

unique feature of k-space data is that the low frequency data points determine the signal

density of an image and the data is symmetric around the center of k-space. Hence,
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undersampling k-space using strategies such as asymmetric half-Fourier acquisition (126),

keyhole acquisition (127,128) or compressed sensing (CS)(129) can allow a reduction in

acquisition time without significantly compromising CEST contrast and enable the quick

acquisition of z-spectral data or dynamic monitoring of CEST contrast. These approaches

are currently in use in our center and elsewhere (62). For example, Varma et al. recently

evaluated the potential of using the keyhole technique for gagCEST measurements (62),

where low resolution dynamic data was collected in combination with a high resolution

reference image acquired with the same field of view but a larger matrix size. In this report,

they found that an undersampling factor of 4 could be used without significant

compromising the CEST contrast. However, caution has to be taken using these approaches

because undersampling will result in lower SNR and may also lead to de-emphasizing signal

changes confined to small regions.

Strategies to suppress fat artifacts: The use of fat suppression in the CEST pulse sequence

is required if a non-negligible amount fat is present, as fat will generate well-known

chemical shift artifacts and also complicate analysis of CEST images due to the lack of

exchange contrast on the fat protons in a voxel (130). Even worse, due to the short T1 and

long T2 of fat tissue, it will appear bright when Fast Spin Echo sequences are used,

potentially compromising the dynamic range of the receiver and affecting the measurement

of water signal loss. One strategy is to use a chemical-shift-selective refocusing pulse and

crusher gradients to suppress fat signal from spin echo based CEST images (130). Another

strategy is to add a short chemical shift selective fat suppression pulse after the long

saturation pulse to remove the fat and improve the quality of CEST images(3).

Unfortunately, this strategy is vulnerable to B0 inhomogeneity. Many other techniques can

be employed as well.

Volumetric CEST acquisition: Because of the presence of the long saturation pulse or

pulse train (on the order of several seconds) single slice acquisition is still the standard

approach for many current pre-clinical studies, although not desirable for clinical translation.

It is possible to include the RF saturation pulse or pulse train directly in front of a full 3D or

a multi-slice imaging sequence in order to collect volumetric CEST measurements.

However, as shown by Sun et al.(102) and Liu et al. (91), CEST contrast decays over time

after the removal the saturation pulse based on the T1 relaxation time. Consequently,

volumetric CEST contrast images must be corrected in post-processing, based on prior

knowledge of T1 as well as the details of the k-space trajectory (102). Despite the success in

pH measurements on rodent stroke models, the application of this approach might be

restricted to cases employing low saturation field strengths (0.5- 0.75 μT). Very recently,

Zhu et al.(103) demonstrated that this loss of CEST contrast resulting from T1 relaxation

can be minimized using fast 3D sequences such as Gradient and Spine-Echo readout

(GRASE). As demonstrated by the authors, the contrast loss was kept minimal and not

dependent on the number of slices due to the use of a 3D k-space acquisition scheme where

the center of k-space was acquired prior to loss of contrast due to T1 relaxation would occur.

As the signal intensity in an image is mainly determined by the center of k-space, this

strategy was shown to be successful. All the high frequency k-space data is collected later in

a way to uniformly contribute to each slice and limit the effect on the CEST contrast. This
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approach allows sensitive 3D CEST image collection within 10 minutes for a 26-offset z-

spectrum with the aid of SENSE accelerations in both phase and slice encoding directions.

As they showed, properly combining parallel imaging hardware with 3D k-space sampling

strategies can allow volumetric CEST measurements.

Another alternative is to employ steady state methods to build up CEST contrast throughout

the volume, which has been demonstrated on both 1.5T (111) and 7T scanners (131,132).

This approach uses a repetitive element that includes a short saturation pulse in front of each

slice selective pulse followed by a fast imaging sequence with a short enough repetition time

to allow a build-up in saturation contrast. In one interesting study (133), Sun et al. developed

relaxation-compensated imaging scheme using an unevenly segmented RF pulse train,

which can be considered as hybrid method combining the two approaches described in Fig.

6, where initially a long saturation pulse train is used to reach a steady state in saturation

contrast and afterwards short pulses are used to compensate for loss of CEST contrast due to

acquisition time. While this approach is expected to provide similar contrast to single slice

measurements, it might not be a time-efficient method because of the extra time required for

the compensating saturation pulses in addition to the primary saturation pulse. For example,

a number of 0.5 sec secondary pulses were used in this study, in conjunction with a 5 sec

long initial saturation pulse. In addition, extra effort is needed to optimize the compensating

saturation pulses, including determining the optimal amplitude, duration and excitation flip

angles.

Strategies to separate MT and CEST

Saturation Pulse Modulation (Frequency and Phase) Based Methods: Saturation pulses

can include modulations to separate MT contrast from CEST contrast. In 2010 the Z-

spectroscopy with Alternating-Phase Irradiation (ZAPI) (117) pulses were introduced for

separating different contributions (DS, MTC and CEST) to total water signal loss based on

the T2-selectivity of the saturation pulse with modulation frequency Ω. They proposed two

kinds of modulated saturation pulses: ZAPI with the phase of the square pulse modulating

by 180° every 1/ Ω sec, and ZAPISM (Z-spectroscopy with Alternating-Phase Irradiation

and Sine Modulation) with the phase alternating and the amplitude sine-modulated. Signal

losses due to DS and other long T2 components were eliminated from the central region of

the resultant z-spectrum, which allowed the highlight of the saturation of short T2

components (MTC). The DS dips were modulated to the frequencies at ± N*Ω (N=1 for

ZAPISM). They suggested that the T2 selectivity in the z-spectrum was strongly related to

the modulation frequency Ω allowing the probing of pools with different T2s through

varying Ω. Lee et.al (118) further investigated using these sine or cosine modulated, two-

frequency saturation pulses. Using Provotorov thermodynamic theory they demonstrated on

a liquid-crystalline phantom, that these two-frequency pulses produced a uniform saturation

on strongly coupled spin systems (134). As a result, they proposed a new asymmetry

analysis with respect to the water frequency, which potentially allows one to isolate CEST

contrast from asymmetric MT contrast due to the uniform MTC over a broad range of

frequencies. However, the value of this approach needs further testing in vivo.
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Another two-frequency irradiation scheme for separating MT and CEST has been

developed, SAFARI (114), which uses either a pulse train with alternating frequencies of

+Δω and -Δω or later a cosine-modulated dual-band CW pulse similar to Narvainen et al.

(117) and Lee et al. (118) with Δω equal to Ω. In addition to collecting an image with either

of the above modulated saturation pulses, this approach also acquires two images with

saturation frequencies of +Δω and -Δω using either pulse train or a long rectangular

saturation pulse, which are then subtracted to produce a new asymmetry map, the

MTRSAFARI map. There were two issues with this experiment, 1) the two-frequency

saturation images can have low SNR and 2) it can be challenging to produce equivalent

saturation field strengths using one and two-frequency saturation pulses.

Time Domain Based Methods: The conventional schemes for CEST contrast detection and

analysis are mostly based on saturation offset incrementation (z-spectrum) and asymmetry

analysis. This analysis doesn't remove all CEST contrast map artifacts from spatial B0

inhomogeneity, particularly in regions with rapid changes in tissue susceptibility compared

to the image resolution where partial volume effects complicate the fittings. When large

differences in direct water saturation are present in a voxel, the corrections are imperfect, as

can be the case at the edge of the brain for example. Also the contrast maps can possess low

CNR and image collection times can be long. These remain big obstacles for widespread

adoption of the technology, especially for DIACEST and LIPOCEST. Based on the

amplification mechanism of CEST imaging that the contrast builds up as tsat increases,

CEST contrast can also be detected and characterized using time-domain analysis based

methods(73,125,135,136). For example, Song et al. developed a new time-domain CEST

mapping method, termed “Length and Offset VARied Saturation” or “LOVARS” (125) (Fig.

9) based on both the Length (tsat)-dependence and asymmetric (around water) Offset-

dependence of CEST contrast. In this method, a set of images is acquired with systematic

variation of the saturation parameters across this set to modulate CEST and other saturation

transfer contrasts (e.g. DS, MTC) into different frequencies and phases. Either fast Fourier

transform or the general linear model (a widely-used algorithm in fMRI(137)) can be

directly employed to analyze and decompose the LOVARS modulation patterns into

separate sources of water signal loss. After transformation, a “LOVARS phase” map is

generated, which is insensitive to B0 inhomogeneity. Another advantage of this method is

the B1 dependent saturation efficiency (α) of PTR in Eq.[1] allows the correction of B1

inhomogeneity through analysis of the ratio of contrast at different Tsat (99,128). As has

been shown including on live mice bearing 9L gliosarcomas, the LOVARS phase mapping

method has a more than four times higher CNR efficiency and exhibits less B0 artifacts

compared to using saturation offset increment based correction to produce conventional

MTRasym map. However, these phase maps are also less sensitive to concentration of CEST

agent or chemical exchange rate

The FLEX and ESA methods mentioned above are also a time-domain analysis based

methods, which employ a series of label-transfer modules (LTMs) to selectively label the

exchangeable solute protons and subsequently transferred to water. The water signal is

modulated as a function of evolution time due to exchange transfer, which can be

reconstructed by FFT as a free induction decay of the amplitude of water signal. Prior to
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FFT, time domain analysis on the FLEX FID offers the possibility of removing rapidly

decaying components such as semi-solid protons (short T2*) through fitting and then

subtracting these components out (100), instead of fitting these features out using the

frequency domain analysis methods (MTRasym) widely used in saturation transfer. Another

advantage appears to be the feasibility of detecting faster exchange rates than detectable

using saturation transfer (135). However, further work is required on this sequence to

overcome several technique hurdles such as the high power deposition of this approach, the

complexity of the fittings, and the large number of images required for analysis.

3. POST-PROCESSING

The most common procedure for processing CEST imaging data is illustrated in Fig. 10

(138). This procedure includes measuring B0, correction of the z-spectrum voxelwise

through interpolation, and generating MTRasym map(s) at the offset(s) of interest. These

steps are described in detail below.

B0/B1 correction—One of the most important steps, especially for DIACEST agents, is

the need to accurately measure the B0 for each voxel (generating a B0 map) and use it to

correct the artifacts in CEST contrast maps caused by B0 inhomogeneity. One way to

generate B0 maps is directly using the z-spectrum by either interpolating or fitting the

normalized water signal (S/S0) for each voxel to find the offset corresponding to the

strongest saturation. This approach works well if the central peak in the z-spectrum is sharp

(a relatively weak saturation field strength used, i.e. < 2μT), or if the CEST agents

exchangeable protons are sufficiently far from water so that small errors in B0 correction

won't cause problems (MTC and DS contrast are small)(139). B0 maps based on these

profiles can be distorted because the signal losses due to MTC are asymmetric. For other

conditions a separate measurement of the B0 map has to be be made. One option is to collect

gradient echo based phase maps to provide B0 maps for correcting CEST contrast maps

(140). One disadvantage of using phase-mapping based B0 map, however, is the need for co-

registration if a different pulse sequence is used for acquiring B0 maps than that for z-

spectrum. Another concern is that B0 shifts can be potentially underestimated due to the

problem of phase aliasing, in which phase is always wrapped into the interval of [-π π]

radians (141,142). To overcome these challenges, a second method, WAter Saturation Shift

Referencing (WASSR) (143) has been proposed which involves collecting a second set of

images using weak saturation pulses so that the signal loss is predominantly due to DS. In

practice, the assumption of signal losses produced mostly through DS can be fulfilled using

a CW pulse at ~ 0.5 μT, tsat ~ 500ms (144). The original method employed a non-model

based maximal symmetric fitting algorithm. More recently, Liu et al suggested that using a

Lorentz lineshape fitting algorithm would be more robust(4), especially at high fields (e.g.

9.4T) where the B0 inhomogeneity can be > 200 Hz(3). In this case, the lineshape of water

DS profile, or the longitudinal magnetization , is given by:

[16]
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Here  is the initial longitudinal magnetization, ω1 is the strength of the applied RF pulse

which is resonating at Δω (frequency with respect to the proton center frequency), and ΔB0

is the B0 shift. The assumption of Eq. [16], 1/T2 << Δω, is generally satisfied for CEST

contrast measurements at high field. Fitting the experimental data of  at different Δω

allows accurately determining of ΔB0, and a B0 shift map is generated pixel-wise.

In addition to B0 correction, more attention has been paid to B1 correction recently,

especially with respect to translation of CEST technology to high field clinical scanners.

Nevertheless, quantitative correction of B1 inhomogeneity in CEST contrast is

challenging(140). An empirical approach has been reported recently to improve

measurement of CEST contrast in the presence of severe B1 inhomogeneity (145). In this

approach, B1 field maps were measured using a double angle method (30° and 60°), which

were used to correct the MTRasym maps at the frequency of glutamate using a calibration

curve described by a second order polynomial. It was indicated in this report however, that

accurate determination of the calibration coefficients highly depends on the saturation and

imaging parameters and the type of tissue.

Interpolation of z-spectra—After the B0 map is determined, the z-spectrum of each

pixel is shifted to move the center back to 0 Hz. In order to determine the signal at the

offsets of interest, the data set will be interpolated into a new set of data corresponding to

the offset(s) of interest using data processing tools such as MATLAB, IDL or Python. A

simple spline interpolation (in MATLAB) often works well, especially when the SNR is

sufficient so that the Z-spectrum for each pixel is smooth. As we have demonstrated (4), this

simple and fast approach is quite suitable for characterizing CEST agents in vitro, even in

the presence of B0 shifts > 500 Hz. However, in vivo CEST MRI requires more

sophisticated post-processing as the images generally have lower SNR (i.e. SNR0<100) and

can contain motion artifacts. For example, Zhou et al. have used 12th-order polynomial for

fitting z-spectrum and interpolated it into a Z-spectrum with 1Hz resolution (52).

Stancanello et al. showed that using a smoothing spline based algorithm could significantly

compensate the noisy z-spectrum(139). These interpolation based methods are time-efficient

and don't rely on the determination of many parameters, but have the limitation that all the

collected data don't contribute to the Contrast to Noise Ratio (CNR) of the CEST contrast

maps. Model based fitting methods would be of great interest in the hope of allowing more

frequencies to contribute to the CNR, especially for in vivo data where fat artifacts and

cross-relaxation may also contribute.

For a tissue or compartment whose relaxation times are similar to free water, the saturation

profile is well described using a Lorentzian line shape (146). As a result, the z-spectrum in

these tissues can be modeled using two separate components: DS and CEST. Fitting the

experimental data to a Lorentzian curve given using Eq. [19] will allow the extraction of the

DS component, producing a new z-spectrum without CEST. Consequently CEST contrast is

determined by comparing the difference between the experimental z-spectrum and the DS

only z-spectrum. This is the case when MTC is negligible such as in aqueous phantom

samples (50) or tissues irradiated with a low saturation power(132). It is worth noting that

the CEST solute protons can also be considered as a liquid pool, and described by a
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Lorentzian line shape (50). As an extension of Lorentzian fitting of CEST, Zaiß et al. (147)

recently proposed, based on simulations, to model and separate CEST from MT using a

combination of CEST contrast modeled by a Lorentzian and MTC modeled by a Lorentzian

under the weak-saturation-pulse (WSP) approximation. In another recent study (148), an

analytical solution to the Bloch-McConnell equations was presented for HyperCEST

experiments which allows use of Lorentzian line shapes for z-spectral analysis.

It should be noted that there is a large amount of redundant information acquired in a z-

spectrum, which can be used to improve the CNR of the CEST contrast maps as recently

demonstrated by Terreno et al.(90). They created new maps based on integration of B0

corrected z-spectra to improve their quality. In this study, they tested a variety of data

processing based on z-spectra including determining the areas under the spectrum around

the CEST peak (AINT_PEAK) or its complimentary (above the spectrum, 1-AINT_PEAK),

determining the areas under the spectrum from the CEST peak to water resonance

(AINT_BULK) or its complimentary (above the spectrum, 1-AINT_BULK). In addition a new

approach, a so-called enhanced mode, was used to define MTRENC with [S(-Δω)-

S(+Δω)]/S(-Δω), which is inversion version of MTRasym defined by Eq. [11] with a relation

of MTRENC= 1/ MTRasym -1. It was indicated by the authors that the enhanced mode is

more suitable for high CEST contrast, i.e. CEST effect >30%. While all the approaches

using an integrated area have been shown to improve the CNR, the approach using area

under spectrum (INT_PEAK) was shown to perform better for PARACEST agents with

distant CEST peaks, and that using the areas above the spectrum (complimentary) may be

better for DIACEST agents with small CEST effect and close to water resonance. In another

recent study(38), this type of approach has been used to improve the detection of glycogen,

where a cumulative CEST effect was calculated by numerically integrating CEST effect

from 0 to 3 ppm.

Voxels with low SNR can compromise the accuracy of data interpolation, which has to be

considered during data processing. There are several imaging process methods that have

been reported to address this problem. For instance, we have been using a priori determined

SNR maps to calculate CNR maps and filter out pixels with low CNR (3,91,108), based on

the assumption that low CNR is due to either low SNR or low contrast. The advantage of

using a CNR filter is that not only noisy pixels are filtered out but also those containing a

low ‘background’ CEST contrast, allowing the filtered maps to highlight pixels possessing

more reliable CEST contrast. However, the CNR threshold needs to be determined manually

which may result in a bias. Another method which has been employed is a so-called median

filter method(3), which is effective to remove ‘salt and pepper’ noise and can reduce the

variations raised from interpolation. Very recently, a R2 (the square of the correlation

coefficient) filter was also introduced(149). In this approach, the R2 for the interpolation

curve with respect to the raw data was calculated pixel-wisely. Pixels with low R2, i.e.

<0.99, were discarded, assuming noisy z-spectra produce low R2 values.

Frequency selective detection—One unique feature of CEST agents is that CEST

contrast only occurs upon application of saturation pulses at particular frequencies (the

characteristic frequencies of the CEST agents of interest). As a result, CEST allows

detecting multiple agents simultaneously by their CEST offsets. This feature is very similar
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to that of fluorescence dyes, inspiring the terminology of multi-color detection(3-5,122).

The term frequency dependence encoded detection has also been used(6). Regardless of

which term is used, multiple CEST agents can be detected simultaneously and displayed

collectively as artificial color contrast maps. A CEST color spectrum (Fig. 11a) that is

generated by encoding the DIACEST saturation offset with a color spectrum (4,5) and has

been demonstrated in vivo (Fig. 11b)(3), provides guidelines for processing and displaying

multiple DIACEST agents in future studies. The potential pitfalls of this approach is that, if

the chemical shifts of two agents are not well separated, the detection of mixed type contrast

within the same voxel can be challenging. PARACEST agents also have the capability of

simultaneously detecting multiple agents (122,134). Because the chemical shifts of

PARACEST agents are typically much more separated than those of DIACEST agents, the

multi-color strategy of multiple PARACEST agents is therefore easier to be implemented

and may have broader applications in the near future

The capability of simultaneously detecting multiple agents endows CEST contrast agents

with clear advantages. For example, despite contrast agents being designed for a particular

molecular biomarker, the apparent MRI contrast is influenced by a number of molecular

environmental conditions and possibly by other molecular biomarkers. A solution to this

problem is to apply a second contrast agent that is responsive to other molecular biomarkers/

molecular environmental conditions or is unresponsive, serving as a “internal control”(121).

This principle has been demonstrated using a pH responsive agent Yb-DOTAM-Gly

together with a pH unresponsive agent Eu-DOTAM-Gly for pH measurement (17), with the

pH determined by the ratio of two CEST contrasts from agents A and B:

[17]

in which only  changes with pH, making the measurement independently from T1 and

concentration of contrast agents since they share the same pharmacokinetics and hence have

a constant concentration ratio.

Using molecules carrying multiple exchanging sites would further simplify the

measurement:

[18]

where CEST agent A has two types exchangeable protons: A1 and A2. As long as their

responsibilities to a particular biomarker is significantly different and their CEST effects are

distinguishable, the ratio of their CEST effects could be used without the need to determine

concentration(30). Based on this strategy, several CEST agents that contain two types of

exchangeable protons have been developed for concentration independently measuring of

pH (149,150), and are also possible to apply for measuring enzyme activity(41). It should be

noted that the accuracy of these measurements highly depend on calibration curves. When

Liu et al. Page 20

NMR Biomed. Author manuscript; available in PMC 2014 August 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



applied in vivo, MTC can complicate the measurements as MTC will also change as a

function of frequency. It is expected that a technology well established to separate MTC and

CEST contrast can greatly improve the in vivo applicability of the ratiometric approach.

Combining with other types of contrast maps to improve CEST contrast maps
—One of the advantages of using CEST probes over T1 and T2* agents is that endogenous

contrast can be retained. This unique feature endows the CEST MRI with the capability of

using other MRI contrast for image segmentation and pixel classification to improve CEST

quantification. For example, we have proposed an conventional MTC based segmentation

technique for selectively filtering CEST contrast maps based on using the signal at two

resonance frequency offsets Δω1 and Δω2 to calculate the NOrmalized MAgnetization Ratio

(NOMAR)(151), defined by:

[19]

MTC was chosen for its capability in classifying tissues (10) including separation of CSF

containing pixels from brain parenchyma in MS studies (152) and removal of background

tissue from contrast enhanced blood signal (153). When two additional MT weighted images

are acquired at saturation frequencies of -12.5 ppm and -50 ppm, the NOMAR values, as

calculated using Eq. [19], allow differentiation of voxels with low MT contrast (such as fat,

CSF, edema or blood) from target tissue voxels using a global threshold determined by

histogram analysis. Segmentation techniques based on other type of MRI contrast can also

be used to create tissue selective CEST contrast maps, avoiding the potential complications

caused by tissue saturation transfer properties.

SUMMARY

CEST imaging appears to be a very promising imaging technology for pre-clinical research

and clinical diagnoses and prognoses. The technical hurdles for implementing CEST

imaging in the clinic are being overcome through steady development of probes, hardware,

and imaging schemes over the last decade, which have been summarized in the present

work. With the aid of these technical advances, CEST imaging is now being tested in

patients and has already shown utility in brain tumor diagnosis. It is hoped that the

information in this review can assist other investigators interested in joining this promising

field.
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Figure 1.
The exchange pathways that can result in CEST contrast: a) proton exchange; b) molecule

exchange; c) proton+molecule; d) compartment exchange; and e) macromolecule mediated

compartment exchange.
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Figure 2.
Schematic of Chemical exchange saturation transfer (CEST): principles and measurement

approach for pure exchange effects. a, b) Solute protons (blue) are saturated at their specific

resonance frequency in the proton spectrum (here 8.25 ppm for amide protons). This

saturation is transferred to water (4.75 ppm) at exchange rate ksw and nonsaturated protons

(black) return. After a period (tsat), this effect becomes visible on the water signal (b, right).

c) Measurement of normalized water saturation (Ssat/S0) as a function of irradiation

frequency, generating a so-called z-spectrum (or CEST spectrum or MT spectrum). When

irradiating the water protons at 4.75 ppm, the signal disappears due to direct (water)

saturation (DS). This frequency is assigned to 0 ppm in z-spectra. At short saturation times,

only this direct saturation is apparent. At longer tsat the CEST effect becomes visible at the

frequency of the low- concentration exchangeable solute protons, now assigned to 8.25 -

4.75 = 3.5 ppm in the z-spectrum. d) result of magnetization transfer ratio asymmetry

analysis of the z-spectrum with respect to the water frequency to remove the effect of direct

saturation. Reproduced from reference (11) with permission.
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Figure 3.
Four MRI methods for estimating exchange using varied saturation power or saturation time.

a) QUEST; b) QUESP; c) Omega plot; and d) QUESTRA. These were reproduced from

reference(78) (a-b), (96) (c), and(97) (d).
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Figure 4.
Diagram depicting the differences between the FLEX sequence and standard Saturation

Transfer sequence for creating frequency sensitive exchange contrast; a) FLEX sequence

with the evolution time (tevol) of the LTM's adjusted to allow frequency labeling of the

modulations in water signal. The magnitude of the water signal is modulated as a function of

tevol through exchange transfer; b) Two versions of Saturation Transfer are shown:

continuous wave saturation (upper panel); and pulsed saturation (lower panel); For both the

o1 frequency is adjusted to provide frequency specific contrast; c) FLEX data can be

reconstructed as a free-induction decay (FID) of amplitude PTRs containing the signal of the

exchangeable protons. A Fourier transform provides the spectrum. Reproduced from

reference (73) with permission;
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Figure 5.
Numerical simulation of B0 field dispersion influences on CEST contrast in the mouse

cortex using the Bloch equations: a) z spectra, b) MTRasym plots, and c) peak CEST values

plotted against the B0 field with the proton exchange rate ranging from 30 Hz to 1000 Hz.

The parameters for these simulation were: Δω = 3.5ppm, ksw = 30Hz (except for panel c), B1

= 4.7 μT (200 Hz), T1s and T2s are T1w and T2w are used as reported in the literature and

listed in Table 1.
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Figure 6.
Two strategies to create CEST contrast when using fast MRI sequences: a) Pulse sequence

diagram of a PARACEST detection method with a multiple-echo imaging scheme; b) Pulse

sequence diagram of a PARACEST detection method with a short repetitive saturation

scheme. For both schemes, m represents the number of selective saturation pulses that

comprise 's, and R represents the number of repetitions. For presat-RARE, n represents the

number of echos that are acquired per excitation (a.k.a., RARE factor), the product of n and

N represents the number of phase encoding steps, and the first lobe of Gread alternates in

phase for each successive echo. For presat-FLASH, N represents the number of phase

encoding steps. Reproduced from Fig.1 in reference (91) with permission.
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Figure 7.
Simulations of saturation transfer performance for different types of saturation pulses to

illustrate some of the issues worth considering when using different waveforms. Simulations

were performed setting Δω= 5ppm, xca=1:2000, R1w=0.25, R2w = 0.7. These were

performed using the Spinevolution program. a) RECT Waveform, b) tsat dependent z-

spectra with ksw= 1 kHz, B1 = 10.6 μT. By tsat = 4 sec, the oscillations are mostly removed;

c) MTRasym at Δω = 5 ppm, tsat = 7 sec,; d) dSNOB Waveform; e) tsat dependent z-spectra

with tpul = 5 msec, θ = 180°; f) MTRasym at Δω = 5 ppm, tsat =7 sec; g) Fermi Waveform h)
flip angle (upper) and tsat dependent with tpul= 27 msec, θ = 1620° (lower) z-spectra and i)
MTRasym at Δω = 5 ppm.
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Figure 8.
Schemes for APTw image acquisition: a) Minimal two-offset APT scan (+3.5 ppm for label,

–3.5 ppm for reference); b) Six-offset APT scan (±3, ±3.5, ±4 ppm). The effects of

conventional MT and direct water saturation reduce the water signal intensities at all offsets

(±3, ±3.5, ±4 ppm), and the existence of APT causes an extra reduction around 3.5 ppm.
Reproduced from reference (123) with permission.
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Figure 9.
In vivo demonstration of the LOVARS scheme as applied to the imaging of 9L gliosarcomas

in mice. a) T2-w scout image; b) B0 shift map (WASSR); c) uncorrected MTRasym map; d)
LOVARS time domain data (top) with phase (middle) and magnitude (bottom) traces

determined through FFT with ROIs as marked in c, ROI1: tumor region and ROI2: control

tissue with large B0 shift. The arrows point to the average phase (bottom) and magnitude

(middle) in ROI1 and ROI2 at 1cycle/LU based on FFT; e) LOVARS phase map calculated

using FFT; f) LOVARS phase map calculated using GLM; g) thresholded LOVARS

imaginary component map. Reproduced from reference (125) with permission.
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Figure 10.
Overview of a typical protocol to acquire and process CEST data. Reproduced from

reference (138) with permission.
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Figure 11.
a) Multicolor spectrum of DIACEST, artificial colors are assigned according to the

exchangeable proton chemical shifts for a variety of diamagnetic agents, which range from 0

to 7 ppm(3); b) In vivo realization of the Multi-color imaging. Reproduced from reference

(3) with permission.
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Table 1

The relevant MR properties for CEST imaging of the mouse cortex at different B0 field strengths

B0 (Tesla) Frequency separation (Hz) per 1 ppm T1 (ms) T2 (ms)

2.35(154) 100 1010 68.5

4(155) 170 1286 65.2

4.7(154) 200 1315 54.6

9.4(155) 400 1948 42.1

11.7(155) 500 2073 36.2

17.6(156,157) 750 2030 30

NMR Biomed. Author manuscript; available in PMC 2014 August 26.
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