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Proton magnetic resonance spectroscopy ("H MRS) of biological systems has higher specificity than MRI because resonances of multiple metabolites
can be distinguished, reflecting chemistry and physiology in situ. Unfortunately, this approach has very low sensitivity as the metabolites are typically
at millimolar concentrations compared to the molar signal strength of water-based MRI. As a consequence, even though "H MRS is a powerful and
common research tool, its inroad into daily clinical practice has been limited. Until very recently, "H MRS applications have focused on the resonances
upfield (i.e., at lower frequency) of the water resonance. This article deals with protons that are generally not observed in a typical water-suppressed
spectrum, namely, the exchangeable protons found predominantly downfield from water. These can usually be detected by MRS only if the transfer of
water proton saturation (established during water suppression) is not a confounding factor, or by using water exchange (WEX) spectroscopy, in which
RF labeling of the water protons is transferred to the exchangeable protons and subsequently detected. More importantly, it has recently become
clear that the presence of such exchangeable protons on low concentration solute molecules can be detected via the water signal by RF labeling
of these protons and subsequent transfer of this label to water protons. This process, leading to saturation of the water signal and enhancement
of the effect through repeated exchange, can be used for the imaging of metabolite signals or exchangeable-proton-based contrast agents with
enhanced sensitivity. This has given rise to the field of chemical exchange saturation transfer (CEST) MRI, which has greatly increased the potential for
translating spectroscopic methods to the clinic. Examples include the measurement of pH, temperature, and enzyme activity as well as detection of
cellular metabolites, ions, and proteins and peptides. In addition, bio-organic compounds can now be used for contrast agents, cell and nanoparticle
labeling, and reporter genes.

Keywords: chemical exchange saturation transfer (CEST), water exchange (WEX), amide, amine, hydroxyl, imino

How to cite this article:
eMagRes, 2016, Vol 5: 1307-1332. DOI 10.1002/9780470034590.emrstm1482

is often unavailable immediately for the physician to look at,
but requires further advanced data analysis. This is often too
much work for clinical practice, where patients spend perhaps
15-30 min in the scanner, during which the maximum possible
information needs to be gathered. As many fast anatomical and
physiological imaging methods are already available, MRS is
generally not performed, except at high-end research centers.
This is unfortunate as the proton spectrum contains a wealth of
information regarding important metabolites such as Cr, Cho,
NAA, MI, Glu, Gln, GABA, gluthatione, glucose, lactate, and

Introduction

Proton magnetic resonance spectroscopy (\H MRS) of bio-
logical systems has existed for many decades, but despite its
great chemical and metabolic specificity and its proven use in
research, it has made little progress into routine clinical prac-
tice. There are several causes for this, the main one being that
signal sensitivity limits its use to detecting millimolar (mM)
concentrations of small metabolites. An improved signal-to-
noise ratio (SNR) can be achieved by increasing the size of the
volume elements (voxels), but this reduces spatial specificity.

While nuclei such as 3'P can provide spectra that illuminate
physiological processes and pH in research applications, the
only nucleus that has come close to routine clinical use is
the proton, basically because clinical MRI is geared toward
the use of the water protons for high-resolution imaging.
Unfortunately, 'H MRS is not simple and requires suppression
of the large water signal (see Single-Voxel MR Spectroscopy;
CSI and SENSE CSI). In addition, the coupled protons of
many different metabolites resonate over a small chemical
shift range, leading to overlapping signals that are difficult to
separate or quantify, unless specific editing approaches are used
(see Spectral Editing). In addition, the spectral information

alanine, just to mention a few.

Currently, the bulk of '"H MRS efforts are focused on the
signals upfield (i.e., at lower frequency) relative to the water
resonance, where the aliphatic protons resonate. The spectral
region downfield from water contains aromatic and exchange-
able protons (e.g., amide, imino, amine and hydroxyl protons)
but typically, little signal is detected there. The reason for the
low level of aromatic signals is the low concentration of such
protons, but for exchangeable protons there are two more subtle
causes.! The first and foremost is the suppression of the water
'H signal during '"H MRS, which imparts some level of satu-
ration on the water signal. In the case of complete saturation
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of the abundant water protons ‘w’, every exchange of a solute
proton ‘s’ leads to replacement by a saturated water proton
from the large pool. This causes an enhancement of signal dis-
appearance with the solute-to-water proton exchange rate k,
leading to ‘apparent’ fast relaxation, both transverse and lon-
gitudinal, with rates of r,, = (R,,) + kg, and r;;=(R,,) + k.,
respectively, with R,=1/T, and R, =1/T, as the spin-spin
and spin-lattice relaxation rates in the absence of exchange. A
second issue for such protons is that the linewidth is approxi-
mately proportional to the exchange rate (LW ~ kg, /r), which
lowers their SNR. Solutions for this problem can be found by
designing specific pulse sequences, which is discussed in the
section titled ‘MRS of Exchangeable Protons’.

Because of the above issues, the use of exchangeable protons
in the 'H spectrum for obtaining clinical information seems
even more unlikely than that of aliphatic protons.!"® However,
this outlook changed dramatically with the advent of chemical
exchange saturation transfer (CEST) spectroscopy and imag-
ing, first suggested by Balaban et al.”~® This approach, based
on the saturation transfer principles outlined by Forsen and
Hoffman,! allows the detection of exchangeable protons by
saturating them and following the transfer of saturation to the
water signal. In contrast to the direct detection of exchangeable
protons in MRS, the exchange with water in this case functions
as a sensitivity enhancer because the nonsaturated protons
of the large solvent pool continuously replace the saturated
solute protons, which are again saturated and undergo fast
exchange in a process that benefits from fast exchange with
water. Provided that sufficient saturation is imparted while
the protons are on the solute and many exchanges take place
during the saturation period, an increasing saturation of the
water signal occurs with a rate proportional to the product of
the solute proton concentration, the saturation efficiency, and
k., - Barly CEST papers’'!-1 showed that enhancements of the
order of 10-10 000 can be achieved by this process, giving rise
to new possibilities for imaging low concentration metabolites
and contrast materials based on the water protons. Contrary
to the well-known magnetization transfer contrast (MTC) of
protons in semisolid tissues, the transfer process from mobile
species has greater potential because the lifetime of the protons
in terms of their T),s is much longer, allowing the use of pulsed
editing approaches.

This burgeoning field is just starting and the outlook is
promising.'>~2* In this article, after an overview of the princi-
ples underlying the detection of exchangeable protons in MRS
(see section titled ‘MRS of Exchangeable Protons’) and the
opposite process in CEST-MRI (see section titled ‘Chemical
Exchange Saturation Transfer (CEST)’), the different types of
pulse sequences that are available for CEST (see section titled
‘Pulsed Sequences for MTC and CESTMRT’) and issues that
may affect data analysis (see section titled ‘Data Analysis for
CEST Spectra’) are described. The section titled ‘Potential and
Clinical Translation of CEST Methods’ briefly summarizes
some important applications that are already being translated
to human scanners. However, because of the availability of
excellent recent reviews of CEST applications, the develop-
ment of CEST agents, and the study of endogenous CEST
contrast,'>~24 this article will focus on the relationship between
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MRS of exchangeable protons and CEST MRI, and on the pulse
sequences used for detecting CEST effects.

MRS of Exchangeable Protons
Detecting Exchangeable Protons with MRS

In the 'H spectrum most exchangeable protons are shifted
downfield of water and overlap with aromatic signals. How-
ever, as noted above, not much signal is detected there owing
to water suppression and the transfer of saturated protons
from water to the metabolites. In order to detect these protons,
one has to avoid presaturation and instead perform water
suppression rapidly at the time of detection, before saturation
can be transferred. Also, the echo time (TE) in the sequence
needs to be minimized to avoid signal reduction due to the
short apparent T),.

The effect of a composite so-called WATERGATE?® refo-
cusing pulse (3 — 9—19—19 -9 — 3) used to suppress the
water signal in an outer-volume suppressed (OVS) point-
resolved spectroscopy (PRESS) spectrum in vivo is illustrated
in Figure 1. While adding a third echo-refocusing period to the
sequence just before detection (top) lengthens the TE, many
resonances remain visible (Figure 1a). However, when a chem-
ical shift-selective (CHESS) water suppression pulse is added
before the sequence (bracketed at top), several signals are
suppressed (Figure 1b). Similarly, on adding a so-called DRYS-
TEAM sequence?® during the middle period, (TM =50 ms
between the second and third PRESS pulse), in addition to the
CHESS water suppression, most signals downfield disappear
(Figure 1c) due to saturation transfer during these periods.
However, when the OVS-PRESS-WATERGATE sequence is
applied postmortem (Figure 1d), many resonances, especially
in the 8-8.5 ppm region, increase in intensity. This is attributed
to a drop in pH and the sensitivity of backbone amide protons
in proteins and peptides to pH in the physiological range.?”-?
A point of importance for metabolite quantification is that
water saturation reduces the signals of not only exchangeable
protons but also some of the metabolites (e.g., Cr, NAA and
lactate) due to their interaction with the immobile semi-solid
tissue matrix.??-3 This complicates the use of, for instance, Cr
as a concentration standard.

It is important to point out that whenever water suppression
is used, one cannot shorten the repetition time (TR) between
scans below the limit at which the water saturation from the
previous scan reduces the exchangeable proton signal. Thus,
the best approach for observing exchangeable protons would
be to avoid exciting the water at all. This can be achieved either
by using selective water flip-back approaches after general
excitation,3 or by selectively exciting only the spectral
region of interest. The latter can be done using a ‘metabolite
cycling’ approach®3® where the downfield and upfield res-
onances are inverted in an alternating manner, followed by
signal subtraction. The downfield spectrum resulting from
applying this approach in a human brain,® shown in Figure 2
(inset), is very similar to that found in the cat brain by Mori
et al. (Figure 1a and b). Adding a CHESS water suppression
pulse before this sequence elicited a signal reduction in the
8-8.5 ppm region very similar to that shown in Figure 1.
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Figure 1. Top: OVS-PRESS-WATERGATE sequence used to acquire the
in vivo spectra with exchangeable protons shown in parts a, b, and d. The
phase ¢, was cycled as (0°, 180°). G, and G indicate slice and coher-
ence selection, respectively. The (x, y, z) gradient strengths (in G/cm) for
G,, G,, and G; gradient pulses were (10,4,1), (8,8,6), and (—6,—6,—4),
respectively. Slice-selection pulses were 1 ms sinc functions with two side
lobes. Total TE was 18.5ms; CHESS water suppression was turned on
and off. Bottom (a—d): In vivo cat brain spectra (4.7 T, 64 scans, TR=25s)
recorded by the above sequence without (a) and with (b) CHESS water
suppression. (c) OVS-DRYSTEAM spectrum (TE = 20 ms) with water sup-
pression during TM (50 ms) and before the sequence, showing efficient
removal of most signal in the downfield region due to saturation trans-
fer. (d) OVS-PRESS-WATERGATE spectra after cardiac arrest, showing
increase in the exchangeable amide proton signals compared to (a) due to
reduced exchange at lower pH. (Reproduced with permission from Ref. 1.
© John Wiley & Sons Ltd., 1998)
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Figure 2. Inset: Downfield 'H spectrum of human brain voxel (54 ml,
mixed gray and white matter above the ventricles) acquired using the
metabolite cycling approach without water suppression. Graph: Signal
intensity (peak area averaged over 12 volunteers) for six downfield peaks
(symbols indicated in inset) and water protons as a function of inversion
time (TI) when adding a water 'H inversion pulse before the metabo-
lite cycling and changing TI. Peak areas are shown as a percentage of the
equilibrium magnetization (determined from a 2-pool Bloch-McConnell
exchange model fit) and the lines indicate the fit from the model. The fastest
exchange was visible for the backbone amide proton resonances between 8
and 8.6 ppm. (Reproduced with permission from Ref. 5. © John Wiley &
Sons Ltd., 2011)

As mentioned above, this spectral region consists of multiple
amide proton resonances.!™® In order to measure the exchange
rates of these protons, Macmillan et al.®> performed a clever
experiment in which an extra water inversion pulse was added
at an inversion time TI before the metabolite inversion, and
TI was then varied. Similar to the saturation contributing
to apparent relaxation of solute protons explained above,
every exchange of a solute proton leads to replacement by a
water proton with inverted magnetization, leading to a signal
reduction as a function of TI that occurs at the rate k. The
inversion slowly disappears at the rate R, of water (R,,,). The
results, shown in the graphs of Figure 2, led to a kg, estimate of
7-9 Hz for the 8.0-8.5 ppm resonance range, which was smaller
than the average rate of about 29 Hz found in experiments on
amide protons by van Zijl et al.® This was attributed to the
use of a longer TE (~45ms), which would remove several
of the faster components from the spectrum because of the
domination of the relaxation by the kg, term. Actually, the
increase in the apparent relaxation rate causes some inherent
exchange rate filtering in all downfield resonances in 'H MRS,
in a manner dependent on the lengths of evolution periods
of both longitudinal and transverse magnetizations in the
particular pulse sequences. It is important to keep this in mind
when trying to quantify signal intensities or exchange transfer
rates.
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Water Exchange (WEX) Spectroscopy

The problem of reduced or even missing signals of exchange-
able protons is well known in high-resolution NMR, which has
led to the use of multipulse sequences that include selective
water flip-back pulses to visualize rapidly exchanging pro-
tons in multidimensional nitrogen (**N)-'H NMR studies of
proteins.** In order to selectively detect exchanging protons
and measure their exchange rates, Mori et al.’®4* designed the
so-called water exchange (WEX) filtered multidimensional
NMR sequences that selectively label the water protons. They
studied the label transfer to the amide protons and subse-
quently to other protons in mobile macromolecules (MM)
through the intramolecular nuclear Overhauser enhance-
ments (NOEs).283641 Analogous approaches have now been
implemented in studies of perfused cells and rat brain in
vivo.® The pulse sequences for these are shown in Figure 3(a)
and (b). While the sequence for perfused cells (Figure 3a) is
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basically the same as for high resolution NMR with a flip-
back pulse of phase (¢p,) opposite to the excitation pulse,
the in vivo sequence (Figure 3b) requires spatially selec-
tive pulses, which complicates the use of a flip-back pulse
and lengthens TE. In addition, a longer TR is needed for in
vivo studies to avoid transfer of water saturation from the
previous scan.

The WEX spectra (Figure 3¢ and d) show a wealth of infor-
mation for the systems studied. In addition to the exchangeable
protons of metabolites, signals are visible that can be assigned
to the amide protons of mobile MMs, especially the large
composite resonance around 8-8.6 ppm. Note the large amide
proton resonance in the cancer cells (Figure 3c), which led to
the idea of using the inverse process in amide proton transfer
weighted (APTw) MRI for the detection of ischemia and
cancer.*>#

Several important points need to be made with these
spectra. First, the WEX data also provide information about
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Figure 3. Water exchange (WEX) filtered pulse sequences employing hard pulse excitation with water flipback (a) and with spatial localization (b), used to
acquire WEX spectra from perfused RIF-1 cancer cells at 9.4 T (c), and a cat brain in vivo at 4.7 T (d). The WEX-filtered approach uses a spin-echo based
water-selective inversion pulse to label the water protons, followed by transfer to the exchangeable protons of metabolites and other molecules (such as
mobile proteins and peptides) during a mixing period 7. Detection is done using a WATERGATE-based water-suppressed spin-echo sequence. For more
details see Ref. 6. WEX spectra (c and d) show appearance of rapidly exchanging protons at short mixing time and, at later time points, exchange-relayed
NOE transfer to aliphatic protons in mobile MMs. (Reproduced with permission from Ref. 6. © John Wiley & Sons Ltd., 2003)
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consecutive magnetization transfer effects, such as those
involving the aliphatic protons that are coupled to these amide
protons, a process known from high-resolution NMR as an
exchange-relayed NOE. Notice that these are intramolecular
NOEs and not intermolecular NOEs to water, which would
generate exchange signals of opposite phase.**> Also, the
spectral appearance of these aliphatic protons closely resem-
bles that of the mobile MM signals visible in the baselines
of typical proton MRS data.5447 Second, while the down-
field spectra contain some very fast-exchanging protons with
kg, values of up to a few hundred hertz, protons with even
faster exchange rates (>1000 Hz), such as most hydroxyl and
amine protons (e.g., in Glu), will be hidden in the baseline
due to their large linewidths (LW =k, /n). Alternatively, at
lower fields, these exchanging protons will coalesce with the
water resonance if the condition of fast exchange (kg > Aw,
the frequency difference with water protons) applies. Third,
signals due to the magnetization transfer process from water
to immobile MMs (i.e., the opposite of the MTC described
by Balaban et al.) are also not visible because the microsec-
ond T, values of these semisolid proton pools render them
invisible.

Chemical Exchange Saturation Transfer (CEST)

Although they contain much information, the acquisition
of WEX spectra is lengthy, which limits their practicality in
the clinic. However, as Mori et al.! describing the improved
detection of rapidly exchanging protons with WEX NMR,
state: ‘In fact, the relative intensity of solvent-exchangeable and
exchange-relayed peaks to nonexchangeable peaks increases
with rapid scanning because, during the short recovery period,
magnetization of exchangeable peaks is replenished from
the large reservoir of nonsaturated water magnetization by
physical exchange, whereas nonexchanging peaks recover as
a function of T,. Without the water flipback scheme, water is
saturated and recovery of magnetization at exchanging sites
is determined by the T, of water. This principle is actually
the inverse of the CEST effect first described by Balaban and
coworkers in 1990° and 2000,”® in which exchangeable pro-
tons are detected indirectly using the water signal. This inverse
approach comes with a sensitivity enhancement that allows
the detection of millimolar-level metabolite signals with molar
sensitivity and thus provides a potentially viable method for
clinical translation. In this section, the basics of the CEST
approach are described.

Principles of the Mechanism

The basic principle of CEST, as envisaged by Balaban and
coworkers,”® is to look indirectly at the effect of saturation
of the exchangeable proton of the solute on the water signal.
In conventional CEST, the spin pool of the solute protons is
labeled using saturation by applying a selective RF pulse at
their resonance frequency. RF-based saturation of a proton
spin equalizes the spin populations of the a (spin up) and S
(spin down) states, which leads to zero net magnetization of
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Figure 4. (a) Solute protons (‘s’, blue) exchange with the water protons
(‘W’, black) with an exchange rate of k. (b) The 'H spectrum without
RF saturation is indicated as S;. The solute protons are saturated at their
specific resonance frequency, which is 8.25 ppm here. This saturation is
transferred to water (4.75 ppm). After a saturation period, ., this effect
becomes visible on the water signal with intensity S, (b, right). (c) The
Z-spectrum, showing S, /S as a function of irradiation frequency. 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
t., the CEST effect becomes visible at the frequency of the low concen-
tration exchangeable solute protons. (d) MTR asymmetry analysis of the
Z-spectrum with respect to the water frequency to remove the effect of
direct saturation. (Reproduced with permission from Ref. 21. © John Wiley
& Sons Ltd., 2011)

the spin pool. This process is T, dependent and takes time
to achieve, whereas other types of saturation (e.g., excita-
tion followed by dephasing) are more efficient. Owing to the
exchange of solute protons, this saturation is transferred to the
water protons, leading to partial saturation of the large pool,
initially at millimolar concentrations. However, continuing
exchange between the nonlabeled water pool and saturated
solute protons for the duration of the saturation time (f,,) leads
to an accumulation of saturation and observable attenuation of
the water signal (Figure 4a and b). The primary conditions for
selective saturation are (i) the chemical shift of the labile proton
should be sufficiently separate from that of water and (ii) the
exchange rate constant should lie in the slow to intermediate
range, i.e., Aw > k.

The simplest pulse scheme for obtaining CEST data consists
of along (low-bandwidth) CW saturation pulse (¢, <57T,) ata
particular offset frequency, followed by any image acquisition
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scheme, for instance, fast spin echo,*>*? rapid acquisition with

relaxation enhancement (RARE),*® fast imaging with steady
precession (FISP),* or three-dimensional (3-D) gradient and
spin echo (GRASE)* sequences. To measure CEST effects, it
is common to obtain a kind of ‘absorption-like’ spectrum, in
which images of the water signal intensity (S,) normalized
with respect to signal intensity without irradiation (S,) are
acquired as a function of offset frequency (Figure 4c). These
spectra reflect the loss in longitudinal magnetization and
are called the Z-spectra,®!? or recently, CEST spectra. A
significant reduction in water signal occurs after irradiation
at a frequency offset that corresponds to the resonance of
the CEST agent. When irradiating at the frequency of the
water protons, the signal disappears because of direct water
saturation (DS), an effect also known as spillover (Figure 4c).
CEST effects can be overpowered by this DS, in particular
if the solute 'H resonances are close to the frequency of
water.

This problem is generally addressed by analyzing the asym-
metry of the Z-spectrum with respect to the water frequency
(Figure 4d) to derive a magnetization transfer ratio (MTR)
asymmetry factor:

MTR.. = MTR(4®) — MTR(—Aw) = Ssa(T4®) = S (40)

asym S

W
where Aw is the shift difference between the irradiation fre-
quency and the water frequency. For this reason, the water
'H frequency is referenced as 0 ppm in a Z-spectrum, which
may confuse NMR spectroscopists given that the water 'H
frequency is actually around 4.75ppm. However, as in 'H
MRS, the convention of displaying high frequency on the left
of the spectrum should be kept, which has not always been
done in CEST literature. In the case of the transfer of magneti-
zation entirely through the physical exchange of protons, as for
CEST, MTR,,, can be referred to as the PTR (proton transfer
ratio).

The asymmetry analysis is a zero-order approach that
assumes symmetrical contributions from other effects with
respect to the water frequency. In practice, it is adversely
affected by the presence of other asymmetrical or partially
symmetrical effects. For instance, in vivo, the conventional
MTC caused by the presence of semisolid structures inter-
feres when strong RF fields are used®*->® and the endogenous
signals of multiple tissue constituents can contribute. The
following sections present some methods for addressing such
effects.

Analytical Equations for 'Slow' Exchange

A two-pool model of low-concentration solute protons,
s (ie., approximately millimolar or less), exchanging
with high-concentration water protons, ‘w’ (~110M), has
proved satisfactory for explaining the theory of the CEST
mechanism.!232457-62 The Bloch-McConnell equation for the
x, y, and z components, M, ,, of the magnetization, including
the effects of exchange between the water (subscript ‘w’) and

solute (subscript ‘s”) pools with excitation pulses applied along
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the x-axis, is

M, —r—A4w, 0 ki, 0 0 (M,
M, Aw, —15, 0 0 kg 0 ||M,
d|My|_| 0 —w —r 0 0 kg || M,
dt st kws 0 0 _rZS_Aws 0 st
M, 0 ky, 0 Ao, —-r) o, M,
M, 0 0 ky 0 —o —-r )M,
0
0
leMOw
[ @)
0
RlsMOW
with r, kg, and r,, as defined earlier, and r,, =R, + k.,
T2w = Ry, + ks My is the equilibrium magnetization, dw, =

o,,, — wgp, and k,, is the exchange rate constant from the water
pool to the solute pool. The relative magnitude of the exchange
rates is determined by the pool sizes: k /k,, = M,/ M.

If the CEST experiment is performed under steady-state
conditions, the derivatives on the left side of equation (2)
are zero. Assuming complete saturation of the solute pool
and that the RF irradiation does not perturb the water pool,
then M, =M, =M, =0. A simple analytical solution to the

Bloch-McConnell equations with these assumptions is>*¢?
M R
AL A— 1w ( 3)

Moy Ry +ky)

For a system at equilibrium, k., M,, = kM, equation (3)
can be rearranged as

My _ Ry W
MOW (le + kSW(MOS/MOW))

Similarly, for a transient system, i.e., when the state of the
system changes with time, for ¢, < T}, and assuming that there
is no spillover effect on water pool, the steady state (s-s) solution
of equation (2) becomes

M ksw(l — e_rlwtsal)

ZW - 5
Mgy r ®

w

For incomplete saturation of the exchanging proton, using
M = aM,,, and PTR =1 - M_ /M,,,, we find

Oow>
x,ak,, (1— e Rtk
PTR = =¥ (6)
le + kws

where «a is the saturation efficiency of the proton pool being
irradiated and x; is the concentration ratio of the exchangeable
proton pool:

(rB)?

T B+ (k) 7

_ [exchangeable proton] & ®)
- [water proton] Tk

S
sw

Thus, PTR increases with the exchangeable proton concen-
tration, the exchange rate constant, and the efficiency of the
saturation applied to the exchangeable protons. For greater
saturation efficiency, a saturation pulse with a higher power
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would be required, but that may have disadvantages in vivo
because of increased DS and MTC interference. Moreover,
RF power is generally limited by the scanner RF duty cycle.
Exceeding the allowed tissue-specific absorption rates (SAR)
in vivo is also a concern, but in most practical situations on
3T clinical scanners with body coil excitation or 7 T scanners
with head transmit, the RF duty cycle limits are reached well
before the SAR limit. Notice that saturation can never be more
than 100%. Thus, at a higher concentration of protons or at
very high exchange rates with efficient saturation, PTR is no
longer proportional to concentration. This is accounted for
by the exponential term in equation (6), and the water—solute
exchange term (called back-exchange in the CEST literature)
in the denominator. The dependency of PTR on the exchange
properties and concentration of contrast agents makes CEST
MRI a valuable tool to probe tissue properties.

Selective saturation of the solute without affecting the water
pool requires the second primary condition (a slow to inter-
mediate exchange rate, Aw >k, see section titled ‘Principles
of the Mechanisn’). Thus, a high magnetic field (B,) offers an
advantage for CEST measurements, as the chemical shift dif-
ference between water and the agent being irradiated increases
linearly with B,. The SNR for water also increases approxi-
mately in proportion to B, offering higher spatial resolution
and a decrease in the imaging time compared to low field. Last
but not least, T}, increases with B;, which allows the label to
stay around longer.

Relayed Nuclear Overhauser Enhancement (rNOE)

While we focused in the previous sections on the propensity
of exchangeable protons to transfer magnetization, dipolar
interactions within or between molecules can provide an alter-
native transfer pathway. Saturating or exciting (e.g., with an
inversion pulse) a spin population of protons A in a molecule
will affect the population of nearby protons B, if A and B have
sufficient dipolar through-space coupling to relax each other
(via a T, effect). This is the NOE effect, which depends on
the distance between the protons. It is small and positive for
smaller molecules with rotational diffusion in the extreme nar-
rowing limit (long T)s), and increases and becomes negative for
larger molecules. Such dipolar transfer is greatest in immobile
MMs where fast cross-relaxation occurs rapidly over large spin
systems, an effect known as spin diffusion. This is the case for
the semisolid cell structures detected in the MTC effect, where
such magnetization can be further transferred to the solvent
via intermolecular dipolar interactions between bound water
molecules that exchange with free water!22357-59:62-66 o via
exchanging protons.®”

The first report of NOE effects in CEST spectra was in the
work of Ling et al.®® on glycosaminoglycan (gag) in bovine
patella (Figure 5). The gag signals upfield from water were
assigned to residues contributing via intermolecular NOEs
to water, but this is an unlikely origin given previous high-
resolution NMR studies of mobile MMs. For MMs with
sufficient mobility to have visible NMR signals, such as gag,
proteins, and peptides in plasma, the direct intermolecular
interaction to bound water is known to be too weak***> and
the NOE-relayed (rNOE) exchange mechanism dominates.?!
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Figure 5. (a) Structure of a gag-unit showing three OH groups, an amide
proton, and several aliphatic protons in the ring (CH) and the N-Acetyl side
chain. (b) Z-spectra of 125 mM gag units in solution, showing predomi-
nantly NH and OH exchange saturation transfer effects. (c) Z-spectra of
cartilage from bovine patella in PBS (phosphate-buffered saline) showing
exchange and much increased NOE effects. (Reproduced with permission
from W. Ling, R. R. Regatte, G. Navon and A. Jerschow, Proc Natl Acad Sci
U S A, 2008, 105, 2266. © 2008, National Academy of Sciences, U.S.A.)

This is the reverse of the exchange-relayed NOEs measured in
the WEX spectra (Figure 3). -NOE effects on mobile molecules
have further been detected in the brain in animals’® and
humans.”! However, they are difficult to detect without inter-
ference with the MTC effect, which is of course also NOE based.
Only at very low B, field does the fine structure of the mobile
components become visible above a broader MTC residual.”
Recent data” using a pulse sequence that can remove the MTC
component have confirmed that these INOE-CEST effects in
the brain are of equivalent magnitude in gray matter (GM) and
white matter (WM), while the myelin-based MTC is dominant
for WM. Evidence from the WEX spectra indicate that the
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rNOE effects originate from the mobile MM baseline in 'H
MRS. Recent MRS data show mobile MM concentrations to be
of comparable magnitude in WM and GM,”* supporting this
assignment of the CEST-based NOE effects.

In Vivo CEST Spectrum

The purpose of asymmetry analysis is the removal of interfer-
ing contributions, which are assumed to be symmetrical about
the water signal in the Z-spectrum. While this is effective for
removing direct saturation effects in most in vitro cases, it fails
in vivo due to the presence of exchangeable protons from other
tissue metabolites, INOEs of mobile MMs, and intermolecu-
lar NOEs and rNOEs from semisolid tissue components. The

MTR,,, defined in equation (1) reflects these other effects too:
MTR,,,(4w) = MTRET (Aw) + MTRY S (4w)
+ MTRD (Aw) )

where superscripts CEST, MTC, and rNOE refer to the MTR
asymmetries measured as arising from those respective causes.
Thus, both long and short T, spin systems and slow and fast
transferring components contribute to the MTR, the rel-
ative magnitude of which depends on the B, field used.>*%7
At low B, slow exchanging protons (<100 Hz, mainly amide
protons) and rNOEs from mobile MMs dominate. As B, is
increased, the comparatively faster exchanging amide, amine,
imino, and hydroxyl protons and the partially asymmetric
conventional MTC effect become dominant. Direct saturation
also becomes prominent with stronger saturation. Depending
on the B, and pulse sequences used for saturation, there is an
ongoing development effort to design approaches for removing
some of the interfering components. A few of these approaches
are discussed next.

Pulse Sequences for MTC and CEST MRI

The sensitivity of magnetization transfer MRI to multiple
mechanisms and to pulse sequence parameters complicates
comparison of studies between laboratories. This has been a
hurdle for clinical trials using MTC as a biomarker for myelin,
and will no doubt also affect such efforts for CEST studies.
CEST has been around for 15 years and most approaches are
similar to methods previously developed for the study of MTC,
i.e., the use of CW or pulsed saturation. As such, it often seems
that saturation labeling is the only approach available and that
CEST methods will have the same issues as MTC approaches.
However, this is not the case. CEST MRI has many more possi-
bilities than MTC MRI because of the different T, properties of
the protons studied in CEST MRI compared to the semisolid
protons detected in MTC (Tjq4q > Tosoia)- This enables
the use of spectroscopic techniques for signal editing that
will not work for MTC, and provides opportunities to separate
exchange transfer effects from MTC and DS effects. Specifically,
while MTC components dephase within tens of microseconds,
the longer T,s in CEST can be exploited in pulse sequences
with varying time delays between the excitation pulse com-
ponents. Such time delays can be used to encode protons
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during evolution of the transverse magnetization (frequency
encoding) or during periods of longitudinal magnetization
recovery and transfer (transfer rate encoding/filtering). This
allows the editing of individual proton types and the use of
a powerful array of multidimensional FT NMR methods for
detection, analysis, and quantification of CEST agents. In the
following sections, the saturation pulse sequences used for
MTC and CEST MRI are first summarized, followed by an
overview of several pulse sequences for editing exchangeable
magnetization components.

Saturation-based Pulse Sequences

CEST labeling is very similar to MTC labeling in that any
pulse sequence that sensitizes the bulk water pool to magne-
tization transfer from a small pool can be used to measure
the presence of such a pool. For MTC, this has led to a large
range of approaches for water saturation (for some reviews,
see Refs 63-65, 76, 77) employing multiple mechanisms using
both on-resonance and off-resonance water saturation. A pulse
sequence overview including most of the MTC preparation
schemes is shown in Figure 6. These schemes can be separated
into CW oft-resonance (Figure 6a), and pulsed multistep on- or
off-resonance (Figure 6b and c) approaches. In the classical CW
saturation, along (£, = several seconds) low-power RF irradi-
ation is used during which partial saturation [see equation (7)]
is transferred continuously to bulk water (Figure 6a). Alterna-
tively, one can apply frequency-selective oft-resonance pulsed
saturation using a series of frequency-selective pulses of higher
B, amplitude and of medium length (¢, of order 1-50 ms,
depending on coil size and available RF power) spaced by
millisecond time intervals (t4,,; Figure 6b). The pulses are
repeated continuously to build up and maintain a steady-state
saturation.”’~% This can be done in a multistep preparation as
well as by single steps between image acquisitions when using
fast MRI (the pulsed steady-state approach).

A second version of the multistep approach for reducing the
water signal through MTC is to use multistep on-resonance
‘saturation’ (Figure 6¢).8> The quotation marks are added to
stress that this is not true saturation in the classical sense of
population equilibration, but a randomization of the mag-
netization through dephasing. In the imaging literature, this
definition of saturation, e.g., through the use of gradient
dephasing, is common. In these on-resonance approaches the
free bulk water pool is quickly excited relative to its T,* with
millisecond pulses or faster, and returned to equilibrium (e.g.,
using two 90° pulses of opposite sign or two 180° pulses of
the same or opposite sign), without being affected much. The
semisolid proton pool, however, hasa T,* (and T,) on the order
of microseconds, and rapidly loses coherence due to random
dephasing. Consequently, it loses longitudinal magnetization
after each excitation flip-back step. Saturation of the bulk water
then builds, due to transfer, and is increased using a series of
pulses. The inherent beauty of this scheme is that it has a high
‘saturation’ efficiency for the semisolid macromolecule pool
since all excited spins are dephased within microseconds. In
addition, high B, can be applied to obtain a large saturation
bandwidth. It should be noted that the pulsed scheme is a
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Figure 6. (a and b) Pulse sequences with preparation schemes for MTC saturation transfer, slightly modified to also allow some additional CEST editing.
During the preparation time (¢, ), one can use (a) CW selective saturation at a specific frequency; (b) ‘multistep’ saturation transfer, in which partial

saturation is accomplished in each step (module). Saturation modules, [r], containing pulses of length ¢

slowly increasing the saturation of water. For the off-resonance module, a selecti

sat, are repeated during £, . =7 (g +Igeay)>
ve pulse of reduced B, is applied. Repetition during the sequence builds up

a saturation steady state. For the on-resonance module (water frequency): short pulses of high B, (hard pulses) are applied to rotate the water magnetization
quickly to (a; =90°) or through (a; =180°) the transverse plane, and back to the z-axis (&, = —90° or +180°). The water proton magnetization is not
affected while the semisolid macromolecular proton magnetization is efficiently dephased, leading to longitudinal signal loss after exchange. (c) Steady-state
pulsed MT with acquisition after each pulse with low flip angle , typical for gradient-echo acquisition

kind of hybrid approach as it has both classical saturation and
dephasing contributions.

A third type of MTC scheme has been suggested by
Gochberg and Gore,3>8¢ which is to apply a non-selective
single inversion pulse, followed by monitoring of the biexpo-
nential recovery of the bulk water pool signal, and the effect
due to its interaction with the semisolid pool.

Intuition indicates that CEST effects should be detectable in
a manner similar to MTC effects, and most of the early CEST
work used the classical CW off-resonance selective-saturation
approach to acquire Z-spectra or partial Z-spectra followed
by an MTR asymmetry analysis. However, some studies have
employed pulsed selective saturation using a series of pulses
during t,.,*>*%% or pulsed steady-state approaches.”"”?
Vinogradov et al.3* have shown that the presence of micro-
molar concentrations of paramagnetic CEST (PARACEST)
agents can be detected using an on-resonance pulse scheme in

which water signal is continuously undergoing 360° rotations
using a so-called ‘WALTZ’ multipulse scheme compensated
for B,-inhomogeneity. It is important to note that this latter
approach differs from on-resonance MTC schemes in that the
small solute pool is not excited. During a series of such pulses,
the water signal is reduced due to magnetization leakage from
bulk water to the contrast agent, so that part of the magnetiza-
tion does not experience full 360° pulses. As such, this is a new
type of sequence that selectively detects rapidly exchanging
protons. However, there will still be interference from the MTC
background unless the sequence is applied dynamically during
the infusion of the CEST contrast agent. Dynamic studies
allow selective detection of the agent by studying the signal
intensity change as a function of time. This sequence was called
‘OPARACHEE’ (On-resonance PARamangnetic Chemical
Exchange Effects), as it was first applied to paraCEST agents
that had very fast exchange rates (often tens of thousands hertz)
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of water protons at their coordination sites. It could be used
for fast exchanging protons in diamagnetic CEST (diaCEST)
agents too, if their excitation could be avoided, although that
may be difficult when they are close to the water 'H resonance.

Because of the use of very similar, if not equivalent, pulse
sequences for MTC and early CEST studies, in vivo CEST
data analyzed using MTRasym [see equations (1) and (9)] are
generally contaminated by asymmetric MTC effects. Actually,
even if MTC effects were symmetric, these two mechanisms
generally cannot be added in a zero-order approach but are
interdependent, especially at higher B,.>> Recent efforts have
therefore focused on trying to separate out MTC and CEST
effects using sequences that exploit the different properties
mentioned above. In particular, the difference in the R, of
the protons involved leads to fast incoherent dephasing in
the MTC pool but an identifiable resonance in the CEST and
rNOE signals from mobile species. A second property that
distinguishes MTC from CEST is that dipolar through-space
interactions are not affected by pH, while chemical exchange
is pH dependent (albeit not measurable if the exchange is
very fast). However, pH is quite stable in vivo (except in some
pathologies such as ischemia) and differs in tumors which
thus may be more sensitive to CEST. Approaches for editing
MTC effects based on saturation (see section titled ‘Saturation-
based Editing Sequences’) and excitation (see section titled
‘Exchange Transfer Sequences Employing Excitation’) are
discussed next.

Saturation-based Editing Sequences

Editing for the purpose of separating out multiple magneti-
zation transfer mechanisms can be achieved by appropriately
modulating B, frequency offset, saturation time and/or the
interpulse delay in the sequences shown in Figure 6. The
simplest way to minimize MTC effects in CEST studies is by
using a very low B, -field. This can be done using the steady-
state pulsed approach in Figure 6(c). A typical steady-state
Z-spectrum is displayed in Figure 7(b). When subtracting the
DS using a Lorentzian difference (LD) fit (see section titled
‘Data Analysis for CEST Spectra), the spectrum at negative
frequency shows the narrow rNOE contributions on top of a
small broad asymmetric MTC effect (Figure 7c and d). The
resulting images therefore still highlight WM (Figure 7e), and
more advanced editing is needed to obtain clean rNOEs and
other CEST effects.

Equations (10a)-(10d) define several more intricate
acquisition schemes that use frequency-offset modulation,
saturation-time modulation, or interpulse-delay time modula-
tion to separate MTC and CEST effects. Note that all schemes
acquire an extra S scan without saturation, and that several,
but not all, acquire a By map for correcting center frequency in
the Z-spectrum:

SAFARI [S,,S,,S5,S,] = [S(4m), S(Aw, —Aw),

S(—4w), S(—4w, Aw)] (10a)

LOVARS [S,,S,,S5,5,] = [S(—4w, t.,,), S(—Aw, £,1,),
S(+4w, ), S(+4w, t,,)] (10b)
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S..S,,S:,S
meLOVARS ll 23 4]

S5, 86557, Sg

_ Sl(_Aw’ tsatl)’ SZ(_Aw’ tsatl)’ S3(—A(0, tsat3)’ 84(—A(0, tsat4)
Si(+Aw, t,), Sy(+Aw, t,,), Si(+Aw, ty,s), S(+Aw, ty)

(10¢)
VDMP [S,,5,, S5, .. .o ... ] = 8,4, tggpy):
Sy (A®, tyepyr): S5 (A, tyggyys). oo oo ]
(10d)

The nomenclature for these methods is defined in the sub-
sections below.

The SAFARI (saturation with frequency alternating
RF irradiation) approach®® was designed to detect exchange-
able protons with a slow exchange rate (<100 Hz) that can be
rapidly saturated with low B, [according to equation (7)], the
best example being amide protons in amide proton transfer
(APT) studies. It employs four acquisitions consisting of two
steps with alternating +Aw frequency irradiation relative to the
water resonance frequency in a series of multiple saturation
pulses (Figure 6bl), intermixed with control scans at the actual
positive and negative frequencies. Subtraction of the control
scans from the two alternating scans removes the DS and asym-
metric MTC effects and is insensitive to B,-inhomogeneity
as long as the saturation bandwidth is large enough to always
hit a main section of the exchangeable proton resonance. It
appears that all effects including CEST should be cancelled in
the subtraction, but the presumption in the SAFARI method is
that the saturation for amide protons is achieved rapidly while
that for the DS and MTC effects keeps increasing with the
number of pulses. Under that condition, the dual-frequency
steps would each give a CEST effect equivalent to the single
positive frequency irradiation. One can then calculate a new
MTR parameter that is equivalent to the PTR in equation (6):

MTRg, paps =25, — S(4w, —Aw) — S(—Aw, Aw) — S,
+ S(Aw) — S, + S(—Aw)]/S, = 2PTR
+ DS(4w) + DS(—4w) + MTC(Aw)
+ MTC(—4w) — PTR — DS(4w) — DS(—Aw)
— MTC(4w) — MTC(~Aw) = PTR (11)

Unfortunately, there are two issues with this approach. First,
although the asymmetric MTC is suppressed for homoge-
neously broadened semisolid components, this is not the case
for inhomogeneously broadened structures such as mem-
branes. Actually, using higher B, and larger offsets, this dual
frequency difference approach has recently been used to
detect myelin-containing membranes.”? Second, in addition
to amide protons, aliphatic protons in mobile molecules are
also labeled and this slow-transferring label is also retained
in the MTRgypag;- The relative contributions of these APT
and rNOE effects depend not only on the number of pulses
but also change with the inter-pulse delay, complicating the
interpretation of the SAFARI data.
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Figure 7. Results from pulsed steady-state saturation experiments with B, =1 uT and 25 ms pulses. (a) Axial unsaturated image and ROL (b) Z-spectrum
and Lorentzian fit (green line) of the direct water saturation contribution based on fitting the frequency offsets (shown as stars, bottom) for a region of
white matter. (c) Lorentzian difference (LD) spectrum (40 to —40 ppm) for the white matter region, defined as the difference between the Lorentzian fit
and the acquired Z-spectrum. (d) LD spectrum zoomed in to show the 10 to —10 ppm region. Steady-state pulsed CEST acquisition showing both CEST
effects (at positive frequencies) and rNOE signals (negative frequencies) on top of a broad and asymmetric MTC background. (e) LD images at —3.5 ppm,
showing white matter highlighted due to the MTC contributions to the LD. Later studies have shown rNOE to be equal between white and gray matter when
MTC is removed properly (Figure 9). (a-d are reprinted from Neuroimage, 77, C. K. Jones, A. Huang, J. Xu, R. A. Edden, M. Schar, J. Hua, N. Oskolkov, D.
Zaca, ]. Zhou, M. T. McMahon, J. J. Pillai and P. C. van Zijl, Nuclear Overhauser enhancement (NOE) imaging in the human brain at 7 T, 114. © 2013, with
permission from Elsevier’?; (e) is from the same dataset, but not previously published)
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Other groups have studied the use of dual frequency irra-
diation. For instance, Narvainen et al.”* reported an approach
using Z-spectroscopy with alternating phase irradiation
(ZAPI). This method exploits the T),-selectivity of the irra-
diation pulse to differentiate the various contributions to a
Z-spectrum. By using phase modulation (every 100 ps) of a
low-power continuous saturation pulse, the short-T, MTC
components are selectively saturated through random dephas-
ing, while sidebands are generated at the frequencies of long-T,
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components. Owing to the fact that alow B, is used, the method
is relatively insensitive to fast exchanging solute molecules and
mainly reveals the MTC components. The selection of long-T,
components using this approach needs to be further developed.
Lee et al.”**> provided a theoretical description for such dual-
frequency saturation either with alternating pulses of opposite
frequency (SAFARI-like) or phase-modulated CW irradiation
(ZAPI-like). They demonstrated that the MTC asymmetry
can be reduced through such alternating saturation, because

-Aw -Aw Aw Aw
tsan tsatz tsat1 tsatz
LOVARS unit (LU) Signal oscillation
ro—_— — -| pattern
os|| ’
CEST contrast
| 1 cycle/LU
9
= 75 |
3 |l
@ A, & & b o A
R .. A * DS and MT contrast
55 | 'S ‘e Y 'y A ‘A 2cycles/LU
[ LU, | LU, | LU |
(a) 0 4 8 Image no.
— LRF fitting e L-arg 2.5mM CEST contrast
97- and DS contrast
& g5
o
%)
@ 93 LOVARS
time domain
91 T T T
0 4 8 Image no.
1.87 - - - Imaginary — Real
o) i SN
o .
2 0.8
= LOVARS
= i frequency domain
-0.2 . T T :
0 l \T/ 3 Cycles/LU
Asymmetric Symmetric
components components
Real MAP Imaginary MAP Phase MAP
MTRasym(Tsat 1)
(b) MTRasym(Tsat,z) MTRasym(Tsat,1) ardanl\/l'l’l?::%

Figure 8. Illustration of the LOVARS signal response for the sequence in equation (10b). Three LUs are displayed. (a) The resulting signal patterns
produced on either 5 mg/ml poly L-lysine (upper, solid squares, Aw = 3.5 ppm) or 4% agar (lower, solid triangles) with the data fit to the general LOVARS
equation for the modulation. CEST contrast oscillates at 1 cycle/LU and DS and MTC oscillates at 2 cycles/LU. (b) The LOVARS signal modulation for
L-arginine (2.5 mM), Aw = 1.8 ppm, containing both CEST and DS contrast. Transformation to the LOVARS frequency domain generates the LOVARS
parameters for each voxel: real, imaginary, and phase values. (Reproduced with permission from Ref. 96. © John Wiley & Sons Ltd., 2012)
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strongly coupled spin systems are saturated uniformly if the
saturation is much faster than the exchange, which is the case
for the microsecond T,s of solid-like structures. The CEST
effects were still well distinguished at the sideband frequencies
for MTR asymmetry analysis.

LOVARS and meLOVARS. The LOVARS (‘length- and offset-
varied saturation’) approach’® has a four-part acquisition
with Aw and ¢, varied to induce different modulations in the
saturation-transfer contrast for CEST versus DS and MTC. This
simple and ingenious principle is demonstrated on phantoms
in Figure 8 using a series of 2-3 of the LOVARS units (LUs)
as shown in equation (10b). For DS and MTC in a solution of
4% agarose, saturating at +Aw gives the same effect (i.e., sym-
metric components), while an increase in t.,, (f,,, > t.,;) leads
to increased saturation. Thus for the LU in equation (10b),
where t,, is varied twice, one gets two modulations per
unit (Figure 8a). For a CEST agent (5mg/ml polylysine,
Aw =3.5ppm) there is a small saturation at —3.5 ppm where
only limited DS occurs, but a large effect at the positive fre-
quency (limited DS 4 CEST) for this asymmetric component.
Only a small t,, dependence is found, because full saturation
is easily achieved for these amide protons (Figure 8a). When
using a solution of L-arginine (amine protons at Aw = 1.8 ppm),
there is DS saturation dependence at —Aw and a (DS + CEST)
dependence at Aw.

After Fourier transforming this so-called LOVARS response
function (S gp), the asymmetric component can be separated
out to obtain MTR,,,, for the two saturation times as real and
imaginary data (Figure 8b). Despite the simplifying assump-
tion of symmetric MTC, the approach was applied successfully
in vivo for imaging APT effects, but may have some contami-
nation by MTC. The contrast-to-noise ratio (CNR) was about
three to four times that of conventional CEST with the same
imaging time, taking into account the extra acquisition time
required for conventional CEST (to acquire data for the B, cor-
rection).

In order to speed up the acquisition, Song et al”” also
designed the meLOVARS (multi-echo length- and offset-varied
saturation) approach that divides the saturation preparation
time into three to eight modules of equal length [four shown
in equation (10c)], each followed by a multi-echo acquisition.
Since the effect of the sequence applications is cumulative, the
method depicted by equation (10c) leads to data that measures
the effect at four different saturation times of increasing length
(tan =2tgp tan =3ty and g, =4t,) within one LU. This
allows investigators to determinate exchange rates similar
to the QUEST (quantifying exchange using saturation time)
approach of McMahon et al.”® Successful in vivo experiments
showed improved CNR compared to LOVARS in reduced time.

VDMP. The VDMP (variable-delay multi-pulse) approach of
Xu et al.% exploits the differences in transfer time between dif-
ferent mechanisms to select out the ones of interest. Figure 9(a)
shows this principle based on Bloch simulations for MTC,
rNOE, amide protons, and amine protons for the pulse
sequence in Figure 6(b1) with 16 RF pulses and multiple delay
times. Fast-exchanging protons such as amines only saturate
during the magnetization transfer pulse, and the signal reduces
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Figure 9. Ilustration of the variable delay multi-pulse (VDMP) sequence
parameters and results. (a) Bloch simulation of delay time-dependent
signal intensity ratio for magnetization transfer at different rates. The
signal intensity ratio is normalized to CEST intensity at {4, =0ms.
Signal builds up with the transfer rate and reduces with T, , with a
profile that depends on the relative rate. Rapidly exchanging amine pro-
tons (1000 Hz) transfer instantly and increasing Ldelay only reduces the
CEST effect, while MTC first increases and then decays similar to the
even slower amide (APT) and relayed NOE (rNOE) effects. The sim-
ulation was performed assuming 16 RF pulses (10ms, 2pT). (b) Z-
spectra of human white matter (WM) and gray matter (GM) at 7T,
acquired using 74, =0 and 100 ms, where the MTC effect is about
equal. (c) The corresponding VDMP difference spectra for WM and
GM. (Reproduced with permission from John Wiley & Sons Ltd. ©
2015)

relative to f4.,, =0 ms. MTC and CEST saturation occur only
during the pulses, but it is transferred slowly and the effect
increases with delay time based on the transfer rate before
reducing with T),,. The variation of DS with f;,,, is small as
T),, is on the order of a second. By choosing a ty,, at which
MTC effects are equal, a VDMP difference spectrum can be
calculated that removes MTC and DS effects independent of
any asymmetry. This is illustrated in Figure 9(b) and (c) for
human brain at 7T,”® and allows pure APT and NOE effects
to be calculated. Note that the rNOE effects are equal for WM
and GM, consistent with results for the mobile MM baseline
from MRS studies.”

Several other saturation-based sequences are being devel-
oped. One of interest is a recent method in which a positive
CEST (‘pCEST’) signal is obtained® by placing an inversion
pulse before the CW sequence in Figure 6(a). For B, =0, the
signal can be nulled using an appropriate inversion delay, while
adding saturation causes an apparent increase in the relaxation
and thus a positive signal.
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Exchange Transfer Sequences Employing Excitation

The previous sections showed that sequences used for MTC
detection can also be used for CEST MR, i.e., CW or pulsed
RF saturation with variable saturation times and B,. It also
demonstrated that additional sequences can be designed to
separate MTC and CEST longitudinal magnetization, for
instance, by varying the delay (fy,,, also called ¢, ;) between
saturation pulses. However, the fact that CEST and rNOE data
are from long-T, components permits the design of novel edit-
ing principles using excitation (rotation) of the magnetization
and evolution of the transverse magnetization. Two things have
to be remembered. First, any sequence using hard RF pulses
will lead to saturation of MTC components and spillover to the
water signal. We will see that these contributions can be edited
out. Second, a single excitation allows detection only at the
concentration of the CEST agent, so the excitation sequence
has to be repeated. Caution is therefore required when these
ideas are applied in vivo, because repetition of high-B, pulses
needs to be kept within safety guidelines for SAR and RF
hardware constraints.

Offset 1 (exchangeable protons)

RF

1121314][510ooooooooooooooooo[
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The general pulse sequence,
illustrated in Figure 10, resembles the pulsed-MTC sequence in
Figure 6(b) but has different elements dubbed ‘Label Transfer
Modules’ (LTMs?!1%%). The exchangeable proton spins are
magnetically labeled by the LTMs, either using excitation or
offset-frequency-sensitive evolution of transverse magnetiza-
tion, after which this label is transferred to the water protons.
This principle allows several new labeling types to be used,
including selective inversion (Figure 10a), excitation and
dephasing (Figure 10b), rotation-angle encoding (Figure 10c),
delay time encoding (Figure 10d), and frequency encoding
(Figure 10e). In the inversion approach, the transferred Z-
magnetization is of opposite sign to the equilibrium water
magnetization. Consequently, this approach is twice as efficient
as CW or dephasing saturation in which zero magnetiza-
tion is transferred. Note that this is not the case when using
inversion pulses for MTC, because the magnetization will
be dephased instead of inverted, due to the short T,*. The
inversion transfer and dephasing transfer are normally applied
as frequency-selective pulses, and CEST signals will thus

90° Offset2 (water)

MRI

torep
/ Label-transfer module (LTM)

a) Inversion transfer
~ ~
180°

Exchange
transfer

G
texch =
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Figure 10. Exchange transfer pulse sequences employing excitation. The preparation time (¢

prep) consists of a series of label transfer modules (LTMs),

during which exchangeable protons are labeled and transferred. This can be achieved using frequency-selective inversion (a), excitation + dephasing (b),
or by employing the difference between frequency-selective signals acquired at multiple rotation angles (c) or transfer delays (d), as a way to compensate
for interfering saturation effects. Alternatively in (e), a range of frequencies covering multiple proton types are excited and the frequency of the protons
modulated using chemical shift evolution during an evolution time (t,,, ). After this, the magnetization is returned to the longitudinal axis and the frequency
modulation is transferred to water. In the LTM for the transfer-rate-edited (TRE-) CEST approach in (f), all spins except for water are rapidly excited
using an on-resonance binomial pulse. This is followed by selective saturation of a component at offsetAw. Note that the relative time scales for this module
are not displayed proportionately: the nonselective excitation takes about 2 ms total and the selective saturation is ~100 ms
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Figure 11. Comparison of CERT and APTw MRI effects for a rat brain with a 9L glioma. Clean APT effects are visible for CERT (MTR, ;) Which are

much smaller than the combined effects in conventional CEST (MTR ..

, where the APT effect can be seen on top of the broader asymmetric rINOE and

MTC contributions. (Reproduced with permission from Ref. 102. © John Wiley & Sons Ltd., 2014)

still contain contamination from other exchangeable protons
resonating at these frequencies. They are suitable for dynamic
imaging, for instance, when infusing a contrast agent, but need
additional editing for endogenous protons.

Rotation Transfer. The rotation transfer experiment is also
frequency selective, but exchange-transfer signals sensitive
to rotation can be selected out when subtracting signals from
sequences containing pulses of different flip angle, but the same
= i fOTPd B3dt over
the LTM of length 74. An example is the chemical exchange
rotation transfer (‘CERT’; Figure 10c) approach,'®! which uses
angles of 360° and 180°. Simulations show that MTC satura-
tion effects and DS are independent of flip angle under such
conditions.!”! It is important to realize that the water proton
pool, while also having a long T, is saturated and not rotated
provided that the adiabatic condition is fulfilled, which is the
case for flip angles greater than about 50°. The CERT effect is
measured using the parameter

. . . 75
average irradiation power,”” By, o\ er

MTRy, e = MTR(4w, 1) — MTR(4w, 27)

= Ssat"'mt(Aw’ 215) — SsaH—rot(Aw’ TE)
SO
Siot(dw, 21 — )

= 5, (12)

Because the exchangeable protons experience both satura-
tion and rotation and only the effect of rotation remains, there is
a substantial B, -dependent SNR loss (~50% for a typical CERT
experiment with a typical average B, of ~1.6 puT in vivo). How-
ever, this is worthwhile in view of the greatly enhanced selectiv-
ity for the protons of interest due to removal of the MTC, DS,
and lipid interferences, as well as a much reduced sensitivity to
B, inhomogeneity. The latter is because small changes in B, will
not affect the signal difference for a resonance with a width of

tens of hertz in a Z-spectrum. Thus data need to be acquired
only at a single frequency, which allows for signal averaging to
improve overall SNR per unit time, as compared to acquiring
an entire Z-spectrum to determine the water offset frequency
in a typical CEST experiment.

It is possible to sensitize CERT to slow exchange (to filter
out hydroxyl and amines: a so-called ‘exchange low-pass filter’)
when the average B, is such that the adiabatic condition applies.
This is generally the case at high B, but often not at 1.5 and
3 T. An example of clean editing is shown in Figure 11, where
the CERT effects (difference of 300 2n-pulses and 600 & pulses
with B, =1.6pT and ¢t () =6.8ms) in a 9L glioma model
are compared with conventional APTw MTR, ,, measures.'**
While showing a clear pure APT increase in tumor for the
parameters used, MTR . is much smaller than the APTw
MRI increase based on asymmetry analysis. This arises because
the APTw MRI is contaminated with asymmetric contributions
due to rNOEs and MTC. Therefore, a clinical APTw MRI may
be more practical because all of the effects are cumulative for
detecting tumor presence (see section titled ‘Amide Proton
Transfer Weighted (APTw) MRT’).

VDMP Inversion. The VDMP approach explained in the pre-
vious section can also be performed using frequency-selective
inversion pulses to maximize the effect (Figure 10d). This
approach can be employed with a high B, and a limited
number of pulses (16-64, B, =3.4pT, t, =20ms) to provide
a sufficient CEST effect.®7> The RF pulses serve both as a
relaxation filter for the interfering saturation contributions as
well as an exchange rate filter for the CEST contributions. This

enables application to many different types of protons.

Frequency Transfer. Inversion transfer, dephasing transfer, and
rotation transfer require the use of frequency-selective pulses,
which is inconvenient when the goal is to simultaneously edit
multiple types of protons. A pulse sequence that allows for the
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simultaneous excitation and editing or removal of different
components despite all being part of a single water-signal
reduction is the frequency-labeled exchange transfer (FLEX,
Figure 10d) method.!?*1% The frequency encoding occurs
during evolution periods, (t,,,), during which chemical shift
(frequency offset)-dependent evolution of the transverse mag-
netization of the exchangeable solute protons occurs. This
magnetic labeling leads to t,,,,-dependent amplitude modula-
tion of the bulk water signal based on frequency information
that is specific to the individual CEST agent protons.

While the signal attenuation of multiple contributing proton
types is convolved within the amplitude modulation of the
single bulk water signal, this information can be subsequently
reconstructed into the original frequency components using
FT NMR methods known from high-resolution NMR, but
now with water sensitivity. An additional advantage of this
approach is that short-T, components, such as the MTC,
are not frequency labeled and disappear quickly at short
t.o- They can thus be filtered out by removing the first
time-domain points (in the microsecond range) or by sepa-
rating out the components via time-domain analysis of the
acquired signal. This procedure is illustrated in Figure 12 for
infusion of a paraCEST agent!?*1% in vivo. Simple FT of the
data gives a complicated spectrum with several components
that can be resolved by time-domain fitting.
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Transfer-rate  Edited CEST. Recently, a hybrid excitation-
saturation sequence was proposed that can be used to edit
out slowly transferring components, while retaining the
fast-exchanging proton signal.'% The LTM of this transfer
rate-edited CEST (TRE-CEST) approach (Figure 10f) contains
a non-selective binomial pulse applied at the water frequency.
The binomial pulse rapidly excites a large part of the frequency
spectrum but with a band-pass filter on water, similar to the on-
resonance MTC approach in Figure 6(b2). This rapidly labels
all exchangeable protons with excitation, and is followed by a
frequency-specific saturation, which further labels a specific
proton. If a proton exchanges rapidly, the saturation pulse will
keep labeling it, and the label is continuously transferred to the
water signal. Meanwhile, slow-exchanging protons are already
labeled and cannot be saturated further since the saturated
proton is not yet exchanged. They will thus not contribute
additional labeling to the water. This approach was able to suc-
cessfully separate out the slow rNOE contribution in egg white
and bovine serum albumin samples, removing a large fraction
of the rNOE signal while retaining the amide proton signals.!%

The development of excitation- and delay-time based
approaches for CEST agents is actively ongoing. For instance,
on-resonance versions of the FLEX and VDMP approaches
have been reported,!?”-1% which extend the opportunities for
spin editing, especially for fast-exchanging protons that are
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Figure 12. In vivo FLEX-MRI of mouse kidneys after an injection of the paraCEST agent (EuDOTA(gly), at 0.25 mmol kg™!) via the tail vein. (a) FLEX
signal decay (700 LTMs) within a region of the left kidney; (b) FLEX spectrum generated by FT of (a) shows the paraCEST peak at 50 ppm convolved with
abroad MTC profile. (c) Details of time-domain analysis and (d) spectral components of the FLEX signal showing paraCEST agent bound water (red line),
free water (black line) and semisolid bound water (green line). The black dashed line shows the baseline correction. (e) Pixel-by-pixel in vivo paraCEST
map shows a high PTR level from the paraCEST agent within the kidneys. (Reproduced with permission from Ref. 105. © John Wiley & Sons Ltd., 2014)

1322

© 2016 John Wiley & Sons, Ltd.

Volume 5, 2016



Proton Chemical Exchange Saturation Transfer (CEST) MRS and MRI

efficiently and repetitively labeled. They are similar to the
TRE-CEST approach, but do not require a long saturation
pulse in the LTM. As such, the above overview is not inclusive
and is meant only as a brief introduction to the principles.

Data Analysis for CEST Spectra

As we have seen, the in vivo CEST spectrum is complex.
In addition to the symmetric DS and the asymmetric MTC
contributions originating from semisolid tissue components
there are substantial contributions from multiple endogenous
metabolites and tissue building blocks with exchangeable
amide, amine, imino, or hydroxyl protons, or relayed NOEs
from aliphatic protons in mobile MMs. Figure 5 shows some
of these effects in a study of the knee in which gags were
detected. When increasing the RF power, the ratio of the
different signal contributions changes. Slower exchanging
species dominate at low B; and faster ones dominate at high B,
because the saturation efficiency depends on the exchange rate
[equation (7)]. In addition, the DS line broadens and the MTC
effect increases strongly. Such interference is not a major issue
when using exogenous contrast agents, as these can be studied
using time-dependent signal differences in dynamic scanning.
This was demonstrated recently for glucose imaging.!-110
However, whenever detection of endogenous molecules at
equilibrium is the goal, care is warranted as it is difficult to
cleanly separate out individual proton moieties from the broad
overlapping components that often arise in the saturation
spectrum. Indeed, the majority of papers in the literature,
including those about detecting Glu, Cr, sugars (e.g., glucose,
Mi and glycogen), urea, or amide protons in proteins and
peptides, employ MTR, ., analysis, which includes aliphatic
signal contributions [see equation (9)]. The editing sequences
in the section titled ‘Pulse Sequences for MTC and CEST MRI’
are a first step toward approaches that either do not require
asymmetry analysis or remove components that interfere. In
the following two sections, we briefly discuss how to address
some of the issues that complicate asymmetry analysis and
some alternative data-fitting approaches for Z-spectra.

MTR

asym
MTR,,,,, analysis of the Z-spectrum (Figure 4c and d) is useful
in vitro to remove DS effects but fails for metabolite-specific
proton detection in vivo because of the contamination by
aliphatic components [see equation (9)] and overlapping
exchangeable protons from other compounds. An additional
common problem with this approach is interference from
aliased fat signals. Fat artifacts are especially cumbersome in
APTw MRI because the chemical shift difference between lipid
and water is the same as that between amides and water (i.e.,
3.5ppm for amides and —3.5ppm for lipids). Lipid ghosts
are common when using fast imaging methods such as echo
planar imaging (EPI). Fat suppression can be added to the
pulse sequence either by using a frequency selective refocusing
pulse!'!! or, if the fat is spatially separated, by outer volume
suppression approaches, such as those used in 3-D APTw
GRASE imaging.*

Analysis

Spatial inhomogeneity in B, leads to different voxels in
the image experiencing a shift from the spectral minimum
with respect to the spatially averaged bulk water reference
frequency. Asymmetry analysis is extremely sensitive to such
shifts because the spectral intensity change is very steep around
the minimum, leading to inaccuracies that may be bigger than
the actual CEST effects of interest. The simplest approach for
correction is to determine the voxel water frequency from the
actual Z-spectrum by spline or high-order polynomial fitting,
with the assumption that this frequency is the lowest signal
intensity. This is followed by centering of the spectra for each
voxel. Acquisition of Z-spectra is time consuming and the SNR
of CEST spectra is often low. In order to increase the SNR,
Zhou et al.''? measured CEST data, by repeating acquisitions
at just three spectral points around the frequency of the CEST
target at +Aw,. However, this approach is not accurate when
any CEST contrast overlaps with the water frequency causing
the minimum to broaden asymmetrically. This typically hap-
pens with hydroxyl groups in sugars at lower B, field or at high
B,. When a three-point Z-spectral fit is not possible, actual
B, mapping is required, followed by spectral shifting for each
voxel. An algorithm suggested by Sun et al. corrects three-point
CEST scans for B, inhomogeneity using a gradient-echo based
B, map.!!?

The most accurate method for B, correction is the WAter
Saturation Shift Referencing (WASSR) approach, in which
a pure DS image is obtained using on-resonance saturation
pulses whose power and duration are sufficiently low such
that the interfering effects of MTC and CEST are avoided.!!*
This method, which was shown to have an accuracy of <1 Hz,
is particularly beneficial for corrections of B, in cases with
small chemical shift differences between the water protons
and the exchanging protons, such as in the case of sugars, e.g.,
glycogen!!*-116 and p-glucose.?* 116118 The voxel shifts can be
recovered from the WASSR data either by Z-spectral asymme-
try analysis!!* or by Lorentzian fitting of the clean saturation
spectrum.!’ A question that is often asked is how the WASSR
information differs from that in a typical gradient-echo B,
map that could be acquired faster. The answer is twofold. Most
importantly, while a standard field map provides correct voxel
shift differences with respect to the bulk water frequency, the
center frequency of this bulk water signal in the reference voxel
may be offset. Consequently, the exact center frequency for a
particular voxel is unknown within a few hertz, which is the
precision needed for these CEST experiments. Secondly, the
WASSR image acquisition protocol is identical to that in CEST.
Therefore, the B, field is not susceptible to spatial distortions
and eddy currents that may affect field maps acquired with
different imaging parameters, such as with gradient-echo
imaging.

Analysis of CEST Spectra without Asymmetry Analysis

When studying protons in the slow-exchange regime
(k,,, < dwg,), resonances of the solute protons are sepa-
rated sufficiently from the water 'H resonance to allow fitting
of the latter if it has a well-defined shape. The saturation line-
shape is pure Lorentzian for protons in liquids and such fitting
can be achieved if MTC contributions are small, which is the
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case in phantoms or at a low saturating RF power in vivo. In
such cases, the DS contribution can be removed in large part
by using a Lorentzian fit of the water line:

(LW, ,)?

+0b
(L\Nuz)2 + 4(f0 _fshift)2

(A BIW, 5. fie) = 100 — A

(13)
where A is the amplitude, LW, , is the linewidth of water at half
maxima, f . is the frequency shift of the minima, and b is the
baseline offset to be fitted from the experimental data at the cen-
ter of the water peak. This correction is used first to quantify
and adjust for the signal frequency-drift in each voxel and sub-
sequently to remove the DS contribution using a LD analysis.
The transferred saturation is the difference between the fitted
water Lorentzian and the Z-spectrum:

Sii(dw) S, (4w)

LD(dw) = 2t =22

S 5 = MTR(4w)  (14)

This method was demonstrated by Liu et al.!' for some
paraCEST agents in phantoms and by Jones et al.”"-”2 in vivo in
the human brain (Figure 7b and d). In Figure 13, the upfield
LD spectrum of the right posterior lobe in human brain is
compared with 'H MRS data from the same region. After
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processing the MRS data into mobile MM and metabolite con-
tributions, the MM data were compared with the LD. While
agreement is evident for a number of resonances, it was later
concluded that a broader component from residual MTC was
still present in the LD data, causing enhancement of WM in
LD-based images.”’’> Around the same time, Zaiss et al.!?
theoretically demonstrated the possibility of estimating and
removing DS and MTC contributions with Lorentzian fitting
when the weak-saturation pulse condition is applicable. In a
related approach, CEST effects have also been filtered from
other MTC and DS effects by using time-domain analysis
in an approach known as time-domain removal of irrelevant
magnetization (TRIM).'*! Here, the frequency domain data
is converted into the time domain by inverse FT and any
lineshape can be used to fit the data. These data are then nor-
malized by the dwell time, after which the fitted data without
DS and MTC is again converted back to the frequency domain
by FT and the residual Z-spectra analyzed for CEST and rNOE
effects.

A very simple approach for analyzing single CEST contribu-
tions is to approximate the broad background signal with some
type of fitting (generally an extrapolated least-squares fit of the
baseline over the frequency range of interest) and then subtract
this baseline to approximate the CEST effect. Again, this is most

(@ s CEST Lorentzian difference analysis
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Figure 13. Comparison of the appearance of INOE-based Lorentzian difference data from a region in the right posterior portion of the brain (a), with 'H
MRS data (b-d) from the same approximate area. The ! H spectrum was fit for metabolites (c), several mobile MM components, and a baseline (d). The MM
components and baseline were combined to create a fitted MM baseline spectrum (b). Peaks (M1-M?7) in this spectrum were assigned according to Behar
et al. %6 Dashed lines correlate the peaks in the fited MM baseline (b) with the NOE LD data in (a). The upper scale has water centered at 0 ppm, while the
lower traditional 'H MRS scale has NAA set to 2.02 ppm. (Reprinted from Neuroimage, 77, C. K. Jones, A. Huang, J. Xu, R. A. Edden, M. Schar, J. Hua, N.
Oskolkov, D. Zaca, J. Zhou, M. T. McMahon, . J. Pillai and P. C. van Zijl, Nuclear Overhauser enhancement (NOE) imaging in the human brain at 7 T, 114.
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useful for spectra in the slow-exchange regime, which applies
mostly to low-B, data acquired in vivo.!?? However, it has also
been used for analysis of well-shifted resonances of hydrogen-
bonded protons.'?*

Another potentially useful data analysis approach is the
so-called normalized magnetization transfer ratio (NOMAR)
approach. NOMAR spatially segments out tissue components
with low MTC effects by using signal-intensity ratios from
Z-spectral points acquired at two offsets outside the 'H spec-
tral range (12.5 and —50 ppm) that are only sensitive to MTC
contrast. This has been shown to remove contamination from
cerebrospinal fluid, blood, and edema.'?*

Quantification of CEST-related Parameters

It is no doubt clear from the previous sections that there is
a lot of ongoing effort by CEST researchers to analyze the
different contributions to the Z-spectrum and edit these in
or out’>120125-B1 +45 provide more specific measurements
of individual spectral components. The reason of course is
to quantify endogenous and contrast-agent contributions
as well as other parameters in the CEST equations that can
provide information regarding physiological processes in vivo.
The theoretical description of WEX and CEST data is well
established!224°7616266 and analytical equations are avail-
able for calculating parameters for moieties undergoing slow
exchange on the NMR time-scale [e.g., equations (6)-(8)]. It is
especially noteworthy that the presence of a concentration ratio
(x,) of CEST agent protons relative to the water protons allows
an intrinsic quantification of metabolite ratios. Furthermore,
since the water concentration in the cytosol and extracellular
space can be assumed to be 55.5 M (or 111 M protons), absolute
molar concentrations in this should be attainable, and such
measurements have already been demonstrated in phantoms.
For this purpose, it is of course necessary to determine the
other parameters in equations (6)-(8). Note that such a con-
centration determination requires knowledge only of R, in
contrast to water-referenced MRS, where knowledge of R,
and R, of both water and the protons of interest is required.
To obtain tissue concentrations (in mole per milliliter tissue
volume or gram weight), a tissue water content correction will
be needed, which is known for many tissues.

Several methods have been suggested for measuring
exchange rates, which is possible through their dependence
on the saturation power and time.*®!3? For slowly exchanging
species such as the amide protons, exchange rates have been
estimated using WEX spectra.*>¢? FLEX data have also been
shown to allow quantification of concentrations and exchange
rates.!%%1% Importantly, the analytical CEST equations (6)-(8)
apply only for sufficiently slow exchange on the MR time-scale
and Bloch equation fitting has to be used for rates that fall
outside this regime. When quantifying effects, it is important
to keep in mind that the quantification depends on knowledge
of By, and that accuracy may be impaired by B, inhomogeneity.
To correct for B, inhomogeneity, it is useful to measure B,
maps,'* from which Z-values for different B, values can be
interpolated for each pixel, and an MTR,,,,, map generated. In
a related method, referred to as the ‘n-point Z-B, correction’

and the ‘n-point contrast B, correction’,'* the MTR ., calcu-
lation is performed after a Lorentzian fit is applied prior to the
interpolation of contrast for every B;. Inhomogeneity in B, is
typically not an issue in clinical scanners at 1.5 T and is a rela-
tively minor problem with dual-channel transmit instruments
at 3T. It is an issue at 7 T, but that should ameliorate with new

eight-channel transmit hardware becoming available.

Potential and Clinical Translation of CEST
Methods

The potential and significance of CEST MRI are reflected
by the rapidity with which the field is expanding and being
adopted. As of this writing, the original paper by Ward and
Balaban and coworkers’ has been cited 617 times (Google
Scholar, January 2016) and about 70-80 times per year in
the past 5 years. Three recent dedicated CEST workshops
(3rd, 4th, and 5th international CEST workshops in Annapo-
lis, 2012, Torino, 2014, and Philadelphia 2016) drew about
90-200 registrants. The last decade has shown major devel-
opments for paraCEST agents,!415-20-89.90.119.135-148 " djn CEST
agents,|213:17:4243.6872,88,102.116,125,128,149-160. and even hyperpo-
larized (hyperCEST) agents.!®1:162 This is not surprising in view
of the number of potential applications including pH imaging,
metabolite detection, ion detection, cellular protein and pep-
tide imaging, cell labeling, temperature imaging, detection of
enzyme activity, CEST reporter genes, and the imaging of sug-
ars. Another important development is the use of CEST agents
in liposomes (lipoCEST)!*>143 to detect picomolar concentra-
tions of these nanoparticles via the exchange of water between
intra- and extraliposomal environments,!6:142:143.163.164 Whjle
the paraCEST, lipoCEST, and hyperCEST agents show much
potential, due to space limitations this remaining section will
focus on some of the diaCEST applications that have actually
been applied in humans.

Amide Proton Transfer-weighted (APTw) MRI

Based on phantom studies on proteins'? and WEX data in
cells,"® it was hypothesized that it should be possible to
detect the amide protons of mobile proteins and peptides in
tissue via the water signal. This APT process was demon-
strated in vivo in 2003.4>%3 In the APT method, the composite
amide resonance at around 8.25ppm in the 'H spectrum
is detected at about 3.5ppm in the Z-spectrum relative to
water (Figure 3c and d). Subsequently, APT was used to
detect pH changes during early ischemia (based on the pH
dependence of the amide proton exchange rate)*%%% and
increases in the mobile protein/peptide content of brain tumor
tissue.21%% In these studies, CEST effects were assessed using
MTR,,,,, analysis and, due to contamination by other transfer
processes,?424353,72.102,125-128,130.13L166 it i5 most appropriate
to refer to the contrast achieved as APTw. In studies of cancer
in the brain, APTw MRI is showing promise for (i) separating
high-grade tumors from low-grade tumors and edema;*>112:167
(ii) distinguishing recurrent tumor from treatment necrosis;'>
and (iii) detecting early response to treatment.!*1 In addi-
tion, APTw MRI allows differentiation of acute ischemia
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Figure 14. MRI in a patient with recurrent astrocytoma (grade III), acquired 4 months after treatment. (a) T,-weighted image shows the recurrence of
glioma with heterogeneous hyperintensity in the left parietal lobe; (b) T -weighted image shows a heterogeneously hypointense lesion. The exact location
of the tumor core is unclear. (c) Post-contrast T’ -weighted image reveals a gadolinium-enhancing tumor core (red arrow) and a necrotic area (pink arrow).
The recurrent tumor is associated with the surrounding edema and mass effect. (d) APT image showing a clear increase in APT signal intensity in the tumor
core, identified by the gadolinium-enhanced T1-weighted image. The regions of necrosis (pink arrow) and edema (orange arrow) are almost isointense on
APT. (Reprinted from Neuroimage, 51, Z. Wen, S. Hu, E Huang, X. Wang, L. Guo, X. Quan, S. Wang and J. Zhou, MR imaging of high-grade brain tumors
using endogenous protein and peptide-based contrast, 616. © 2010, with permission from Elsevier)

from hemorrhage.!®® APTw MRI has been implemented on
clinical scanners®*!12153 and is being evaluated clinically at
several institutes for assessing brain tumors,!12-167:170-173 hyreast
tumors,!”17* prostate cancer,'”> head and neck cancer,'”® and
ischemic stroke.!”” Figure 14 shows an example of APTw data
from a patient with a recurrent astrocytoma.

Glycosaminoglycan CEST (gagCEST)

Gag is a main constituent of cartilaginous tissues whose
concentration can be used as a potential indicator of the
onset of osteoarthritis and intervertebral disc degeneration
prior to their morphological manifestation. GagCEST MRI®®
deals primarily with the detection of the exchange effect of
three hydroxyl protons of gag (Figure 5a), resonating around
0.9-1.9ppm downfield of water®®. The gag molecule also

contains an amide proton at 3.2 ppm downfield of water, but
its CEST effect is much smaller, because of the difference in
exchange rate and availability of one amide proton vs. the
three hydroxyl protons. Experiments at 3 and 7 T have shown
a correlation of gagCEST with sodium (**Na) MRIL'7%17 but
not necessarily with 'H MRI T, maps.'®° The effect is not easy
to detect because of the close proximity to the water resonance,
possibly leading to erroneous direct saturation contributions if
the water offset is not precise in each voxel. There have been
reports that correcting for B, inhomogeneities leads to a small
to negligible gagCEST signal at 3 T in the healthy knee (about
2%). That problem has been countered by going to higher
B, (e.g., 7T), where a 6% gagCEST effect could be observed
together with a high correlation of the results with the standard
%5Na imaging technique.!7%:181
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GagCEST has also been applied to study nondegenerative
lumbar intervertebral discs!®? and may differentiate between
the nucleus pulyposus (NP) and annulus fibrosus (AF) of
these discs.!#>718 GagCEST technology, similar to the APTw
approach, is based on MTR,, analysis and optimization of
the process, especially with respect to the correction of B, and
B, inhomogeneities and removal of interference by NOEs, is
still ongoing. Applications to larger study cohorts are needed
to convert this into a clinically viable technique.

CEST Studies of Glutamate (gluCEST)

Glutamate (Glu) is an excitatory neurotransmitter in the
central nervous system (CNS), controlling several signaling
processes together with GABA. Cai et al.'*® used CEST to
study the pH and concentration dependence of the amine
protons of Glu resonating at ~3.0 ppm downfield from water
and exchanging at a rate of about 5500 s~!. They showed that
signals proportional to the Glu concentration could be detected
in the human brain. A substantial difference between the Glu
concentration in gray and WM was observed, consistent with
expectations from positron emission tomography (PET) stud-
ies. One issue when looking at Glu via CEST is the presence
of some contributions from amide protons, as their average
chemical shifts are only about 0.5 ppm apart at 3 T. Another
issue is the use of MTR,,,,, analysis. However, it was demon-
strated that the majority of the signal was due to Glu by using a
saturation pulse train of high B, and shorter duration than the
low-power, long-duration saturation pulses needed for optimal
APTw MRL'¥ Such gluCEST experiments have since been
performed on the healthy human brain and spinal cord, and in
studies of the preclinical onset of Alzheimer’s.'#8-1% In a recent
study on patients with temporal lobe epilepsy, Davis et al.!?!
showed that gluCEST could correctly lateralize a seizure focus
in temporal lobe epilepsy, whereas assessment by conventional
MRI could not show a hemispheric difference.

CEST Studies of Creatine (CrCEST) and Glycogen
(glycoCEST)

Creatine (Cr) and phosphorylated creatine (phosphocreatine,
PCr) play a role in phosphate-bond energy storage and trans-
mission, and are found in many organs, including the brain,
heart, and skeletal muscle. The guanidine protons from the two
creatines resonate at 1.8 ppm from water and can be detected
by CEST MRI.!*? Creatine CEST (CrCEST) has been applied
for temporal mapping of muscle energetics post-mild exercise
in humans.!>*19 CrCEST provides an alternative to >'P MRS
studies of PCr, which participates along with the unphospho-
rylated component Cr in the creatine kinase reaction. CrCEST
offers a potentially greatly enhanced sensitivity due to the com-
bined effects of the larger gyromagnetic ratio of 'H and, most
importantly, the very large CEST enhancement due to the rela-
tively fast exchange rate of Cr (kg ~ 950 Hz) in the physiologi-
cal pH range. With a favorable choice of saturation parameters
(B, ~4pT), Cr could be resolved from PCr (k,, ~ 120 Hz) and
ATP (adenosine triphosphate; k., ~ 120 Hz), and showed a sen-
sitivity about 1500 times higher than 'H MRS of Cr at 3 T."?
Reddy et al. have published several studies applying CrCEST

to measure active muscle metabolism in the leg!**!%* and the
heart.!>

While these studies show great potential, it must again be
remembered that they are in part based on MTR,,,,, analysis.
To study differences during exercise one could simply perform
dynamic studies of effect differences at one frequency, but
there may still be interference from other CEST-sensitive com-
pounds that resonate nearby. For instance, glycogen hydroxyl
groups resonating at 1.2 ppm have a large CEST effect called
glycoCEST!!>116 that will also be affected by saturation at
1.8 ppm because of the broad lineshape (fast exchange rate).
Based on the type of exercise, the glycogen may have an oppo-
site effect as it depletes while unphosphorylated Cr increases.
In addition, the OH groups of carbohydrates such as glyco-
gen and glucose will affect the T, of water,'*!%> which also
affects the saturation lineshape. The glycogen hydroxyl moiety
also broadens the water line asymmetrically so that use of
an accurate B reference method to determine the Z-spectral
minimum is essential.''* On the other hand, the Cr level is
low in the liver, and glycoCEST may be more useful, and is
indeed being tried in humans.!*1%7 However, glucose signals
will overlap with those of glycogen and, when using MTR,,.,,
NOE effects may also be mixed in. Thus, further editing will
likely be needed to cleanly separate out these effects in the leg
and the liver.

FDA-approved Agents that are Suitable for diaCEST
Studies

Contrast agents are important to provide increased specificity
and sensitivity for visualizing anatomy and physiology in ways
that are not attainable with standard, noncontrast imaging
capabilities. The field of molecular MRI encompasses the
design of tissue-specific, pathology-specific and/or physiology-
specific smart probes. However, a recent NIH meeting (2014)
that evaluated the status of molecular imaging showed a dis-
appointing lack of new MRI probes being translated to the
clinic in recent years.® The main problem is that all of the
MRI agents currently used clinically and most of the smart
agents proposed for molecular MRI, contain paramagnetic
or ferromagnetic metals to induce changes in the relaxation
times T, or T,. While they are extremely safe overall, there
are reports of toxicity of some metallic MRI contrast agents
in some patients with kidney disease. Consequently, such
agents are under increased scrutiny by the US Food and Drug
Administration (FDA), complicating the approval process and
delaying the availability of newly designed agents that could
benefit patients. Thus, there is a need to simplify, expedite
and de-risk the approval process by developing MRI agents
with proven low toxicity and/or with agents previously demon-
strated to be suitable for clinical use based on other indications.
CEST MRI allows us to break this barrier by opening up a new
range of possible agents.

Imaging agents that are already approved for other modal-
ities constitute a first class of compounds with the potential
for fast translation into clinical MRI. For example, it was
recently demonstrated'*-2%4 that the CT agents iopamidol
and iopromide, which contain multiple amide protons, can
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Figure 15. Results from a dynamic glucose enhanced (DGE) MRI study of a patient with an anaplastic astrocytoma. At top, T,-weighted (a) and Gd T -
weighted (b) images and DGE-based area under the curve (AUC) images (d-f) for different time periods relative to the start of infusion. The dynamic time
curves for several regions of interest are shown in (c), as compared to the glucose level measured in a vein contralateral to the infusion arm (red, scale at

right). (Reproduced from Ref. 110. © Tomography, 2015)

be used for in situ pH assessment using CEST. A second class
of agents with high translation potential consists of natural
compounds, such as sugars, peptides, and proteins, that are
approved for other indications. Actually, D-glucose is already
approved by the FDA for the intravenous glucose-tolerance
test?®® for patients with diabetes, allowing its fast translation
to CEST MRI studies in humans. Recently, two groups!!7-118
contemporaneously demonstrated in animals the potential use
of D-glucose as a contrast agent for cancer detection. This has
been followed by several other papers on glucose and glucose
analogs.?%¢2%7 Dynamic glucose enhanced (DGE) imaging has
been demonstrated on a glioma mouse model,'*’ and recently,
the first human data were published.!'® Figure 15 shows some
of the preliminary data from a cancer patient.

Conclusions

The field of CEST imaging has been around for 15 years. After a
slow start with only a few groups performing such studies it has
recently burgeoned. New technologies for editing CEST agents
are frequently published and many options for such methods
have yet to be explored. The possibilities for novel agent design
and for the imaging of mM-level endogenous compounds with
water sensitivity is expected to make this relatively new field
grow even faster in the future.
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