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Abstract :

Since the early eighties MRI has become the most powerful technic for in-vivo imaging
particularly in the field of brain research. This non-invasive method allows acute anatomical
observations of the living brain similar to post-mortem dissected tissues. However, one of the
main limitation of MRI is that it does not make possible the neurochemical identification of
the tissues conversely to positron emission tomography scanner which can provide a specific
molecular characterization of tissue, in spite of poor anatomical definition. To gain
neurochemical information using MRI, new categories of contrast agents were developed
from the beginning of the 2000’s, particularly using the chemical-exchange saturation transfer
(CEST) method. This method induces a significant change in the magnitude of the water
proton signal and allows the detection of specific molecules within the tissues like sugars,
amino acids, transmitters, and nucleosides. This short review presents several CEST contrast
agents and their recent developments for in vivo detection of metabolites and
neurotransmitters in the brain for research and clinical purposes.
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Abbreviations

2DG
2DG6P
ADP

APT

ATP

BBB
CE-MRI
CEST
CrCEST
CT

DGE
DiaCEST
DWI

FDA
GIuCEST
GlucoCEST
LipoCEST
MICEST
MRI

MRS
NMR
PARACEST
PET

PWI

RF

rNOE

2-deoxy-D-glucose
2-deoxy-D-glucose-6-phosphate
Adenosine diphosphate

Amide proton transfer
Adenosine Triphosphate

Blood Brain Barrier
Contrast-Enhanced MRI
Chemical exchange saturation transfer
Creatine-based CEST
Computerized Tomography
Dynamic Glucose Enhanced
diamagnetic CEST

Diffusion Weighted Imaging
Food and Drug Administration
Glutamate-based CEST
Glucose-based CEST
Liposome-based CEST
Myo-inositol-based CEST
Magnetic Resonance Imaging
Magnetic Resonance Spectroscopy
Nuclear Magnetic Resonance
Paramagnetic CEST
Positron-emission tomography
Perfusion Weighted Imaging
Radio Frequency

relayed Nuclear Overhauser Effect



Introduction

Since its invention in the 1970’s, Magnetic Resonance Imaging (MRI) has quickly found
its place in the medical field and in vivo research, particularly in neurobiology. Unlike
Computerized Tomography (CT) using X rays, MRI can in a non-invasive and non-ionizing way
visualize soft tissues. MRI principle consists in using a magnetic field (typically 1.5 or 3 Tesla
in medicine applications), and applying a Radio-Frequency (RF) wave to excite or refocus in
this case the protons of water molecules. These protons can absorb and emit radio-frequency
energy informing on the water distribution in different tissues (Grover et al 2015). This
technique generates high spatial resolution images in two or three dimensions. The
contribution of MRI in neuroimaging is important since it allows to visualize brain tissues, its
architecture as well as brain traumas, tumors, and gives an idea of the activity of the brain
through functional MRI. Despite its ability to distinguish morphological and structural
changes, in neurobiology, identification of different cellular populations or distribution of
neurotransmitters in the brain is impossible. So far, metabolic or functional activity, including
distribution of neurotransmitters are only possible using nuclear medicine imaging
techniques after injection of a radioactive compound, despite its lower spatial resolution. The
impossibility of being able to image a specific target lead to the development of specific
contrast agents for MRI. Among the different types of contrast agents that have been
developed, Chemical Exchange Saturation Transfer (CEST) contrast agents is found to be
promising in both research and medicine (Sherry and Woods, 2008).

1 The Chemical Exchange Saturation Transfer (CEST) principle

The CEST effect makes possible the indirect detection of the presence of solute,
which is not directly observable because of their too small quantity. It is based on the
observation of the saturation transfer between 2 pools of protons in constant exchange
(characterized by their exchange rates), the protons of free water (large pool) and the labile
protons of the solute ( small pool) (Figure 1A). A saturation radiofrequency pulse is applied to
the resonant frequency of the labile protons of the solute (Figure 1B), which has the effect -
due to their chemical exchange rate - of transferring part of the saturation to the pool of free
protons of the water, resulting in a decrease in the NMR signal of free protons.

The detection of the CEST effect is linked to the exchange rate and also to the
resonance frequency relative to water, to the pH, to temperature and to the magnetic field
strength. The sensitivity of CEST contrast is higher than direct observation of these protons
through Magnetic Resonance Spectroscopy (MRS), which permits also the visualization of
specific molecules. Compared to MRS, CEST has a higher spatial resolution and sensitivity.
Furthermore, the use of a selective saturation pulse frequency to saturate soluble protons
allows the CEST contrast to be “switched on/off”, leading CEST effect to be exploited as a
novel and powerful contrast mechanism for MRI (Liu et al 2013; van Zijl et al, 2011), and
enables the use of multiple CEST agents simultaneously for labeling.

In practice, it is necessary to measure and represent the normalized longitudinal
magnetization of the pool of observable protons (water) as a function of the applied
saturation frequency, generating a Z or CEST spectrum (Fig 1C). This representation thus
highlights 2 minima: one relating to the direct saturation of the protons of water and one



observed at the saturation frequency of the solute. Another mode of representation is to
overcome the direct contribution of water protons, through the representation of the
asymmetric magnetization transfer ratio denoted MTRasym (Fig 1D).

Even if CEST imaging is a promising tool to study certain molecules, it suffers from
methodological drawbacks. For example, CEST is very sensitive to BO field inhomogeneities
that shift the Larmor frequency. As a result, saturation pulses may be applied at a wrong
offset, depending of spatial localization. One efficient way to correct this is to acquire an
additional set of data with a finer sampling of the saturation pulses around the water signal,
to estimate the effective Larmor frequency voxel by voxel (WASSR technique, Kim et al 2009).

Furthermore, as macromolecular effects are asymmetric and lipophilic peaks exist on
the right side of the water peak, it is important to minimize these sources of error that may
confound the measurements. Several techniques were proposed such as double frequency
irradiation, lorentzian differences or lorentzian curve fitting (Zaiss et al 2011).

This technique permits to image several different classes of molecules. CEST contrast
agents can be divided into two families: CEST with endogenous agents that are molecules
naturally present in cells and CEST with exogenous chemical agents whose chemical
structures can be very complex. Endogenous contrast agents are diamagnetic molecules of
relatively small size which possess the property of being able to exchange protons via
hydrogen exchange with water (amide (-NH), amine (-NHz), hydroxyl (-OH) and guanidyl (-N
C=(NH)2) moieties) in a frequency-specific manner (chemical shift). These molecules have a
slow exchange rate with a resonance frequency close to that of water. Molecules such as
peptides, mobile cytosolic proteins, glucose, glutamate, myo-inositol and creatine were
imaged to study the pathophysiology of neurological diseases and traumatic brain injuries
(Tab.1). The exogenous contrast agents can be diamagnetic, thus relatively close to the
structural and chemical properties of the endogenous molecules, or paramagnetic with a
more complex structure containing a paramagnetic ion (lanthanide or transition metal). The
paramagnetic agents are synthesized to possess a slow exchange rate but in opposition to
diamagnetic molecules, these agents have a larger chemical shift from water that allows more
selective saturation and exploitation of faster proton exchange rates (Zhou and van Zijl, 2006).

As we previously explained, CEST contrast is dependent on proton exchange rate, and
is therefore inherently sensitive to pH, as pH-dependence of proton exchange is known since
before the origin of CEST imaging in 2000. Importantly, the proton exchange rate is pH-
sensitive for several types of exchangeable protons including amine and amide groups. Ward
and Balaban firstly explained how to measure tissue pH with CEST agents and investigated its
applications (Ward and Balaban, 2000).

The potential of CEST imaging has encouraged the development of a wide range of
biomedical imaging applications and remains a rapidly growing field in the MR community.
This review aims to show the different contrast agents using the CEST effect and their
applications in neuroimaging.



2 Endogenous CEST molecules

2.1 Amides (Amide Proton Transfer-APT)

The first molecules that have been imaged through the CEST effect are some
endogenous mobile proteins and peptides via saturation of the amide protons in the peptide
bonds. In conventional MRI, bound proteins can be easily visualized by magnetization transfer
contrast due to their solid-like properties but not mobile proteins and peptides whose protons
have relatively long T2 compared to bound proteins. In 2000, the feasibility of imaging mobile
proteins was demonstrated with the CEST technique, called Amide Proton Transfer (APT)
(Ward et al, 2000). Due to the sensitivity of the CEST signal to pH, this approach was initially
developed to monitor pH changes. It has been shown that pH-monitoring through APT allows
the detection of cerebral ischemia as pH is reduced during acute ischemia and potentially
represents a diagnostic tool in clinical imaging (Zhou et al, 2003b). One of the main concerns
in a case of cerebral ischemia is the detection of penumbra, a hypoperfused region affected
by ischemia that can be saved through timely therapeutic intervention. In practice, this area
is estimated by combining two MRI sequences to estimate the size of the penumbra, a
Perfusion Weighted Imaging (PWI) sequence and a Diffusion Weighted Imaging (DWI)
sequence. The CEST approach has shown the possibility to distinguish this key region in the
treatment of ischemia through pH-weighted imaging (Harston et al, 2015, Sun et al 2007).
Since the occurrence of a stroke may be of ischemic or hemorrhagic origin, studies on the
distinction of these two events have been carried out. The distinction between cerebral
ischemia and intracerebral hemorrhage was emphasized (Jeong et al, 2017, Ma et al, 2017,
Wang et al, 2015).

This technique is not only an interesting diagnostic tool for the detection and
characterization of cerebral ischemia but also a method to study brain tumors. The use of APT
in this case is based on the premise that a brain tumor contains a larger amount of proteins
than the surrounding tissue. The feasibility was demonstrated on a gliocarcinoma brain tumor
model in rats (Zhou et al 2003a). Compared to other types of clinical acquisition sequences,
APT allows a good discrimination of tumors in humans at 3T (Jones et al, 2006, Yang et al
2020). Moreover, it is possible to discriminate high and low-grade tumors (Togao et al, 2014;
Wen et al 2010) or high-grade tumors and lymphomas (Jiang et al, 2016). APT was also used
to evaluate the treatment of tumors in mice by ultrasound (Hectors et al, 2014). Other
distinctions can also be made between malignant and benign tumors and healthy tissue by
allying APT and apparent diffusion coefficient ADC (Choi 2018; Law et al, 2018), making this
approach an interesting detection tool in clinical practice.

Besides strokes and tumors, APT is also used in models of neurodegenerative diseases.
As neurodegenerative diseases such as Alzheimer's and Parkinson's disease are characterized
by proteins accumulation and loss of neurons, APT has been used for imaging these
pathologies in vivo. In Parkinson's disease, different brain areas could be detected according
to neuronal loss and protein accumulation (Li et al, 2014; 2017) and for Alzheimer's disease,
the aggregation of the protein Tau could be visualized using the APT technique (Wang et al,
2015; Wells et al, 2015). Moreover, APT was used to monitor the effect of a doxycycline-based
treatment for Alzheimer’s disease in mouse model of tau pathology (Holmes et al, 2016; Chen
et al 2019).

APT is useful for research purposes and also in clinical investigations for diagnosis and
to follow-up treatments of several brain pathologies such as ischemia, hemorrhages, tumors
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and neurodegenerative diseases as emphasized in the recent review by Zhou et al. 2020. APT
could also potentially replace invasive biopsies to provide diagnosis (Sagiyama et al, 2014).

2.2 Glutamate (GIuCEST)

Glutamate is the major excitatory neurotransmitter in the brain. It is a key amino acid
involved in the control of many functions in the central nervous system such as learning and
memory, and is therefore involved in several neurologic diseases like Alzheimer’s disease or
multiple sclerosis (Kostic et al, 2013; Revett et al, 2013). Excessive concentration can lead to
excitotoxicity and neuronal death. Due to its high concentration and its important role in the
nervous system, the possibility of glutamate imaging is interesting for the purpose of research
on pathophysiology or diagnostic. Glutamate has shown to have a chemical exchange
saturation transfer effect named GIUCEST (Cai et al, 2012). With this technique, it was
demonstrated that middle-cerebral artery occlusion in the rat brain resulted in an increase of
GIuCEST signal in the ipsilateral region compared with the contralateral region, and
intravenous glutamate injection in a model of blood-brain barrier disruption in rat resulted in
an elevation of signal in the brain (Cai et al, 2012). This work has also shown the first mapping
of glutamate from human brain showing difference between white and gray matter at 7T.
Following this work, mapping of glutamate in subcortical regions of the human brain was
performed and subcortical regions like amygdala and hippocampus present different
contrasts, demonstrating that GIUCEST is suitable to reveal anatomical differences of
glutamate distribution (Cai et al 2013). GIuCEST has been also recently used for clinical
purpose to image glutamate after acute traumatic brain injury in human (Mao et al, 2019).

As altered glutamate concentration was reported in the early stages of Alzheimer

disease, GIUCEST is suitable to image the change in glutamate concentration in the whole
brain during the progression of pathology. A glutamate-mapping in the APP-PS transgenic
mouse model of Alzheimer’s disease has provided a noninvasive biomarker of the disease
(Haris et al, 2013a). The use of GIUCEST to measure the effect of tau pathology on glutamate
levels throughout the brain of a mouse model of tauopathy, showed decreased level of
glutamate in the CA sub-region of the hippocampus and in the thalamus (Crescenzi et al, 2014;
2017). The usefulness of this approach was also demonstrated for other pathologies such as
Huntington's disease (Pépin et al, 2016; Flament et al, 2018), temporal lobe epilepsy (Davis et
al, 2015) and multiple sclerosis (O’Grady et al, 2019).
GIuCEST was used to monitor the alteration of glutamate levels in a mouse model of
dopamine-deficiency induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
(Bagga et al, 2016). Other applications could be found by this approach, like the monitoring
of the effect of a psychostimulant such as Modafinil, a molecule used in the treatment of
narcolepsy and sleep apnea (Haris et al., 2014a) or in a rat model of stress-induced sleep
disturbance (Lee et al, 2019c). GIuCEST can also be used to monitor the enzymatic activity of
a tumor protease that will produce glutamate after cleavage of a specific probe, poly-L-
glutamate (PLG) (Haris et al., 2014b).

Using a similar approach for GIuCEST, GABA CEST has been recently developed for the
detection of GAB in the hippocampus of rat model of preclinical model of epilepsy induced by
kainic acid treatment (Lee et al 2019a).

2.3 Glucose (GlucoCEST)



Glucose is the most widely used sugar for metabolism and represents an important
energy source for cellular respiration. When entered in cells, glucose is immediately
phosphorylated to give glucose-6-phosphate (G6P) and is incorporated in polymer of glycogen
and supplies almost all the energy for the brain. The first development of CEST imaging for
glucose (GlucoCEST) takes place in 2012 with the detection of D-glucose as a biodegradable
MRI agent for cancer detection (Chan et al, 2012). Acid pH environment in the tumor enable
the visualization of D-glucose as CEST effect is pH dependent. Injection of D-glucose not only
allow the detection of tumor but also showed differences between two different tumor breast
cells lines, (MDA-MB-231 and MCF-7) while Positron-emission tomography (PET) and
Contrast-Enhanced MRI (CE-MRI) techniques did not. The first use of GlucoCEST for
neuroimaging used an injection of 2-deoxy-D-glucose (2DG); this analogue of glucose is not
metabolized and is stored in the cells in a phosphorylated form, 2DG-6-phosphate (2DG6P).
The level of 2DG gives information on cerebral metabolism, particularly tumors metabolism
(Zhang et al, 2014) . This method has been used to monitor the consumption of glucose in the
brain and thus to identify active brain regions, since glucose is the major source of energy for
the brain (Nasrallah et al, 2013). In their study, Nasrallah et al. showed an increase of signal
in the cortex and the thalamus, after a 2DG injection, compared with the rest of the brain. 3-
O-methyl-D-glucose, another analogue of glucose was recently used to detect accumulation
of glucose in in rodent model of brain tumor (Sehgal et al, 2019) and the brain of healthy
human and brain tumor patients (Xu et al, 2019). Central level of endogenous glucose
monitored with GlucoCEST MRl is a good indicator of neuronal activation since the same brain
areas are also activated with BOLD fMRI as shown in rats (Roussel et al, 2019).

GlucoCEST can be also used to study the dynamic perfusion of a cerebral tumor (Xu et
al 2015). This study explored the integrity of the Blood-Brain Barrier (BBB) and the authors
tested the feasibility of performing Dynamic Glucose Enhanced (DGE) imaging. They showed
an increase of the signal during and after injection of D-glucose in the tumor compared to
other cerebral tissue. In addition, Wang et al, using DGE and comparing it to PET showed a
good correlation between these two techniques in patients with head and neck cancer (Wang
et al, 2016). This approach could avoid excessive ionization of patients by substituting PET
with DGE in some cases. The novelty of these approaches is to be able to produce
biodegradable markers like D-glucose and 2DG, approved by the Food and Drug
Administration (FDA) to boost the signal. The disadvantage of GlucoCEST is to require an
injection of non-metabolized glucose analogs to visualize the signal because natural glucose
is quickly incorporated and metabolized.

2.4 Myo-Inositol (MICEST)

Among endogenous molecules, Myo-Inositol has also a CEST signal (MICEST). Myo-
inositol is a carbocyclic sugar found in large quantity in the brain. It is one of the metabolites
usually visible with MRS and playing an important role in cells as precursor of secondary
messenger in eukaryotic cells in the form of inositol phosphate, phosphatidylinositol and
phosphatidylinositol phosphate which are also constituents of the lipid membranes of the
cells as well as myelin in the central nervous system (Fisher et al, 2002). Altered
concentrations of myo-inositol have been detected in many brain disorders like Alzheimer’s
disease, multiple sclerosis and brain tumors. Myo-inositol has been first studied by MRS and
in 2011, the idea of applying the CEST effect to visualize myo-inositol was carried out, in order
to have a better spatial resolution of myo-inositol distribution. A brain mapping of myo-



inositol on healthy human volunteers showed significantly higher MICEST signal in white
matter than in gray matter at 7T (Haris et al, 2011). MICEST was subsequently used for the
study of myo-inositol concentrations in mice model of Alzheimer's disease (APP-PS1). The
APP-PS1 mice showed a higher MICEST contrast than wild-type control with concomitant
increase in myo-inositol concentration as measured through proton spectroscopy (Haris et al,
2013b). High resolution mapping of myo-inositol with MICEST is a useful technique for
monitoring the regional changes of myo-inositol at different disease states. Contrary to
glucose, MICEST does not require any exogenous contrast administration and due to its non-
invasive nature, mapping of myo-inositol provides a new disease biomarker.

2.5 Creatine (CrCEST)

Creatine is a metabolite derived from amino acid (glycine, arginine and methionine)
and present mainly in the muscle fibers and to a lesser extent in the brain. In cells, creatine
helps to supply energy, particularly in muscles. Enzymes called creatine kinases, forming
phosphocreatine used to recycle adenosine triphosphate (ATP), phosphorylate a part of the
creatine incorporated into the cells. This phosphocreatine can provide a phosphate group to
ADP making ATP which is a major source of cellular energy and vice versa (Joncquel-Chevalier
Curt et al, 2015). Creatine was first detected by MRS and in 2012, a high-resolution imaging
of creatine was developed using the CEST technique (CrCEST), allowing a better spatial
resolution imaging without a signal contamination from phosphocreatine (Haris et al, 2012).
CrCEST provided a new method to measure the changes in creatine in vivo in various
pathological conditions. The first use of CrCEST was done on the muscle to map the energetic
changes of the muscle during exercises, with a high spatial resolution (Kogan et al, 2014). CEST
imaging applied to creatine has also been used in the field of neuroimaging by studying the
distribution of creatine in cerebral tumors (Cai et al, 2015). CrCEST signal is interesting for the
detection of creatine, a bioenergetics marker of tumor metabolism. This signal could be used
to determine the tumor grade and to monitor the effect of treatments (Cai et al, 2017). CrCEST
was also used to study epileptic seizures. A first study showed that following an epileptic
seizure induced in mice, an increase in creatine signal is observed in the affected area (Lee et
al, 2019b). This technique would permit to follow sudden metabolic changes over time.

3 Exogenous CEST molecules

There are mainly three categories of CEST exogenous contrast agents. 1) Diamagnetic
agents, or DiaCEST agents, have exchangeable protons in their chemical structure most of the
time belonging to amine (—-NH), acid or alcohol (—OH) functions. Their *H NMR resonance
signal appears around 5 ppm compared to the free water signal. Observation of this chemical
shift requires a relatively slow exchange constant, which limits the observed effect compared
to the dose injected. 2) Paramagnetic agents, or ParaCEST agents, are complexes of
paramagnetic ions, most often of rare earths, which transiently bind protons whose chemical
shifts of the protons are much greater, possibly exceeding hundreds of ppm. 3) Liposome
agents or LipoCEST which is a special case of ParaCEST agents and which consists in using
liposomes encapsulating a paramagnetic lanthanide complex as contrast.

3.1 Exogenous diamagnetic agents (DiaCEST)



The first CEST agents studied are diamagnetic molecules comprising exchangeable
protons via acid-base properties in the Bronsted sense, therefore sensitive to the pH of the
environment and/or to temperature variations (Ward et al., 2000). They bring together either
small synthetic organic molecules, more rarely polymers, or compounds of biological origin.
Most diamagnetic compounds exhibit a resonance frequency of their labile proton (s) that
does not differ by more than 5 ppm (or 315 Hz at 1.5T) from the frequency of free water in
the surrounding medium, limiting the efficiency of selective irradiation of exchangeable
protons (Zhang et al., 2001). In addition, the in vivo use of diamagnetic compounds may be
compromised by the lack of discrimination with the effect of endogenous CEST agents, which
often have a very large signal. Despite these drawbacks, the harmlessness of diamagnetic
compounds remains interesting and it is possible to use them either as an intrinsic signal from
the tissues or to account for certain metabolic processes or environmental factors (pH,
temperature) or even to reveal the presence of other substances by activating their contrast
after specific interaction (Chahid et al, 2014).

In the 2000’s, exogenous diamagnetic molecules were studied as potential CEST
contrast agents. They are compounds, having diamagnetic properties like endogenous
molecules and a proton exchange site permitting the detection by CEST. They were developed
as a substitute for metal-based contrast agent, like gadolinium complexes, due to the toxicity
of these metal ions at high doses and once administered, the contrast persists until the
organism eliminates it. Exogenous contrast agents possessing specific chemical groups which
could have CEST properties permitting a “switch on/off” of the signal under physiological
conditions have been developed (Ward et al, 2000). Several diamagnetic molecules with CEST
properties have been found such as salicylic acid and its analogues (Yang et al, 2013) or
anthranilic acid analogs (Song et al, 2015). These diamagnetic agents were quickly used in the
field of nanotechnology. They boosted a relatively low CEST signal by increasing locally the
concentration of contrast agents in a vector (Zhao et al, 2008). Citicoline, a diamagnetic
molecule, possessing also neuroprotective properties and used to treat cerebral injuries and
diseases, has shown promising results (Liu et al, 2016). In a cerebral ischemia model in the
rat, these citicoline-liposomes targeted against Vascular Cell Adhesion Molecule (VCAM)-1
can accumulate in the damaged area of the brain and improve drug delivery. Liposomes
containing citicoline represents a theranostic system, where the therapeutic agent can be
detected directly by CEST MRI.

Small proteins like Lysine-rich protein (LRP) have diaCEST properties and are sensitive
to pH variations. The labile protons of the lysine units of the LRP are exchangeable in the
intracellular basic medium that induce a local acidification of the tissue. In a recent study, LRP
have been used to detect a glioma in a murine model with quite high sensitivity since a
decrease of one pH unit induces a ten fold reduction of the CEST signal intensity (Perlman et
al, 2020).

Recently a new category of diaCEST molecule were developed using carbon dots (C-
dots) (Zhang et al, 2019). C-dots are quasi-spherical carbogenic nanoparticles of several nm
in size, they constitute a new type of organic materials composed primarily of carbon, oxygen,
and hydrogen, they are considered to be more biocompatible than the heavy metal-based
guantum dots. Arginine-modified C-dots encapsulated in liposome were successfully used to
label human U-87 MG glioma cells that can be therefore detected after injection in the
striatum of mice (Zhang et al, 2019). This preclinical data obtained with this novel diaCEST
agent are promising for future brain exploration and clinical investigation using grafted cell
therapy.



Moreover, contrast agents having properties in other imaging techniques have been
obtained, combining a molecule having a CEST effect with other molecules having properties
for optical imaging, like rhodamine (Liu et al, 2012).

3.2 Exogenous paramagnetic agents (ParaCEST)

ParaCEST contrast agents combine paramagnetic properties, linked to the presence in
their chemical structure of a certain number of unpaired electrons possessing a large
electronic spin magnetic moment, and the ability to exchange one or more water molecules
of hydration with the surrounding aqueous medium. The particular advantage is the
significant chemical shift of the protons in water induced by the contrast agent which allows
a much more selective CEST effect than that obtained with DiaCEST agents. In addition, the
ability to change the structure and add exchange sites can optimize their detection at low
concentrations (Aime et al, 2002; Zhang et al 2003). Like diamagnetic contrast agents, in vivo
visualization is difficult because the magnetization transfer from endogenous
macromolecules reduces the CEST sensitivity. To improve their sensitivity, the paraCEST
agents have been incorporated to nanocarriers like dendrimers, adenovirus particles and
perfluorocarbon nanoparticles (Li et al, 2011). The first dendrimer paraCEST agents were
prepared through coupling Yb3+-DOTAM complexes to a poly(propylene imine) dendrimer to
obtain a pH-sensitive CEST contrast at A =-15 ppm (Pikkemaat et al 2007). The small size (~7-
12 nm) of dendrimers have the advantage over the other particles, because its smaller size
can possibly improve tissue penetration and the inclusion of tumor specific drug release
mechanisms.

ParaCEST contrast agents are used for molecular imaging in various fields including
neuroimaging. First promising works concerns the development of calcium-sensitive
ParaCEST contrast agent. Calcium or magnesium binding to the lanthanide complexes reduce
the exchange of the amide protons inducing a decrease of the CEST effect. This kind of
contrast agents represent an interesting tool for monitoring neuronal activity (Angelovski et
al, 2011).

Nano-sized paraCEST imaging contrast agent using a dual-modality agent were
developed for detecting gliomas at MRI and microscopic scales. The ParaCEST MRI contrast
agent such as Eu-DOTA-Gly4 or a clinical relevant Gd-DOTA and fluorescent molecules
Dylight680 were conjugated on the surface of a G5 polyamidoamine dendrimer to create a
dual mode MRI-optical imaging nanoparticle and used for the detection of a U87 glioma
model in mouse with a 3T scanner (Ali et al, 2012, Gonawala and Ali 2017). The sophistication
of these structures appears to create a new class of contrast agents called multi-modal in
which paraCEST molecules have found their place.

3.3 Exogenous liposome agents (LipoCEST)

Silvio Aime and his collaborators (2005) are pioneers in the field of LipoCEST and
introduced the first proof of concept of this new family of contrast agents, (Aime et al, 2005).
The LipoCEST approach was developed by encapsulating the contrast agent in a liposome
(Chan et al, 2014a). Liposomes are closed vesicles, most often submicron, delimited by one
or more bilayers of lipids enclosing a fraction of the agueous medium in which they were
formed. Their structure is similar to the cell membrane which makes liposomes the ideal
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models for studying biological processes. Their lipid composition can be modulated to cross
natural barriers (like blood brain barrier), and to control the release of their content
(according to temperature or pH).

In LipoCEST agent, the liposome structure makes possible the differentiation of the
two groups of water molecules necessary to obtain a CEST effect by regulating the rate of
water exchange between the internal and external compartment of the liposome. The high
sensitivity expected for a LipoCEST agent comes from the fact that all the water molecules
contained in the internal volume of the liposomes will contribute to the transfer of
magnetization, which is considerable in comparison with molecular ParaCEST agents that bind
only one or two water molecules per unit. Optimized LipoCEST agent using 200 nm diameter
liposome with a polyethylene glycol chains coated surface to ensure their future stability in
the blood compartment were developed for in vivo imaging. The properties of the systems
were evaluated both in relation to the vesicular structure and in relation to the magnetic
response (Chahid 2012).

Flament et al. prepared a specific lipoCEST agent by conjugation of Tm(lll)-complexes
to RGD tripeptide to target integrin a(v)B(3) receptors that are involved in tumour
angiogenesis. After intravenous injection, this lipoCEST agent allowed the detection of brain
tumor induced by intracerebral injection of UB7MG cells in mice imaged at 7T, and specifity
of the staining were confirmed by immunohistochemical colocalisation of RGD-lipoCEST with
the a3 receptors in the tumor region (Flament et al, 2013).

More recently, an injectable liposomal hydrogel (LipoCEST MRI) was developed to
monitor in vivo treatment using a 3T clinical field (Han et al 2020). In this study, the liposomal
hydrogel is loaded with barbiturique acid an injected in the brain of mice. The animals were
imaged 4 h, 1, and 3 d after injection at 3.0 T. The results showed that CEST contrast at -3.4
ppm provided an estimated number of liposomes and CEST contrast at 5 ppm provided an
estimated amount of encapsulated drug. CEST contrast at 5 ppm decreased by 1.57%, while
the contrast at -3.4 ppm remained constant over the 3 days in vivo, demonstrating different
release kinetics of these components from the hydrogel (Han et al 2020).

These studies demonstrated the promising role of lipoCEST as contrast agent for the
observation of brain tissue but also as new tools for monitoring drug delivery for the
treatment of brain tumour.

4 Advantage and drawback of CEST technique

One of the main advantage of the CEST contrast agents for MRI is to give
neurochemical information with a high spatial resolution that is of a particular importance
according to the complex brain anatomy. Compared to MRS, CEST contrast agents present a
similar sensitivity as observed for glutamate detection with GIUCEST (Cai et al, 2013), but MRS
is limited to low spatial resolution. Compared to PET, GIuCEST give similar distribution of
glutamate in white and grey matter as demonstrated in human mapping of the metabotropic
glutamate receptor subtype 5 (Ametamey et al, 2007). Similar observations were made for
the detection of 2-Deoxy-D-Glucose uptake in a mice model of Alzheimer disease using
glucoCEST and 18 FDG-PET, with a better image resolution for glucoCEST (Tolomeo et al,
2018). The advantages of both techniques are now available with clinical and pre-clinical
combined PET-MR system.

The specificity of CEST agent to detect specific molecule is similar to that observed
using MRS. However, this specificity should be also carefully checked since CEST effect of two
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molecules may overlapped when the molecules present close exchangeable protons. CEST
effect of one molecule can contribute to the CEST effect of another expected molecule. Cai et
al (2012) identified a small contribution of GABA and creatinine to the CEST effect of GIUCEST,
due to the —NH; protons. Similarly, the detection of glycogen by GlycoCEST is modified by the
GlucoCEST effect of glucose at equivalent concentration because glucose has more
exchangeable protons than glycogen (Van Zijl et al, 2007). The overlapping of CEST effects of
different molecules is affected by the radiofrequency B1 as shown for MiCEST detection of
myo-inositol (Haris et al, 2011), a parameter that may be used to improve the specificity of
the detection.

Compared to molecular imaging like TEP, CEST effect induced by endogenous
molecules is non-invasive which is important for in vivo and clinical studies, an advantage that
disappeared with paraCEST and DiaCEST molecules that should be injected. These later
compounds have to cross the BBB to reach the brain in a way that will not modify neuronal
physiology. Glucose analogues like 2DG or 3 O-methyl glucose cross the BBB with the glucose
transporter 1 localized on endothelial cellular membrane. For other compounds, BBB can be
osmotically open using hypertonic mannitol solutions as previously described by Kroll and
Neuwelt (Kroll and Neuwelt, 1998), or using ultrasound transcranial stimulation in
combination with gas-filled microbubbles as previously used for manganese enhanced MRI
(Howles et al, 2010).

Magnitude of CEST effect appears to be better at higher magnetic field strength as
shown for glycoCEST (Van Zijl et al, 2007), being higher at 9.4 than at 4.7T. The same
observation was made for gluCEST, the effect being higher at 9.4T in rodents than at 7T in
human brains (Cai et al, 2012). According to these studies, it appears that the CEST
compounds should be used at high magnetic fields and that they would be less powerful, with
a lower sensitivity with standard scanner at 3T.

Conclusion

CEST technique has proved to be an innovative tool in the field of molecular imaging
in MRI. Compared to other MRI contrast agents like gadolinium- and iron-based contrast
agents, which modify the relaxivity of the surrounding tissues, CEST signal is activated only by
a specific radiofrequency wave permitting an on/off switch signal, and a noise free signal.
Such properties should make possible dual labelling with distinct CEST agents. The stability of
these paramagnetic agents has to be improved regarding to their sensitivity to temperature,
which could be modified under RF stimulation. Their ability to give a strong signal under
physiological conditions and at low concentrations is also a weakness of these agents. The
strength of the signal is linked to the number exchangeable proton (OH, NH, NH2 moieties)
and CEST effect will be increase by increasing the number of exchanging groups by grafting
them on specific agents. This approach is particularly promising for lipoCEST. It is therefore
possible to shape CEST agent for specific targets.

CEST technique is a wide field of broad research with a real potential development in
the field of molecular of neuroimaging. Applications of CEST imaging in human using
endogenous molecules are attractive because nothing is injected and therefore do not require
any administrative approval (like FDA or CE for example). In addition, imaging endogenous
molecule (glucose, glutamate...) overcomes the problem of crossing the BBB. These CEST
imaging methods are useful in the study of neurodegenerative diseases, tumors and strokes
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as well as for psychiatric research (recent review by Shaffer et al, 2020). The first clinical
application have been already done as shown on the Figure 2 (Goerke et al, 2019). They make
MRI the gold standard for the detection of neurotransmission disorders or tumor boundary
delimitation in addition to MRS.
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Figure 1

Principle of Chemical exchange saturation transfer (CEST): A, B: Solute exchangeable
protons (blue) are saturated at their specific resonance frequency in the proton spectrum
(here 8.25 ppm for amide protons). This saturation is transferred to water, after a period
(tsat), this effect becomes visible on the water signal (B, right). C: Measurement of
normalized water saturation (Ssat/So) as a function of irradiation frequency, generating a so-
called Z-spectrum (or CEST spectrum), with water assigned to 0 ppm. D: Result of
magnetization transfer ratio (MTR = 1 — Ss.t/So) asymmetry analysis of the Z-spectrum with
respect to the water frequency to remove the effect of direct saturation.

(From “Zijl and Yadav. Chemical Exchange Saturation Transfer (CEST): what is in a name and
what isn’t? Magn. Reson. Med. 2011; 65(4): 927-948" figure 1 with the authorization of
Wiley & Sons)
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Figure 2

Different slices of relaxation-compensated CEST MRI of a patient with newly diagnosed
glioblastoma grade IV, a central nervous system tumor, examined at 3T. The tumor volume
can be seen in the coregistered gadolinium contrast enhanced T1-weighted images. The CEST-
MRI MTRRex (taking into account water relaxation properties R1 and R2) and AREX
(compensation for the scaling of all CEST effects by the T1 relaxation of water) images of the
individual CEST signals of APT (Amide Proton Transfert) and rNOE (relayed Nuclear
Overhauser Effect) showed distinct changes in the tumour region, highlighting several
different morphological features The pink arrows indicate a hyperintense region, which most
likely corresponds to a blood clot within the tumor.

(From “Goerke et al. Relaxation-compensated APT and rNOE CEST-MRI of human brain
tumors at 3T. Magn Reson Med. 2019. 82(2):622-632” figure 6 with the authorization of Wiley
& Sons)

25



Table of different endogenous molecules used in neuroimaging via CEST

Technique

CEST agents

Chemical
groups

Chemical
Shift

Application

References

APT

Mobile proteins
and peptides

Amide
(-NH)

~3,5 ppm

Strokes (ischemic
and hemorrhagic)
Tumors
Neurodegenerative
diseases

Chen et al 2019 ; Choi
et al, 2018; Harston et
al, 2015 ; Hectors et al,
2014 ; Holmes et al,
2016, Jeong et al, 2017
; Jiang et al, 2016 ;
Jones et al, 2006 ; Law
etal, 2018 ; Li et al,
2014; 2017 ; Ma et al,
2017 ; Sagiyama et al,
2014 ; Sun et al 2007 ;
Togao et al, 2014,
Wang et al, 2015 ;
Wells et al, 2015 ; Wen
etal 2010 ; Yang et al
2020 ; Zhou et al
2003a ; Zhou et al,
2003b

GIuCEST

Glutamate

Amine
(-NH2)

~3 ppm

Neurodegenerative
diseases,
monitoring,

Bagga et al, 2016;
Cai et al 2013;
Caietal, 2012 ;
Crescenzi et al, 2014,
2017; Davis et al,
2015; Flament et al,
2018; Haris et al,
2013a; Haris et al.,
2014a; Haris et al.,
2014b; Kostic et al,
2013;
Lee et al 2019a; Lee et
al, 2019¢c ; Mao et al,
2019; O’Grady et al,
2019; Pépin et al,
2016, Revett et al,
2013.

GlucoCEST

Glucose

Hydroxyl
(-OH)

3 peaks [1.2
/2.2/2.8

ppm]

Tumors

Chan et al, 2012;
Nasrallah et al, 2013;
Roussel et al, 2019;
Sehgal et al, 2019;
Wang et al, 2016; Xu et
al 2015; Xu et al, 2019;
Zhang et al, 2014.

MICEST

Myo-inositol

Hydroxyl
(-OH)

3 peaks [0.8
/0.9/1.1

ppm]

Neurodegenerative
diseases

Fisher et al, 2002
Haris et al, 2011
Haris et al, 2013b

CrCEST

Creatine

Amine
(-NH2)

~1.8 ppm

Tumors, seizures

Cai et al, 2015; Cai et
al, 2017; Haris et al,
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