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Abstract

Chemical Exchange Saturation Transfer (CEST) MRI has been developed and employed in
multiple clinical imaging research centers worldwide. Selective RF saturation pulses with standard
2D and 3D MRI acquisition schemes are now routinely performed, and CEST MRI can produce
semi-quantitative results using Magnetization Transfer Ratio asymmetry (MTRgsym) analysis
while accounting for By inhomogeneity. Faster clinical CEST MRI acquisition methods and more
quantitative acquisition and analysis routines are under development. Endogenous biomolecules
with amide, amine, and hydroxyl groups have been detected during clinical CEST MRI studies,
and exogenous CEST agents have also been administered to patients. These CEST MR imaging
tools show promise for contributing to assessments of cerebral ischemia, neurological disorders,
lymphedema, osteoarthritis, muscle physiology, and solid tumors. This review summarizes the
salient features of clinical CEST MRI protocols and critically evaluates the utility of CEST MRI
for these clinical imaging applications.

1. Introduction

Magnetic Resonance Imaging (MRI) has profoundly changed clinical diagnoses of tissue
anatomy and function, but current MRI techniques in clinical practice have had much less
impact on diagnoses at a molecular level. The developing field of Chemical Exchange
Saturation Transfer (CEST) MRI has potential to provide molecular information for
diagnosing pathological tissues and the detection of molecular responses to treatment [1,2].
This potential to provide molecular imaging has driven substantial research efforts to
translate CEST MRI methods to the modern radiology clinic. This review describes the
current status of clinical CEST MRI, and the current diagnostic applications that have
recently been interrogated with clinical CEST MRI with an emphasis on the molecular-level
information associated with each pathology.
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2. The case for CEST MRI as a molecular imaging technique

To perform CEST MRI, a radio frequency (RF) pulse is applied at the MR frequency of a
proton (the nucleus of a hydrogen atom) on an exogenous agent or endogenous biomolecule
that can exchange with the protons on water molecules (Fig. 1a). The RF pulse saturates the
net magnetic signal from the population of the exchangeable proton, which reduces the net
signal detected by MRI. The saturated protons then exchange with water protons, resulting
in a partial loss of net water signal. The RF saturation pulse is typically applied in the clinic
at a low saturation power of 0.5-6 uT to improve the selectivity of saturating only the MR
signal of the intended proton of a specific agent or biomolecule, hopefully without also
saturating the MR signals of other protons, including water protons. In addition, the RF
saturation is typically applied for a long duration of ~1-5 seconds to allow saturation to
reach steady state [3,4]. During this saturation period, the exchange of protons between
water and the agent or biomolecule can occur at a chemical exchange rate of ~30-1,000 Hz,
thereby resulting in ~30-5,000 saturated protons transferred to water from each agent or
biomolecule (ignoring the effects of T4 relaxation). With sufficient saturation and chemical
exchange rate, as little as ~2 mM of exchangeable protons on an exogenous agent or
endogenous biomolecule can generate a ~2% decrease in water signal, which can be
quantitatively detected with standard MR acquisition methods (this evaluation is based on an
estimate of 72% water composition in tissues; an exchange rate of 1,600 Hz; saturation for 1
second; 55.5 M concentration of H,O molecules in pure water; and two protons per H,O
molecule). Therefore, CEST MRI has potential to provide image contrast based on specific
molecular compositions at relevant millimolar physiological concentrations.

The CEST spectrum demonstrates the molecular specificity of this imaging technique,
whereby exogenous agents or endogenous biomolecules can be selectively detected by their
unique MR frequencies in the spectrum (a.k.a. chemical shifts measured in units of ppm;
Fig. 1b). To generate a CEST spectrum at each voxel location, standard clinical CEST MRI
acquisition methods repeat the selective RF saturation over a range of saturation frequencies
to iteratively acquire a series of CEST-weighted images. A CEST spectrum is simply a plot
of water signal amplitude of a voxel vs. saturation frequency (Fig. 1c) [1]. A CEST spectrum
is also known as a Z-spectrum, because the spectrum represents the remaining net coherent
magnetization immediately prior to image signal acquisition along the Z-axis [5]. The CEST
spectrum is a convenient representation because one or more CEST effects, as well as the
direct saturation of bulk water at 0 ppm, can be viewed in a single graph. The semi-solid
molecular components in tissues cause a Magnetization Transfer (MT) effect that transfers
saturation either through space or through similar chemical exchange of protons from the
semi-solid components [6]. The MT effect creates a broad baseline signal [7] and also
causes asymmetric features in the negative ppm range of the CEST spectrum (Fig. 1d) [8-
11]. The MT effect must also be evaluated when quantitatively measuring CEST contrast
generated from specific agents or biomolecules.
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3. Important considerations for a clinical CEST MRI protocol

3.1. The saturation pulse

Using a multisecond saturation RF pulse or a multisecond series of pulses for clinical CEST
MRI initially raised concerns regarding tissue heating and patient safety. However, many
CEST MRI studies in human brain and torso have been safely performed with long, low-
power saturation pulses, so that the safety of CEST saturation is no longer a contentious
issue. The use of shaped pulses, most often Gaussian shapes [12,13], adiabatic pulse shapes
[14] and other pulse shapes optimized for CEST imaging [15], has been shown to produce
almost the same saturation as a square-shaped pulse and with reduced off-resonance
saturation effects, especially for protons with slower chemical exchange rates. In some
cases, shorter saturation pulses have been interleaved with the MR acquisition scheme,
which lowers the duty cycle of saturation power and can accommaodate rapid endogenous T,
relaxation, but at the expense of generating less saturation [16,17].

To date, there has been no consensus with regard to the total saturation time or power to be
used for clinical CST MRI studies (Fig. 2). In particular, the use of less saturation power can
potentially reduce the direct saturation of water when irradiating MR frequencies closer to
the water frequency. Yet there has surprisingly been no correlation between saturation power
or time with respect to saturation frequency among currently reported studies. Furthermore,
the capabilities of the RF amplifier and transmitter coils of clinical MRI instruments can
limit the selection of multi-second pulses, and can generate significant By inhomogeneity
(i.e., spatial variability with regard to pulse power) [18]. Hardware limitations and B4
inhomogeneity need to be addressed to ensure that a consensus of saturation parameters can
eventually be employed in multiple radiology clinics.

3.2. The MRI acquisition protocol

The acquisition of the CEST-weighted images must be rapid, before T, relaxation reduces
the amplitude of the CEST contrast [16]. As evidence, CEST contrast can decrease after
administration of a gadolinium-based Ty contrast gent, which also shows that endogenous
CEST MRI should be acquired before the application of a contrast agent [19]. Also,
acquiring a series of MR images required for a CEST spectrum must be accomplished in a
practical time for clinical throughput, which requires rapid imaging. Gradient echo imaging
is often used for 2D image acquisitions [20], although echo planar imaging [21] and rapid
acquisition with relaxation enhancement imaging [22] have also been used in the clinic.
Gradient echo imaging has most often been used for 3D CEST MRI [23]. Although these
acquisition methods provide opportunities for many clinical studies, other methods are under
development to improve acquisition speed and detection specificity.

Rapid acquisition methods are being investigated and implemented to accelerate CEST MRI.
Radial [24] and spiral [25] acquisition schemes also produce rapid acquisition protocols for
clinical CEST MRI that are relatively insensitive to patient motion, although these
techniques are still very new and have only been reported as conference proceedings. A
clever keyhole imaging method can more rapidly acquire a series of CEST-weighed images
that cover a range of MR saturation frequencies [26]. More recently, parallel imaging and
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compressed sensing have been combined to accelerate acquisition times [27], and MR
fingerprinting [28] methods have been developed for fast CEST MRI protocols. The ultrafast
CEST MRI method can rapidly perform CEST MRI studies, although this method requires
more development for clinical use. Ultrafast CEST MRI applies a magnetic field gradient
across the tissue that spatially spreads the MR frequency of the water and the CEST
biomolecule or agent, and then applies frequency-selective saturation that generates a
spatially encoded CEST spectrum [29,30]. This method is “ultrafast”, because the entire
CEST spectrum is generated with only one RF saturation pulse. However, the tissue must be
homogenous across the space that is encoded by the magnetic field gradients, which has
currently limited clinical applications of this technique to imaging small brain regions. As a
final example, CEST MRI contrast can be rapidly generated by selectively irradiating the
MR resonance of water, using on-resonance paramagnetic chemical exchange effect
(OPARACHEE) MRI [31], Quantifying exchange with saturation power on the water
resonance (QUESPOWR) MRI [32], or onVDMP MRI [33]. These methods only require the
acquisition of one or two MR images because only the water frequency is irradiated, but
these methods lose the specificity for detecting just one endogenous biomolecule or
exogenous agent.

A variety of acquisition methods have been developed to improve the specificity of detecting
CEST, or to detect CEST from specific sources. Saturation with frequency alternating RF
irradiation (SAFARI) only requires the acquisition of three MR images, and a sum of these
images can remove symmetrical MT effects [34]. A series of SAFARI acquisitions with a
range of saturation powers can measure exchange rates, which may be used to more
selectively detect a specific endogenous biomolecule or exogenous agent with a unique
chemical exchange rate. Similarly, variable delay multiple pulse train (VDMP) CEST MRI
acquires two MR images with different interpulse delays, and the difference between these
images detects CEST contrast only from biomolecules or agents with a specific range of
chemical exchange rates [35]. A technique that is similar to VDMP, known as Frequency
labeled exchange transfer (FLEX) MRI, uses a series of interpulse delays to label
exchangeable protons with their chemical shift evolution. Both VDMP and FLEX MRI have
been used to remove MT effects and direct saturation of water while detecting CEST effects
in the human brain [36, 37]. Chemical Exchange Rotation Transfer (CERT) MRI [38]
acquires two images with RF saturation that uses 1 and 27 radian rotation angles at one
frequency, rather than using the same rotation angle for two frequencies as acquired for
conventional CEST MRI. By using the same saturation frequency for both images, CERT
avoids confounding contributions from By inhomogeneities and asymmetric MT effects,
which improves the specificity of the results. As a final example, a spin-locking RF pulse
can be used rather than a saturation pulse to interrogate chemical exchange [39]. A spin-lock
applied on the water resonance is most sensitive to intermediate chemical exchange rates,
providing some specificity for detecting hydroxyl and amine protons. A spin-lock applied at
a frequency other than the water frequency is most sensitive to slow chemical exchange
rates, especially when the spin lock power matches the exchanging rate, which provides
specificity for detecting endogenous amide protons.
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3.3. CEST MRI analysis methods

The most simplistic analysis method requires an MR image with selective RF saturation at
the MR frequency (defined as w) of the proton on the agent or biomolecule to be
interrogated, and a second MR image with RF saturation at a control frequency (-w). The
Magnetization Transfer Ratio asymmetry (MTRasym) analysis method uses this simplistic
approach to compare the effects of symmetric RF saturation at frequencies w and -w on
either side of the water resonance to determine the % CEST signal [40]. However, the CEST
spectrum is inherently asymmetric (Fig. 1d) [8,9], so that MTR,sym measurements are
inaccurate (yet as shown in examples below, even semi-quantitative MTR,sym analyses can
be used for clinical diagnoses). Furthermore, the By inhomogeneity of the static magnetic
field causes the entire CEST spectrum to shift by different amounts at each voxel location,
which compromises the symmetry-dependent MTRasym analysis method. For these reasons,
By mapping methods must be incorporated with CEST MRI acquisitions that measure
MTRgsym, Which lengthens total scan times [41,42].

Alternatively, a series of many RF frequencies can be iteratively saturated to generate a full
CEST spectrum. Methods to optimize the list of RF saturation frequencies have been
developed, which can reduce clinical acquisition times [43]. The acquisition of a full CEST
spectrum provides opportunities for more accurate analysis methods. For example, a series
of analytical methods can account for “RF spillover”, or unintended direct saturation of the
water when the MR frequency of the proton on the agent or biomolecule is close to the MR
frequency of water [40,44]. An analysis method that accounts for apparent exchange-
dependent relaxation (AREX) can remove the background MT effect when analyzing CEST
spectra, while also using a Tq relaxation map to correct for the effects of T, relaxation on
CEST amplitudes, to measure a pure APT signal amplitude [45]. The CEST signals, MT,
and direct saturation of water in a full CEST spectrum can be simultaneously analyzed with
the Bloch equations modified for chemical exchange (also known as the Bloch-McConnell
equations) [7,46]. This fitting method requires extensive computation time and substantial
expertise with a matrix exponential in inhomogenous form [47] or homogenous form [48],
or by calculating the eigenvalue of the matrix corresponding to slow water signal decay [49].
Alternatively, spectral features in the CEST spectrum can be fit with Lorentzian line shapes,
which works best when analyzing the CEST spectrum acquired at low saturation power and
with samples or tissues that have long T, relaxation times [50,51]. Finally, these analysis
methods may need to account for significant temporal drift in By and B field caused by the
heating of gradient amplifiers or samples, especially when acquisition methods with high
saturation powers or high duty cycles are used [52,53].

4. Amide Proton Transfer

Amide protons typically have a chemical exchange rate of ~30 Hz [54]. Although the amides
of semi-solid proteins have a broad range of MR frequencies and short Ty & T» relaxation
time constants that can generate MT effects, mobile proteins and peptides have longer
relaxation times and have amide groups that exhibit a more narrow range of MR frequencies
centered at approximately 3.5 ppm. The concentration of amide groups in endogenous
mobile peptides and proteins is approximately 5 to 8 mM in most tissues [54,55]. These
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three conditions are appropriate for detection of amide protons with CEST MRI. This
important source of CEST MRI contrast is often described as Amide Proton Transfer (APT)
MRI.

4A. APT MRI of cerebrovascular stroke

APT MRI has shown excellent success in identifying ischemic regions of brain tissue in
patients that have suffered a cerebrovascular stroke. Decreased cerebral blood flow during a
stroke causes an increase in ATP hydrolysis and reduced bicarbonate buffering, which
causes the intracellular pH to decrease [56]. This decreased pH causes a decrease in the
exchange rate of amide protons, because the chemical exchange of amides in proteins is
base-catalyzed. This decrease in the exchange rates of amide protons causes ischemic tissue
to have decreased APT MRI contrast, which can be detected even with a relatively low 0.5
UT saturation power (Fig. 3) [57]. The ischemic core can show a significant decrease in APT
compared to the hypoperfused region surrounding the infarcted tissue that ultimately
survives [57,58]. Furthermore, studies with rat models (that have yet to be translated to the
clinic) indicate that hemorrhagic vs. ischemic stroke can be distinguished by hyperintense
vs. hypointense APT MRI contrast [59]. This strong evidence attests that APT MRI may
benefit a MRI stroke protocol at 3 T magnetic field strength to provide diagnostic imaging
information that complements anatomical MR imaging, arterial spin labeled imaging, and
perfusion- and diffusion-weighted imaging.

4B. APT MRI of neurological disorders

The biochemical neuropathology of multiple sclerosis (MS) in the brain and spinal cord
includes the accumulation of mobile proteins in normal-appearing white matter. This protein
accumulation increases the APT MRI contrast, which can be detected at 7 T and a moderate
2-3.5 uT saturation power (Fig. 4) [60]. In addition, analysis of the CEST spectrum shows
increased asymmetry around the amide CEST peak in lesions and normal-appearing white
matter in the spine of MS patients compared to healthy white matter in healthy subjects [61].
More recently, APT MRI has been suggested as a method to detect reduced mobile protein
content related to Alzheimer’s Disease, but this use of APT MRI has not yet been translated
to clinical studies [62]. Importantly, the NOE at approximately -3.5 ppm can also change as
a consequence of a neurological disorder, causing MTRgsym analysis to change even if the
APT signal at +3.5 ppm does not change. For this reason, more sophisticated analysis
methods described in section 3.3 may be required to improve the diagnostic value of CEST
MRI for these pathologies.

4C. APT MRI of lymphedema

Lymphedema is swelling caused by the accumulation of protein-rich lymph fluid in the
interstitium when the lymphatic load exceeds the lymphatic transport capacity. In particular,
breast cancer treatment-related lymphedema (BCRL) is one of the most frequent
complications among patients with breast cancer. This elevated interstitial protein
accumulation can be detected in the affected arms of BCRL patients with APT MRI relative
to the contralateral arm, while no significant difference between arms of healthy volunteers
was detected with APT MRI (Fig. 5) [63]. This study was performed with 1.0 uT saturation
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power and 3 T magnetic field, which facilitates dissemination of this technique for studying
BCRL and other types of lymphedema.

4D. APT MRI of solid tumors

APT MRI has been used empirically to analyze solid tumors, although the interpretation of
the imaging contrast is still under study. Strong evidence indicates that the concentrations of
mobile proteins and peptides are higher in tumors [55], which generate higher APT MRI
contrast [64,65]. Metabolically active tumors produce excess lactic acid in the extracellular
tumor microenvironment as a consequence of enhanced aerobic glycolysis, known as the
Warburg effect [66]. This decrease in tumor pH should generate lower APT MRI contrast
due to slower exchange rates from amide groups because the chemical exchange of protons
from amides to water is base-catalyzed. These two counteracting conditions can cause the
APT MRI contrast from tumors to be only slightly higher or unchanged relative to normal
tissues, especially for low-grade tumors (Fig 6a) [67]. Furthermore, the MTR,sym analysis of
CEST at +3.5 ppm relies on the control MR signal with saturation at -3.5 ppm. Yet tumors
have a reduced background MT effect with saturation at -3.5 ppm, which creates a poor
control MR signal and causes the APT contrast at +3.5 ppm measured by MTRasym to
appear artificially high (see section 3.3 for details about MTR,sym analysis) [52]. The
background MT effect at +3.5 ppm can also complicate the analysis of the pure APT
contrast at this MR frequency [68].

Despite these complications, clinical APT MRI at 3 T and 7 T magnetic field strengths has
shown promising empirical utility to improve assessments of tumors in the breast and brain
(Fig. 6b) [23,69-72]. APT MRI contrast has shown a positive correlation with tumor grade
as assessed with histopathology [73-75]. Treatment has been shown to reduce APT MRI
contrast [76,77]. Correspondingly, APT MRI generated lower contrast in pseudoprogression
from post-treatment inflammation compared to recurrent glioma [78]. High APT MRI
contrast has been more correlated with high grade gliomas than strongly enhancing imaging
regions with gadolinium-based MRI contrast agents. Higher saturation powers have
produced stronger CEST contrast in these studies, among the wide range of 0.5 t0 4.0 uT
saturation powers tested (Fig. 2). Notably, amide protons have a slow ~30 Hz chemical
exchange rate that should produce maximum CEST contrast at ~1.0 uT saturation power.
Therefore, stronger CEST contrast produced with saturation powers much greater than 1.0
UT may be due to effects other than APT from amide protons. This issue exemplifies how
CEST MRI can be complicated to interpret.

Future clinical studies of tumor imaging with APT MRI should take care to avoid
misinterpreting cystic, necrotic, or hemorrhagic areas as viable tumor in APT MR images,
because tumor necrosis and hemorrhage can also have higher mobile protein concentrations
[79]. T1- and To-weighted MRI scans are typically acquired before CEST scans to delineate
these regions. Additionally, the T, relaxation time constant of gray matter is ~60% longer
than for white matter, which allows a stronger CEST effect to be generated in gray matter
that can be misinterpreted as a stronger ATP MRI contrast associated with brain tumors [80].
Therefore, normal gray and white matter should be mapped in future clinical APT MRI
studies that analyze brain tumors. Similar T, relaxation maps should be incorporated into
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APT MRI analyses of other tumor types as well. Alternatively, CEST analysis methods that
compensate for T1 relaxation should be used to improve CEST quantification, such as
CESTR* analysis with T, and T, compensation [45].

5. Amine CEST MRI of solid tumors

Similar to APT MRI arising from endogenous amide protons, the amine protons of
endogenous mobile proteins, peptides and amino acids can generate clinical CEST MRI
contrast with selective saturation at 3.0 ppm, even at 3 T magnetic field strength [81]. As
with amide protons, the chemical exchange of amine protons with water is base-catalyzed.
Importantly, the rate of chemical exchange of amine protons with water is faster than with
amide protons and can be too fast to generate CEST at high pH greater than 7.0. Therefore,
an acidic tumor microenvironment less than pH 7.0 slows the chemical exchange of amide
protons, causing an increase in CEST contrast. This pH dependence works synergistically
with the higher concentration of mobile proteins and peptides in tumors, causing amine
CEST MRI contrast to be higher in acidic tumors (Fig. 7). In addition, the faster chemical
exchange rate of amine protons relative to amide protons has potential to generate stronger
overall CEST MRI contrast, and can be generated with a shorter saturation pulse that can
shorten the total acquisition time. The faster chemical exchange rate of amines requires a
high 6 uT saturation power to generate good CEST contrast. A clever combination of APT
MRI and amine CEST MRI compares the ratio of CEST contrasts at 3.5 and 2.75 ppm to
exploit the opposite pH dependencies of CEST signal amplitudes on the chemical exchange
rates of amide and amine protons, known as amine/amide concentration-independent
detection (AACID) [82]. This combination method has shown promise for detecting changes
in response to antitumor treatment, but has not yet been translated to the clinic [83]. The
same concerns regarding the interpretation of APT MRI should be applied to amine CEST
MRI and AACID MR, including consideration for cystic, necrotic, or hemorrhagic areas
and the effects of relaxation times, which may lead to lower-than-anticipated differences in
CEST contrast in tumor vs. normal tissues in clinical amine CEST maps [84]. Furthermore,
the CEST spectra of amides and amines have moderately broad CEST peaks. Saturation at
3.5 ppm may generate some CEST from amines and saturation at 3.0 or 2.75 ppm may
generate some CEST from amides. This potential to saturate multiple types of protons
should be considered when interpreting endogenous CEST MRI results. Newer acquisition
methods that improve the specificity of only detecting amides or amines may improve these
types of endogenous CEST MRI studies.

6. gagCEST MRI of osteoarthritis

Glycosaminoglycans (GAGSs) serve an important role in cartilage of the knee and
intervertebral discs, and the loss of GAG is an early indicator of osteoarthritis in the knee
and spine [85]. GAGs have amide protons with a MR frequency of 3.2 ppm and hydroxyl
protons with MR frequencies ranging from 0.9 to 1.9 ppm (detection ranges between 0 and
2.0 ppm have also been reported). Although both types of exchangeable protons generate
CEST contrast, the hydroxyl protons have a faster average chemical exchange rate (>1000
Hz vs. 10-30 Hz) and higher concentration (350-400 mM vs. 100-125 mM) than the amide
protons /n vivo [86,87]. Therefore, gagCEST MRI focuses on the greater CEST contrast
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generated from the hydroxyl protons of GAGs. GagCEST MRI studies show better
performance at 7 T magnetic field strength due to the close proximities of the MR
frequencies of the hydroxyl protons and water [88], although many recent studies at 3 T
magnetic fields have also been performed. A wide range of saturation powers of 0.5 to 3.5
UT have been tested, and consensus regarding the best saturation power has yet to be
reached.

GagCEST MRI has shown promise for diagnosing osteoarthritis in the knee (Fig. 8a). Low
MTRgsym Values suggest low GAG concentrations in the patellar facet and the femoral
trochlea in patients with high knee pain scores [89], in the trochlear groove and tibial
cartilage of normal volunteers [14], and in surgically repaired cartilage [90]. GagCEST
MTRgsym Values showed a greater correlation with pain scores than quantitative
measurements made with conventional MR images [91]. To confirm these results, gagCEST
MRI has shown diagnostic performance that was similar to delayed Gadolinium Enhanced
MRI Contrast (lGEMRIC), To-weighted MRI, and 23Na MRI [90,92].

GagCEST MRI has also shown promise for analyzing the GAG composition of
intervertebral disks (Fig. 8b). Lower MTRgsym Values from gagCEST studies showed a
moderate correlation with the severity of lumbar degenerative disc disease [92-94].
GagCEST MRI contrast was significantly lower in patients with spondyloarthritis [95] and
facet tropism [96], and was correlated with the degree of reported back pain [97]. However,
gagCEST MRI contrast may also decrease with age regardless of symptoms [98,99],
suggesting that additional studies are needed to assess the specificity of gagCEST MRI for
all patients.

7. gluCEST MRI of neurological disorders

A great number of metabolites have exchangeable protons that can generate a CEST effect.
Selectively detecting only a single metabolite amidst the great number of metabolites within
tissues is daunting due to the strong overlap of the MR frequencies of these metabolites.
Glutamate is a remarkable exception that shows a CEST peak at 3.0 ppm through chemical
exchange from the amine group. As another advantage, glutamate is often present at higher
concentrations than other metabolites in the brain, which facilitates the CEST detection of
glutamate. The imaging of glutamate with CEST MRI, known as gluCEST MRI, has been
successfully performed in healthy brain tissue and the spinal cord [100-103]. A 3.6 uT
saturation power is used to generate strong CEST contrast, and this relatively high saturation
power is reasonable considering the separation of the MR frequencies of glutamate and
water, and the fast exchange rate of the labile protons on glutamate. As a limitation, clinical
gluCEST MRI studies have only been performed at 7 T magnetic field strength, which offers
more selective saturation of glutamate than at 3 T.

GIuCEST MRI has shown strong potential for improving clinical diagnoses. First, to
validate that gluCEST MRI is specific for glutamate, MTRgym analysis showed that the
glutamate distribution between gray and white matter was similar to PET maps that used a
radionuclide agent that targeted the glutamate receptor [101]. Additionally, the gluCEST
ratio from gray and white matter is strongly correlated with the ratio of glutamate

J Magn Reson Imaging. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jones et al.

Page 10

concentration measured with 1H MR spectroscopy [100,101]. A gluCEST MRI brain study
correctly lateralized the temporal lobe seizure focus in patients with epilepsy, which was
corroborated with MR spectroscopy (Fig. 9) [102]. Relative glutamate concentrations in the
spinal cord may serve as an additional biomarker for multiple sclerosis, which may
complement the mobile protein content measurements made with APT MRI [103].

8. CrCEST MRI and LATEST MRI of muscle physiology

The specificity of metabolite detection can be improved by changing a metabolite’s
concentration while other metabolite concentrations are unchanged, and then obtaining the
difference in CEST MRI results before and after the change in concentration. This strategy
has been successfully employed to detect a change in creatine [104-106] and lactate [107]
concentrations in human leg muscle before and after 2-3 minutes of mild-to-moderate
exercise (Fig. 10). Importantly, these CEST MRI results are not affected by increased blood
perfusion in muscle after exercise [108]. Validation with MR spectroscopy at lower spatial
resolution showed that CEST MRI was correlated with changes in concentration for each
metabolite. In addition, an increase in lactate concentration can be detected in solid tumors
after intravenously administered pyruvate is metabolized to lactate due to enhanced aerobic
glycolysis in cancer cells, although this technique has not yet been translated to the clinic
[107].

Creatine CEST (CrCEST) MRI detects a change in the CEST effect at 1.8 ppm from the
guanidinium group of creatine, while lactate CEST (LATEST) MRI detects a change in
CEST at 0.4 ppm from the hydroxyl group of lactate [107]. As an example of the importance
of optimizing an MRI protocol to detect a specific biomarker, clinical CrCEST MRI has
been performed at 3 T and 7 T magnetic strengths, while clinical LATEST MRI after
exercise has only been demonstrated at 7 T due to the close proximity of the MR frequencies
of lactate and water. Also, CrCEST MRI has been performed with higher 1.75-2.9 uT
saturation power to accommodate the fast chemical exchange rate of creatine’s guanidinium
group, while LATEST MRI was performed with lower 0.73-1.17 uT saturation power again
due to the proximities of the MR frequencies of lactate and water. Despite the use of low
saturation powers, the CrCEST and LATEST CEST spectra have broad, overlapping CEST
signals, raising a concern that CrCEST may be affected by lactate and LATEST may be
influenced by creatine, potentially compromising the specificity of each CEST technique.
This issue of specificity is a common issue among many CEST MRI methods that are
designed to detect a single endogenous metabolite, which must be considered when
interpreting the results from clinical studies or when selecting an acquisition method that
may have improved specificity.

9. Exogenous CEST agents

Similar to CrCEST and LATEST MRI, the use of an exogenous CEST agent has the
powerful advantage of acquiring CEST MRI images before and after administration of the
agent, so that the difference between the images can isolate the CEST effect from the agent
(assuming that all other CEST sources are static). However, potential safety issues must be
thoroughly evaluated to obtain clinical approval to use an exogenous agent, which is a
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lengthy and expensive process [109]. Current clinical studies with exogenous CEST agents
have been limited to molecules that are already approved for clinical use.

Exogenous CEST agents pose unique challenges for MRI acquisition and analysis. Small
molecule agents often have rapid uptake and clearance in pathologic and normal tissues,
typically providing only a ~30-minute window after administration to detect the agent [110].
Furthermore, the concentration of the agent changes throughout this ~30-minute detection
window. Therefore, very fast CEST MR imaging methods are critical for rapidly measuring
the exogenous CEST agent within /n vivotissue at static or negligibly varying concentration,
so that the CEST properties of the agent can be accurately quantified. With regard to
analysis, spectral features in the CEST spectrum of an exogenous agent can more easily be
fit with Lorentzian line shapes when the MR frequency of the CEST agent does not overlap
with other CEST signals or the direct saturation of water [46,50]. Avoiding CEST signal
overlap also allows higher saturation powers to be used during the CEST study, which also
more rapidly saturates the exogenous agent. Rapid saturation relative to T, relaxation time
subsequently improves Lorentzian line shape fitting because CEST spectral features are
approximately Lorentzian in shape based on the assumption that saturation has reached
steady state [46,51].

Most importantly, CEST MRI is a relatively insensitive molecular imaging technique,
requiring a minimum ~10 mM agent concentration within the /n vivo tissue for adequate
detection. The minimum concentration threshold for detecting an exogenous agent may be
higher than for endogenous biomolecules, because the need for fast imaging methods often
precludes signal averaging that can improve SNR. Furthermore, calculating the difference
between images acquired before and after injection combines noise from both images,
inherently decreasing CNR by v2. This level of CEST sensitivity has limited the detection of
exogenous CEST agents to the kidney and well-vascularized solid tumors. CEST agents
have been administered to patients in high amounts of 0.5 to 4.4 mmol/kg to provide
adequate CEST MRI signals for /n vivo detection [111,112]. For comparison, clinically
approved Gd(l11)-based T; MRI contrast agents have better detection sensitivity than CEST
agents, and are administered to patients at lower 0.1 mmol/kg.

9A. GlucoCEST MRI of cancer

D-glucose generates a broad CEST effect between 0.8 and 2.2 ppm from the five hydroxyl
groups of this sugar (a range of 1-5 ppm and a single frequency of 1.2 ppm have also been
used to detect CEST from glucose, at magnetic field strengths of 3 T to 11.7 T) [111,113-
115]. Dynamic glucoCEST MRI can be used to temporally track the CEST signal to monitor
exogenous glucose uptake and wash-out in tissues by intravenously administering an
injection of 0.5-1.7 mmol/kg of glucose in patients, followed by the acquisition of a series
of dynamically acquired CEST MR images acquired with 1.6-2 uT saturation power (Fig.
11). The proximity of the MR frequencies of the CEST signal of glucose and water,
especially at 3 T magnetic field strength, requires careful analysis of By inhomogeneity to
improve MTRasym measurements with glucoCEST MRI.

Clinical glucoCEST MRI has shown strong enhancement in glioma vs. normal brain tissue,
which was comparable to dynamic contrast enhancement (DCE) MRI studies with a
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gadolinium-based contrast agent [111]. GlucoCEST MRI also demonstrated increased signal
in head and neck tumors and a general (but not exact) correlation with 18F-
fluorodeoxyglucose (X8FDG) uptake by positron emission tomography (PET) [115]. This
study of head and neck cancer demonstrated the need to reduce or compensate for patient
motion (i.e., from swallowing motion) to obtain adequate CEST MRI data sets before and
after injection of the exogenous agent.

In practice, glucoCEST MRI contrast likely arises from a mixture of the extracellular and
intracellular hydroxyl groups of glucose and its metabolic products, so that glucoCEST MRI
reports on a combination of tumor metabolism and perfusion [113]. Initial glucoCEST MRI
studies were assumed to track cell-internalized glucose in tumors, because 18FDG is rapidly
transported into cells within glucose-avid tumor tissues [114]. However, a high ~15 mM
concentration of blood glucose level has been used to generate glucoCEST MRI detection in
tumors [115], while the 100 nmol/kg injection of 18FDG for PET detection in tumors is
negligible relative to the standard blood glucose level of 4-8 mM. Only a small fraction of
glucose is expected to be intracellular during the CEST MRI saturation pulse period, and the
intracellular glucose is rapidly metabolized. Therefore, the majority of glucoCEST MRI
signal may arise from extracellular glucose in tumor tissue, which effectively acts as a non-
specific tracer agent that reports on the higher vascular perfusion of tumors, similar to other
small molecule MRI contrast agents that are approved for clinical use. The general yet
inexact correlation between glucoCEST MRI and 18FDG PET supports this interpretation.

Other sugars have been tested as exogenous CEST MRI contrast agents that may mitigate
the disappearance of /n vivo glucoCEST MRI signals 30 minutes after administration.
Nonradioactive 1°FDG and 2-deoxyglucose generate dynamic CEST signals at 0.5-2 ppm
that can be detected in tumor tissues for more than 30 minutes after administration,
presumably because these sugars accumulate in cells and are not metabolized during the
MRI scan session [116]. However, these derivatives of glucose are potentially toxic at high
concentrations, and are therefore limited to studies of small animal models of human
cancers. More recently, 3-O-methyl-glucose, glucosamine and N-acetyl glucosamine have
shown similar dynamic CEST MRI detection for longer than 30 minutes, and have shown
good /n vivotolerability during small animal studies, providing promise for clinical
translation as a more durable exogenous CEST agent for tumor imaging [117,118].
Furthermore, these new agents have been administered orally during small animal studies,
providing hope that patients can simply drink a solution of sugar prior to a CEST MRI scan,
which could increase patient acceptance and comfort.

9B. CT agents that measure tumor pH with CEST MRI

Exogenous agents for computed tomography (CT) are approved to be clinically administered
intravenously at high 972 mM concentrations and volumes as large as 200 mL [119]. These
small molecule agents are hydrophilic and remain in the extracellular environment, which
avoids potential intracellular toxicities. The chemical structures of these CT agents often
have an amide group that is adjacent to an aromatic ring (known as an aryl amide), which
causes the amide proton to have a unique MR frequency that does not overlap with
endogenous biomolecules. The unique MR frequency greatly facilitates selective detection
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of the CT agent during /n vivo CEST MRI studies. Some CT agents carry two unique aryl
amides, and can produce CEST signals at two unique MR frequencies of 4.2 and 5.6 ppm
[120]. The chemical exchange rate of an amide proton is base-catalyzed, and the CEST
signal amplitude of each aryl amide has a different dependency on pH, so that the ratio of
these two CEST signals from a CT agent can be used to measure pH [121,122]. lopromide
(Ultravist™) has shown the best precision for measuring pH, although iopamidol (Isovue™)
is generally preferred due to its superior detection sensitivity [123]. A ratio of the CEST
signals from a single agent is inherently independent of concentration, and a CEST signal
ratio has also been shown to be independent of the endogenous T, relaxation time and B4
inhomogeneity, and largely independent of fluctuations in the physiological temperature
range, which improves the accuracy of pH measurements [124].

lopamidol has been employed to measure extracellular pH and assess tumor acidosis, and
thus this method has been termed acidoCEST MRI [125]. Studies with small animal models
of solid tumors have shown that acidoCEST MRI results are correlated with tumor growth
rate, upregulation of biomarkers associated with aerobic glycolysis and acid transport, and
decreased metabolism in rapid response to treatment [126]. More recently, acidoCEST MRI
has been translated to the clinic at 3 T magnetic field strength and low 1.5 uT saturation
power, and has successfully measured the extracellular pH in kidney and metastatic ovarian
tumors (Fig. 12) [112,127]. Despite this success, these studies have also shown that tumors
must have high vascularity to generate high uptake of the agent for adequate CEST MRI
detection. Further clinical studies are needed to evaluate pre-test measurements of
vascularity, or to determine the types of solid tumors that may be reliably interrogated with
acidoCEST MRI.

For comparison, paramagnetic CEST (paraCEST) agents have not yet been translated to the
radiology clinic due to this same requirement of high agent uptake for adequate CEST MRI
detection. Most of these paraCEST agents incorporate lanthanide ions that are potentially
toxic [128], limiting intravenous administration to concentrations below their CEST
detection limit within /n vivotissues [129]. Some paraCEST agents incorporate nontoxic
metals, but their oxidation state for CEST MRI are relatively unstable which may
compromise their practical utility [130]. Yet many of the 42 paraCEST agents that have been
reported have shown good utility for molecular imaging studies of small animal models
[131,132].

9C. Future diamagnetic CEST agents

Building on the success of aryl amide-based CT agents, a new class of CEST agents has
been developed that incorporate a carboxylic acid and hydroxyl group on an aromatic ring,
known as an aryl acid [133,134]. An intramolecular hydrogen bond that involves the proton
of the hydroxyl group causes this proton to have a very high MR frequency of 8.5-12 ppm
and an unusually slow chemical exchange rate of 220-7100 Hz that are appropriate for
generating detectable CEST. Anthranylic acids [135] and imidazoles [136] have also shown
similar 300-2000 Hz chemical exchange rates and high 4.0-9.3 ppm MR frequencies that
can generate unique CEST signals. Similar to aryl amide CT agents, these agents can have
CEST signals that are pH-dependent, and thus can be designed to measure extracellular pH
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[136]. Derivatives of these agents can undergo enzyme-catalyzed modification of a ligand,
so that the comparison of enzyme-responsive and unresponsive CEST signals of the agent
can then robustly detect enzyme catalysis, which is known as catalyCEST MRI [137,138].
Some drugs have been shown to generate similar CEST effects, providing potential to
directly detect drug delivery with theranostic CEST MRI [139]. Although the toxicity of
these agents must be thoroughly evaluated to gain approval for clinical use [140], high
concentrations of these agents have been administered to small animal models of human
cancers without acute effects [141], hinting that these agents may be safe. These new
diamagnetic CEST agents show the versatility offered by CEST MRI for molecular imaging.

10. Conclusions

CEST MRI provides new opportunities for clinical molecular imaging. Basic protocols that
use a selective saturation pulse followed by a rapid acquisition method are now established
in clinical radiology centers, which can provide semi-quantitative MTRagym measurements
of CEST contrast. Faster MRI acquisition methods and advanced analytic methods continue
to be developed to improve this imaging technique. Useful CEST MRI contrast for clinical
imaging can be generated from amide, amine, and hydroxyl protons of mobile proteins and
peptides, GAG, and glutamate, and from changes in creatine and lactate concentrations.
Glucose and iopamidol are exogenous CEST agents that have been administered to patients,
and additional diamagnetic CEST agents are under development for clinical translation.
Initial clinical CEST MRI studies have shown promising practical utility for evaluating
cerebrovascular stroke, cancer, osteoarthritis, muscle physiology, lymphedema, multiple
sclerosis and other neurological disorders.
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Figure 1.

CEST MRI. a: The CEST mechanism consists of selective saturation of a labile hydrogen
atom (shown in gray), and chemical exchange of this hydrogen with a hydrogen on a water
molecule, which transfers the saturation to water and lowers the net coherent MR signal
from water. b: Exogenous agents (gray) and endogenous biomolecules (black) are detected
by applying a saturation at a specific MR frequency as listed in the chart. Many
paramagnetic agents can have MR frequencies beyond the ends of the chart. c: A CEST
spectrum of glutamate with 3.6 UT saturation power applied for 5 sec shows a decrease in %
water signal at 3.0 ppm. The spectrum was fit with a sum of two Lorentzian line shapes, and
each Lorentzian line shape is shown on the graph. d: An endogenous CEST spectrum of a
mouse with 2 uT saturation power applied for 2 sec shows CEST from endogenous
biomolecules at 1-3.5 ppm, and magnetization transfer from endogenous biomolecules at
-2.5 to -4 ppm. The spectrum was fit with a sum of three Lorentzian line shapes, and the sum
of the line shapes is shown as a solid line on the graph.
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Clinical CEST MRI saturation parameters. A total of 60 published reports were surveyed
that listed saturation power, time, magnetic field strength, and single saturation frequency
that was analyzed. a,b: The saturation powers used in clinical CEST MRI studies have not
been correlated with the investigated saturation frequencies, in units of ppm or Hz (ppm X
magnetic field strength). c: The saturation times used in clinical CEST MRI studies have not
been correlated with saturation frequency. d: The saturation powers and times used in
clinical CEST MRI studies have not been correlated. An additional 10 studies that analyzed
a range of saturation frequencies were not included in these graphs. Yet these 10 additional
studies also did not show correlations between saturation parameters.
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Figure 3.
APT MRI of cerebral ischemia. A 53 year old female patient with total anterior circulation

stroke was imaged 2:48 hours after onset with diffusion-weighted MRI to obtain a map of
apparent diffusion coefficient (ADC), arterial spin labeling-perfusion weighted imaging
(ASL-PWI) to generate a map of cerebral blood flow, and APT MRI with saturation at 0.55
uT for 2 s at 3 T to generate a pH-weighted map (scale in arbitrary units). The patient was
imaged 34 days later with fluid attenuated inversion recovery (FLAIR) MRI, and regions of
interest were identified (green = oligaemia; blue = infarct growth; red = ischaemic core).
Adapted with permission from reference 57.
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Figure 4.
APT MRI of multiple sclerosis. A: A Tq1-weighted MR image identified the heterogeneous

periventricular lesion with an anterior hypointense region (green arrow) and a posterior
hyperintense region (magenta arrow). ¢: The MTRasym map with saturation at 3.5 uT for 1 s
at 7 T magnetic field strength showed that the lesion had increased MTRagym. C: CEST
spectra (right y-axis) and MTRasym (left y-axis) showed strongest CEST signal in the
posterior region. Adapted with permission from reference 60.
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Figure5.
APT MRI of lymphedema. a: A spatial map and b: CEST spectra of MTRzsym with

saturation at 1 uT for 75 ms at 3 T magnetic field strength shows stronger CEST in the
affected lymphedematous arm (Aff) than the contralateral arm (Cont) of a 42 year old
female patient previously treated for breast cancer with tamoxiphen chemotherapy. Adapted
with permission from reference 63.
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Figure 6.
APT MRI of cancer. a—d: A 30 year old female patient with low-grade oligodendroglioma

and e-h: a 58 year old male patient with high-grade glioblastoma were scanned. a,e: To-
weighted images and b,f: fluid attenuated inversion recovery images that showed the
locations of the tumor rim (red arrow) and core (black arrow). ¢,g: Gadolinium-enhanced
T1-weighted images showed no contrast enhancement for the low-grade tumor, and an
enhancing rim with a nonenhancing central area for the high-grade tumor. d,h: APT-
weighted images showed isointensity compared with contralateral brain tissue for the low-
grade tumor, and hyperintensity compared to normal brain tissue (blue arrow) for the high-
grade tumor. Adapted with permission from reference 73.
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Amine CEST MRI of cancer. a,b: Two patients with anaplastic astrocytomas localized with
fluid attenuated inversion recovery (FLAIR) imaging (left) showed CEST asymmetry at 3.0
ppm, which was interpreted to arise from low pH areas (center). These regions of low pH
matched 18F-FDOPA uptake measured with positron emission tomography (right) and c:
lactate measured from NMR spectroscopy taken from the brain area shown in the red box in
the anatomical FLAIR images. Cho = choline; Cr = creatine; NAA = N-acetyl aspartate;
Lip/Lac = mobile lipids and/or lactate. Adapted with permission from reference 81.
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Figure8.
GagCEST MRI of knee and spine. a: maps of patallar cartilage in a young volunteer and an

elderly 65 year old male patient with knee pain showed differences in gagCEST signal, after
applying 2.2 uT saturation for 0.5 s at 7 T magnetic field strength. b: gagCEST signal at 0.5-
1.5 ppm was measured with 0.8 uT saturation power applied for 1 sec at 3 T magnetic field
strength, which was overlayed on a saggital To-weighted MR image of lumbar intervertebral
disks of a 41-year-old male patient. Decreased gagCEST contrast was observed with
increasing Pfirrmann grade that scores intervertebral disk degeneration. Adapted with
permission from references 97 and 99.
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Figure.

GIUCEST MRI of temporal lobe epilepsy (TLE). Two epilepsy patients with a,b: nonlesional
right TLE showed a visible increase in the GIUCEST signal in the right hippocampus, while
¢,d: two patients with nonlesional left TLE showed increased GIUCEST signal in the left
hippocampus. Images were acquired with a: a 40 year old female patient; b: a 47 year old
female patient; c: a 25 year old female patient; d: and a 47 year old male patient, with 3.06
UT saturation power applied for 0.8 s at 7 T magnetic field strength. Adapted with
permission from reference 102.
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Figure 10.
CrCEST and LATEST MRI of muscle metabolism. a: A volunteer used a foot pedal in the

magnet for mild plantar flexion exercise, and the lower leg was imaged with a 28-channel
knee coil. MTRasym plots of b: crCEST after exercise, and c: LATEST in the later
gastrocnemius muscle before and after exercise, showed strong CEST signals at 1.9 ppm and
0.5 ppm, respectively. d,g: Anatomical images of human calf muscle showed the locations of
the soleus, medial gastrocnemius (MG) and lateral gastrocnemius (LG). e,h: MTRgsym maps
before and f,i: after exercise show a signal increase the MG and LG muscles that indicated
accumulation of e,f: creatine and h,i: lactic acid. CrCEST images were acquired with
saturation applied at 2.9 uT power for 1 s, and LATEST images were acquired with 0.73 T
power for 3 s. Both image sets were corrected for corrected for By and B, inhomogeneities.
CrCEST and LATEST studies were performed at 3 T and 7 T magnetic field strengths,
respectively. Adapted with permission from references 104, 105 and 107.
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Figure11.

GlucoCEST MRI of cancer. a: An anatomical T2-weighted MR image showed the location
of the tumor (yellow arrow). b: The increase in CEST signal after saturation was applied at
1.96 uT power for 2.4 s at 1.2 ppm between 0 and 110 seconds after starting the infusion,
and c: between 110 and 295 seconds after starting the infusion, showed the glucose
accumulation in the tumor rim. d: The dynamic changes in MTRgsym, signal showed the rate
of glucose uptake in various tumor regions. Adapted with permission from reference 115.
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Figure 12.
AcidoCEST MRI of cancer. a: An anatomical image of a 69-year-old patient with a high-

grade serous carcinoma showed the location of three tumors that were metastases from a
prior ovarian tumor. b: The parametric map of extracellular pH showed regions of the tumors
that were acidic. c: The parametric map of agent concentration showed a range from 56 to
84 mM in the tumors and 69 to 80 mM in the kidney. AcidoCEST MR images were acquired
with saturation applied between 3.0 and 6.9 ppm with 1.5 uT power for 2 s, usinga 3 T MRI
scanner. 120 mL of 976 mM iopamidol (Isovue ™) was administered to the patient. Images
were analyzed with the Bloch-McConnell equations. Adapted with permission from
reference 112.
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