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Abstract: Chemical exchange saturation transfer (CEST) imaging is a novel contrast mechanism, relying
on the exchange between mobile protons in amide (-NH), amine (-NH,) and hydroxyl (-OH) groups and
bulk water. Due to the targeted protons present in endogenous molecules or exogenous compounds applied
externally, CEST imaging can respectively, generate endogenous or exogenous contrast. Nowadays, CEST
imaging for endogenous contrast has been explored in pre-clinical and clinical studies. Amide CEST, also
called amide proton transfer weighted (APT) imaging, generates CEST effect at 3.5 ppm away from the
water signal and has been widely investigated. Given the sensitivity to amide proton concentration and
pH level, APT imaging has shown robust performance in the assessment of ischemia, brain tumors, breast
and prostate cancer as well as neurodegenerative diseases. With advanced methods proposed, pure APT
and Nuclear Overhauser Effect (NOE) mediated CEST effects were separately fitted from original APT
signal. Using both effects, early but promising results were obtained for glioma patients in the evaluation
of tumor response to therapy and patient survival. Compared to amide CEST, amine CEST is also mobile
proton concentration and pH dependent, but has a faster exchange rate between amine protons and water.
The resultant CEST effect is usually introduced at 1.8-3 ppm. Glutamate and creatine, as two main
metabolites with amine groups for CEST imaging, have been applied to quantitatively assess diseases in
the central nervous system and muscle system, respectively. Glycosaminoglycan (Gag) as a representative
metabolite with hydroxyl groups has also been measured to evaluate the cartilage of knee or intervertebral
discs in CEST MRI. Due to limited frequency difference between hydroxyl protons and water, 7T for
better spectral separation is preferred over 3T for GagCEST measurement. The applications of CEST
MRI with exogenous contrast agents are still quite limited in clinic. While certain diamagnetic CEST
agents, such as dynamic-glucose, have been tried in human for brain tumor or neck cancer assessment,
most exogenous agents, i.e., paramagnetic CEST agents, are still tested in the pre-clinical stage, mainly
due to potential toxicity. Engineered tissues for tissue regeneration and drug delivery have also shown a
great potential in CEST imaging, as many of them, such as hydrogel and polyamide materials, contain
mobile protons or can be incorporated with CEST specific chemical compounds. These engineered
tissues can thus generate CEST effect in vivo, allowing a possibility to understand the fate of them iz vivo
longitudinally. Although the CEST MRI with engineered tissues has only been established in early stage,
the obtained first evidence is crucial for further optimizing these biomaterials and finally accomplishing

the translation into clinical use.
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Introduction

Contrast agents are routinely administered in targeted
tissues to enhance image contrast in magnetic resonance
imaging (MRI), as these tissues share similar biological
properties and thus generate comparable MR values.
Gadolinium (Gd) and iron-based contrast agents are the
most widely used agents in the clinical setting so far, as they
are able to alter tissues’ relaxation properties which directly
lead to image contrast enhancement with surrounding
tissues in MRI. Concerns were, however, raised with the
usage of these agents mainly because of potential risks of
nephrogenic systemic fibrosis or toxicity. Recent studies
reported that the applied Gd related contrast agents may
introduce nephrogenic systemic fibrosis despite of its low
incidence (1,2). Additionally, oxide particle administration
is distributed over different body organs and may cause
cytoskeletal disruption, decrease in proliferation and cell
death due to generated reactive oxygen species (3,4).
Therefore, alternative contrast mechanisms based on natural
properties of tissues are urgently needed in in vivo MRL

Chemical exchange saturation transfer (CEST)
MRI

A novel MR contrast mechanism called “CEST” imaging
was first reported by Ward ez al. (5), focusing on the proton
exchange between targeted chemical compounds and bulk
water. Unlike the metallic contrast agents, CEST MRI
neither affects the intrinsic MR properties of native tissues,
nor causes (potential) risks of toxicity in vive. In addition,
due to its intrinsic characteristics, this technique generates
unique image contrast between tissues.

In CEST imaging, as shown in Figure I, the exchangeable
protons in specific molecules are selectively saturated and,
after transfer of this saturation by chemical exchange to
water protons, detected indirectly through a signal change
of bulk water (7). Contrast is thus generated by imaging
the signal difference of protons in bulk water and expressed

quantitatively using magnetic transfer ratio asymmetry
(MTR,,,,) defined as below:
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MTR,,,,, (Aw) = S, (-Aw) / Sy - Sy, (Aw) / S, (1]

in which Aw is the frequency difference away from water,
and Sy and S, are the water signal before and after pulse
saturation.

As a single transfer of saturation does not generate
sufficient contrast effect due to low concentrated solute
protons in the saturated chemical compounds, the contrast
amplification is achieved by exchange repetition during the
saturation, typically resulting in a pM — mM detection range.

Recently, the mobile protons, commonly used for CEST
effects, are those in hydroxyl (-OH), amide (-NH) and
amine (-NH,) groups, which are present in endogenous
molecules or in specifically designed exogenous compounds
added to tissues. Therefore, in this work, the main and
potential pre-clinical and clinical applications of CEST
imaging for endogenous contrast or using exogenous
contrast agents were systematically reviewed. The CEST
imaging of engineered tissues, as one novel application of
exogenous CEST contrast, was also discussed. The clinical
potential of these new biomaterials was highlighted.

CEST MRI for endogenous contrast

Over the past decade, CEST imaging for endogenous
contrast has been widely explored in pre-clinical and clinical
studies. According to the mobile protons possible for CEST
effect mentioned above, CEST imaging is allowed to be
categorized as amide CEST, amine CEST and hydroxyl
CEST (8).

Applications of Amide CEST

Amide CEST, also referred to amide proton transfer
weighted (APT) imaging, focuses on the exchange between
amide protons and bulk water, and thus generates image
contrast at 3.5 parts per million (ppm) away from water
frequency (9). This exchange rate directly determines
the final CEST effect and is considered sensitive to
the concentration of applied mobile protons and pH
environment. In lesions, the number of mobile protons
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Figure 1 The schematic diagram of chemical exchange saturation
transfer: the proton exchange between solute pool and water pool
is shown (A); after pulse saturation is applied at frequency of Aw
away from water peak, the water signal is decreased from S, to S,
due to the proton exchange between solute and water pool (B); A
so called Z-spectrum is measured by normalizing water saturation
(S../Sp) over a series of saturation frequencies and the CEST
effect was expressed quantitatively with MTR,,,,, which can be
calculated by S,,, (-Aw) / S, - S,,. (Aw) /' S, (C). Adapted from
Vinogradov ez al. (6).

in proteins or peptides, as well as the pH levels, is usually
varied at different stages and also shows difference relative
to surrounding normal tissues. Based on these pathological
features, a number of studies have thus extensively explored
the functionalities of APT imaging in clinical diagnosis.
One main application of APT imaging is in ischemia
detection. Zhou et al. (9) first reported that the amide
protons of proteins and peptides can be measured
indirectly with water signal in APT imaging. The acquired
APT imaging can be sensitively influenced by changed
intracellular pH environment, as reduced pH is able to slow
the exchange rate between amide protons and bulk water,
resulting in a decreased APT effect (9-11). Because of the
high sensitivity to pH differences, this technique has been
proposed to detect early ischemia which remains challenging
with routine MR examinations such as diffusion weighted
imaging or T1/T2 weighted anatomical imaging (9,10).
Also, some pre-clinical studies have shown the feasibility
of APT imaging in predicting ischemic stroke at acute
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stage (12,13). This finding is however, not fully consistent
with a recent human study focusing on hyperacute stroke
patients reported by Tietze et al. (14). Larger clinical studies
are therefore required to systematically explore the real
potential of APT imaging in this situation.

APT imaging also shows great potential in tumor/cancer
assessment (Figure 2). Zhou et al. (11) first investigated the
feasibility of APT imaging in the measurement of gliomas
at 3'T. The resultant APT signal showed significantly higher
value in the solid part than edematous or necrotic area in
brain tumors which were confirmed high grade histologically.
Moreover, in low grade brain tumors APT imaging however
showed comparable effect with the surrounding tissues.
Based on these promising findings in lesion assessment, APT
imaging has also been extensively applied to measure brain
tumors with different grades (15-18), separate malignant
tumors from other lesions such as edema (19), radiation
necrosis (20), metastases (21), and monitor the tumor
progression in malignant gliomas after clinical treatments
(22-24). More recently, some pilot studies also investigated
APT imaging in glioma patients to identify isocitrate
dehydrogenase (IDH) mutation or O6-methylguanine-
DNA-methyltransferase (MGMT) promotor methylation
status (25-27). The obtained APT contrast showed
significantly lower levels in IDH-mutant than in IDH-
wildtype lesions for patients with gliomas as well as high
area under the curve (AUC; 92-98%) in IDH-mutation
status prediction (25,27). Also, difference in APT derived
parameters was observed between the MGMT methylated
and unmethylated glioblastomas (26). Together with
these early but promising findings, more rigorous clinical
studies are requested in the future. If consistent results are
obtained, APT imaging can be suggested as a non-invasive
and rapid approach for identifying these genetic markers
preoperatively. To date, in routine clinical MR examinations,
T2 weighted (T2w), fluid-attenuated-inversion-recovery
(FLAIR) imaging and T1 weighted (T1w) imaging with Gd
enhancement are currently playing an important role. T2w
imaging however, can only highlight the combined area of
tumor and edema, and enhanced T1w imaging is possible
to not only enhance high grade tumors but also low-grade
tumors, resulting in erroneous diagnosis. In contrast, since
APT imaging may add valuable information on the tumor
microenvironment, this technique is suggested to be applied
routinely for added information in clinical diagnosis.

Apart from brain tumors, APT imaging may also serve
as a possible biomarker in the diagnosis of breast and
prostate cancer (28-33). In test-retest measurements, Dula
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Figure 2 Representative brain images were acquired with multiple MRI techniques. (A) T2-weighted imaging; (B) Gd enhanced T1

weighted imaging and (C) APT imaging for a patient with glioblastoma. While low amide proton transfer weighted (APT) effect was

observed in the necrotic region (pink arrow) and peritumoral edematous area (yellow arrow), the tumor rim (red arrow) showed hyperintense

APT signal. Adapted from Zhou ez al. (15).

et al. (28,29) confirmed the reliability of APT imaging
in fibroglandular breast tissue at 3 and 7T (3T: mean
difference of APT, . maps over all subjects <0.7%; 7T:
high intra-class correlation coefficient between different
measurements of 0.963). Ensured by high reproducibility,
this technique was further tested in a small cohort of breast
cancer patients before and after neoadjuvant chemotherapy
(NAC) (28,30). While preliminary results showed the
feasibility of APT signal in the assessment of NAC
response, further longitudinal studies with large sample size
are however required for more systematical investigation.

APT imaging also has applications in the detection
of neurodegenerative diseases, e.g., Alzheimer’s disease
(AD) (34), Parkinson’s disease (PD) (35-37) and multiple
sclerosis (MS) (38). Preliminary results have shown that
when compared with controls, AD patients had increased
APT signal in the bilateral hippocampus region which
correlated directly to clinical disease severity (34). In PD
patients, lower APT signal was found in the substantia nigra
and red nucleus relative to healthy controls. Furthermore,
the strength of signal was consistently decreased with
disease severity from early to advanced stage.

An originally obtained APT effect includes not only the
pure APT signal at 3.5 ppm but also the exchange-relayed
Nuclear Overhauser Effect (rNOE) of aliphatic protons in
mobile macromolecules at upfield side of water spectrum
(-3.5 ppm), the conventional magnetization transfer (M'T)
effect from the semi-solid components at both downfield
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and upfield sides of water peak (+3.5 ppm) as well as
the symmetric direct saturation (DS) effect (39). This
composite CEST effect can be influenced by the BO field
and the applied parameters for Bl saturation (40). With
low B1 power used (e.g., 0.6 p'T), the integral of all upfield
saturation effects 'NOE + M'T + DS) at -3.5 ppm is larger
than the summed effect (APT + MT + DS) at the opposite
side in normal brain tissues, while comparable effects in
both sides are obtained in tumor largely due to the replaced
white matter with myelin lipid by increased tumor cells
(39,40). In contrast, an opposite pattern is obtained, if the
applied B1 power is higher (e.g., 2.1 p'T).

As the CEST effect has multiple contributions, the
MTR,,,,, analysis {Eq. [1]} conventionally applied to
quantify CEST data is not able to interpret each single
component included. To better understand the NOE or
pure APT signal, multiple approaches have been proposed.
A mathematical method called extrapolated semisolid
magnetization transfer reference (EMR) has been reported
for pure APT (APT") and NOE (NOE") signal fitting
(41,42). This method estimates a reference Z-spectrum
(Zgyr) of only DS and MT effects by using the Z-spectrum
intensities acquired at large frequency offsets where no
CEST effect is expected. The resultant pure NOE and APT

signal can be calculated by the following equations:
NOE' = Zp\g (-3.5 ppm) — Z (-3.5 ppm) 2]
APT" = Ziyiw 3.5 ppm) — Z (3.5 ppm) [3]
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Using this method, more specific APT effect has been
reported in acute stroke and brain tumor studies (41-43),
although NOE* signal was still somewhat contaminated by
MT effect (39).

APT and rNOE signals can also be fitted pixel-
wisely using multiple Lorentzian functions (44). The
corresponding label (Z,,,) as well as a reference Z-spectrum
(Z,.) can be obtained for separate APT and rNOE effects.
The non-relaxation-compensated magnetization transfer
Lorentzian difference (M TR, ) of APT or rNOE can be in
general expressed as (45):

MTRLD = Zrcf - Zlab [4]

where MTR;, for the amide peak at 3.5 ppm is APT:p,
and for the rNOE signal at -3.5 ppm is NOE,. To
additionally compensate for the relaxation time, a method
called apparent exchange-dependent relaxation (AREX) has
been used (44,46):

AREX = (1/ Zyy— 1/ Z,.) / T1 5]

With this equation, the relaxation compensated APT
contrast (APT,zrx) and NOE contrast (NOE x;y) can be
obtained. To further calculate pure APT signal by removing
the contributions of downfield rNOE, the downfield-rNOE-
suppressed APT signal (dns-APT) can be given by (47):

dns-APT (+4w) = AREX (+40) — 705 x AREX (<Aw) [6]

where Aw = 3.5 ppm and 7,50 =0.2.

Imperfect BO and B1 fields, due to the limitations of
hardware, can also introduce negative effects on CEST
quantification (8). Inhomogeneous B0 field can cause the
acquired Z-spectrum with chemical shifts, resulting in an
erroneous assessment of CEST effect, while imperfect
B1 power can lead to an insufficient saturation of the
exchanging pool. To overcome these artefacts, several
B0 and B1 correction methods have been proposed
(48-50). One widely used BO correction method is to
acquire an independent BO reference map prior to CEST
measurement. The shifted Z-spectrum due to imperfect
BO field can thus be recovered accordingly (48). Water
saturation shift reference (WASSR) is another BO correction
method often applied (49). With a weak and short Bl
power, a Z-spectrum dominated by direct saturation is
generated and provides sub-Hertz accuracy for spectral
frequency alignment. In addition, a combined B1/B0
correction method called water shift and B1 (WASABI) was
recently proposed (50). Simultaneous BO and B1 mapping
can be rapidly acquired by using an off-resonant rectangular
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preparation pulse and applied for BO and Bl correction in
CEST experiment.

Using advanced methods discussed above, the NOE
mediated CEST effect as well as the pure APT signal
have been well separated. These CEST metrics have been
further applied recently in the evaluation of brain tumor
response to therapy at 3T and 7T (51-53). With multiple
CEST metrics (i.e., MTRyor and MTR,,4.), progressors
showed significantly different changes in glioblastoma than
non-progressors before and 2 weeks after chemo-radiation
therapy (51). Moreover, higher CEST effects, including
MTRyor, MTRige; MT and CEST o were shown in
patients with progressed than non-progressed tumors before
treatment. Similar studies were also performed by Regnery
et al. (52) and Meissner et al. (53). Using AREX method,
the isolated CEST contrasts (NOE mediated CEST
signal and dns-APT) showed significantly different signal
intensities for glioma patients before and after treatment,
and the feasibility in discriminating progressive from
stable tumors (52,53). With these promising results, CEST
derived metrics have shown the possibility to characterize
tumor aggressiveness and act as imaging biomarkers of
glioma response at early time of the treatment. In addition,
CEST derived contrasts were also used to investigate the
association with survival in high grade glioma patients (54).
Significant correlation was revealed between the CEST
metrics applied and patient overall survival as well as
progression-free survival.

Applications of Amine CEST

Mobile protons from endogenous mobile proteins, peptides
or amino acids, are also able to exchange with bulk water,
resulting in a CEST effect at 1.8-3 ppm downfield from
water signal (55). Compared with amide protons, the
mobile protons in amine group show a faster exchange rate
with bulk water. This exchange rate is also concentration
and pH dependent, and can be too fast for CEST effect
generation at pH level higher than 7.0. Therefore, notable
amine CEST effect is more likely to be observed in acidic
microenvironments. Glutamate (Glu) and creatine (Cr)
are the two main metabolites with amine groups for
CEST imaging, and thus are called GIuCEST (56,57) and
CrCEST (58), respectively.

Glutamate is a major excitatory neurotransmitter in the
central nervous system. The concentration level of this
metabolite is directly linked with multiple neurological
and psychiatric diseases (59). GluCEST imaging has been
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Figure 3 Representative T1 weighted anatomical brain images (A) and the separate glutamate chemical exchange saturation transfer

(GluCEST) contrast maps of brain tissues (B) and of gray matter tissues (C) were obtained for a healthy control and a patient with multiple

sclerosis (MS). A significant increase of GluCEST contrast was found in cortical gray matter especially at its prefrontal region in the MS

patient than in the healthy control. Adapted from O’Grady et 4/. (61).

applied in an animal AD model to evaluate the abnormal
Glu concentrations in the brain (60). Confirmed by
'"H MRS measurement, significantly reduced Glu level
(~30%) was revealed in whole brain. For MS patients with
cognitive impairment (CI), glutamate concentration was
also quantified with GluCEST imaging, showing notable
increase in the cortical gray matter (GM) and especially
at its prefrontal region than that of healthy control (61)
(Figure 3). Together with the strong correlation with clinical
CI test, GluCEST MRI may become a useful tool for GM
pathology and CI evaluation. Young people with clinical
high risk for psychosis showed similar symptoms relative
to schizophrenia patients. Using GluCEST imaging,
lower Glu concentration level across cortex and sub-cortex
regions was observed in both groups than that of controls.
GluCEST may thus be helpful in early detection of patients
at risk for future psychosis (62). While normal MR brain
images are obtained in one-third epilepsy patients and
thus introduce challenges in clinical diagnosis, GluCEST
imaging showed the feasibility in detection of non-lesional
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temporal lobe epilepsy qualitatively and quantitatively
with enhanced contrast (63). In addition to neurological
disorders, GIuCEST has also been tested for the feasibility
of brain tumor detection (64) and Glu quantification in
spinal cord (65). While promising results were obtained,
well designed clinical studies with large groups of patients
are required further.

Creatine (Cr) is an important biomarker of energy
metabolism in the muscle system (66). Through creatine
kinase reaction (CK), Cr can be rapidly reversibly converted
to phosphocreatine (PCr) during exercise. Adenosine
triphosphate (ATP) is then generated with the consumption of
PCr and provides required energy for muscle contraction (58).

Cr+ ATP <> ADP + PCr + H' 7]

Based on this dynamic change in both metabolite
concentrations, a variety of 3 and 7T studies have investigated
the potential of CrCEST imaging in monitoring the
concentration variations of both metabolites in calf muscles
of healthy humans before and after exercise (58,67,68). The
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Figure 4 Cartilage quality assessment using glycosaminoglycan chemical exchange saturation transfer (GagCEST) MRI. A representative
proton density (PD) weighted anatomical image was acquired for a patient with cartilage tissues repaired (A). The regions of interest (ROI)
s were selected in the native (left) and repaired (right) cartilage tissues, respectively. The corresponding *Na image (B) and the GagCEST
map of cartilage (C) were also acquired. White and blue arrows were used to respectively denote the ROIs of the native (left) and repaired
(right) cartilage tissues in the PD (A), *Na (B) and GagCEST maps (C). Different CEST effects were found between native and repaired

tissues. Adapted from Schmitt ez a/. (75).

feasibility of CrCEST imaging was confirmed by the gold
standard of 31P MRS. These first but solid evidences might
suggest further clinical applications of CrCEST imaging in
muscular diseases. CrCEST imaging was also extended to
evaluate the myocardial viability, as cardiac dysfunction has
been closely linked with the abnormal levels of metabolite
concentrations in the CK system (69). Although promising
results in animal studies and one patient with myocardial
infarction were obtained, further work is necessary to
evaluate the real clinical potential of CrCEST in cardiac
diseases.

Applications of Hydroxyl CEST

The mobile protons in the hydroxyl group are also able to
exchange with bulk water (7). The resultant CEST effect
is thus generated and resides at about 1.0 ppm next to the
water signal. Glycosaminoglycan (Gag) and glycogen are
the two main metabolites with hydroxyl groups and have
been investigated for CEST properties in (pre-)clinical
studies (70-73). Due to the small frequency difference
between hydroxyl protons and water at 3T, 7T for better
spectral dispersion and higher signal-to-noise ratio, is also
preferred to be used for CEST measurement (70-72).

Gag serves as an important biomarker to evaluate
the cartilage of knee or intervertebral discs. Low Gag
concentration level is considered an effective indicator
for early knee osteoarthritis and intervertebral disc
degeneration. While Gag concentration can be measured
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with quantitative T1rho values or sodium (*’Na) imaging,
GagCEST imaging showed promise in accurate Gag
quantification. With GagCEST imaging, the Gag
concentration was measured in the knee cartilage
of patients with knee pain, and showed a significant
negative correlation with pain scores and cartilage grades
confirmed (74). This technique has also been applied to
measure Gag concentration for the patients after cartilage
repair surgery (Figure 4) or with cartilage disorders.
Comparable Gag assessment was obtained relative to
*Na MRI, delayed Gd-enhanced MRI or T2 mapping
of cartilage, respectively (75,76). In addition to cartilage
disorders, GagCEST imaging has also been demonstrated
in the detection of lumbar or cervical intervertebral disc
degeneration (77,78). The Gag content measured by
GagCEST effect was found decreased in the degenerated
lumbar discs of patients with spondyloarthritis than healthy
controls (79). Furthermore, a significant inverse correlation
was separately observed between the Gag content and the
Pfirrmann scores classifying the lumbar disc alteration in
morphology (80), and between the Gag content and the
degree of low back pain (81). However, Gag content in
intervertebral discs was also found not to be comparable in
healthy controls but with different genders or body mass
index (82). Further studies are therefore necessary to be
performed for systematic investigation of the specificity of
GagCEST imaging in large clinical population.

Glycogen, the major storage form of glucose in
mammalian tissues, plays an essential role in systemic
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glucose homeostasis (7,73). Abnormal level of this
metabolite was reported to closely link with different
physiological disorders including inherited disorders,
obesity and type 2 diabetes. Accurate quantification of
this metabolite is thus crucial (73). While "C MRS is
conventionally applied as a quantitative method to estimate
glycogen concentration, CEST imaging has also shown
the possibility to detect the hydroxyl protons in glycogen
at 0.5-1.5 ppm for quantitative assessment. Due to high
abundance of glycogen in liver and muscle, glycoCEST has
been applied to monitor the breakdown of glycogen during
liver perfusion in animal (73), and showed noticeable CEST
effect in human calf muscle (6), respectively.

CEST MRI for exogenous contrast

In addition to presenting in tissues as endogenous agents,
chemical compounds with exchangeable protons, i.e.,
-NH, -NH, and -OH, can also be intravenously given
to generate exogenous CEST effect (6). Exogenous,
compared to endogenous agents, can control the CEST
contrast by customizing the total amount of mobile
protons administered, so that the introduced dosage can be
minimized without sacrificing CEST effect (83).

While most diamagnetic CEST (diaCEST) applications
focus on endogenous mobile protons as mentioned in the
previous section, several diaCEST agents have also been
administered externally for exogenous contrast in vive. One
typical example is glucose. As the primary energy source in
most tissues, glucose requires accurate quantification iz vivo,
as impaired glucose uptake was reported to closely associate
with various pathological situations (84). However, because
of limited spectral dispersion between hydroxyl and water
peaks and low quantity at physiological level, it is usually
problematic to quantitatively estimate glucose-derived CEST
effect at clinical field strength (8). Alternatively, an extra
biodegradable CEST agent dynamic-glucose (D-glucose)
has been administered into pathological lesions and
measured dynamically with CEST imaging for exogenous
contrast (85-88). A similar detection of dynamic glucose
alteration in brain or neck cancer tissues was observed in
glucose enhanced images (Figure 5) when compared with
18F-fluorodeoxyglucose (**F FDG) measurement or Gd-
enhanced MRI widely applied clinically (84,87,88). In the
meanwhile, chemical exchange-sensitive spin-lock (CESL)
imaging, as a technique for T1rho weighted glucose
enhanced imaging (glucoCESL), has also been applied to
investigate the dynamic changes of injected D-glucose in
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animal and human brain tumors (89-91). By monitoring
the glucoCESL maps changed dynamically, Jin ez a/. (89)
found that the initial increased CESL contrast in tumor
region, qualitatively similar to Gd-enhancement imaging,
was due to the extracellular glucose accumulation, whereas
the CESL contrast at the later period might be contributed
by glucose uptake in the intracellular compartment. After
further investigating this in glioblastoma patients at 7T
(90,91), the images showed distinct contrast in tumor
regions relative to healthy tissues, indicating a feasibility to
identify a pathophysiologically increased glucose uptake in
tumor area. Also, the temporal resolution is seven seconds.
Therefore, the dynamic contrast of glucoCESL can be
suggested as an indicator for glucose uptake in tumors.

In addition, some X-Ray/CT contrast agents such as
iopamidol and iopromide, often structured with amide
exchangeable protons around aromatic ring (also known
as aryl amide), have shown feasibilities to generate CEST
effect at unique frequencies (e.g., in the range of 4-6 ppm)
which do not overlap with the frequencies of endogenous
amide (92,93). Due to high pH dependent CEST effect,
these agents, also called acidoCEST, have been applied
for tumor acidosis assessment and pH measurement in
(pre-)clinical CEST imaging studies (94-96). Besides
that, diaCEST liposomes have also been developed as
a biodegradable agent in CEST imaging to follow the
dynamic changes of liposomes in vivo (97,98). As reported
by Liu et al. (97), liposomes were incorporated with
different mobile proton groups from glycogen (-OH), poly-
L-lysine (-NH2) and L-arginine (-NH). Multiple CEST
contrasts were thus displayed distinctively at respective
chemical shifts, allowing the observation of dynamic
liposome uptake in lymph iz vivo.

The majority of exogenous agents reported so far,
belongs to paramagnetic CEST (paraCEST). ParaCEST
agents contain in most cases metallic ions (e.g., lanthanides)
incorporated with molecules with exchangeable protons (6).
With paraCEST agents, strong CEST effects are usually
obtained at tremendously larger chemical shifts away
from water frequency than those at diaCEST agents (i.e.,
<6 ppm) (8). Clean excitation of resonances is thus easy
to achieve without much water signal saturation (7). In
addition, paraCEST agents have much faster exchange
rates than diaCEST agents, which allow for more sensitive
CEST effect generated, although high saturation power is
usually implemented to increase saturation efficiency (7).
To date, a variety of paraCEST agents have been developed
and many of them have already been investigated in
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Figure 5 For a representative tumor patient, the tumor lesions have been revealed by two hyperintense regions at an *F-fluorodeoxyglucose

positron emission tomography (PET) image slice (A); the corresponding glucose enhancement (GCE) image at the same slice as the PET

image was also shown (B). The hyperintense GCE signals, indicating the tumor tissues, were compared with the PET image qualitatively. A

general (but not perfect) correlation between both images was observed. Adapted from Wang et 4l. (87).

in vivo environment (99-103). For example, Delli Castelli
et al. (104) developed a multi-contrast exogenous MRI
agent by loading liposomes with paramagnetic complexes,
Gd-HPDO3A complex as well as [Tm-DOTMA] [Na]".
Injecting this agent into a mouse tumor model, the
correspondingly generated CEST, T1 and T2 contrasts
were able to monitor the iz vivo fate of liposomes and
their payload in a kinetic model. Another paramagnetic
agent DOTAM-glycine-lysine was also administered into
an animal glioblastoma tumor model (105). The dynamic
changes of the generated on-resonance paramagnetic
chemical exchange effect (OPARACHEE) was used to
understand the agent uptake and retaining in in vivo
environment. Moreover, after injecting a similar agent
into mouse kidney, the corresponding OPARACHEE
also showed the feasibility to monitor the accumulation
and clearance of agent dynamically (106). Additionally, to
investigate liver perfusion iz vive, Europium(Ill)-1,4,7,10-
tetraazacyclododecane-1,7-di-N-methylacetamide-4-10-
di-N(m-phenylborate)acetamide (Eu-D2MA-2PB) as a
paramagnetic compound was combined with an exogenous
glucose agent. A 17% higher CEST contrast was observed
in mouse liver when comparing dynamic perfusion with
and without glucose at 42 ppm (107). Although promising
results have been obtained in vivo, the application of
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paraCEST agents is still limited to be translated into clinic,
mainly because of the potential toxicity from metallic ions
included (55). However, with the rapid progress of chemical
technology, this concern might not be crucial in the near
future as higher stability and thermodynamic level are
assumed to be achieved in the newly designed agents (7).
Therefore, the paraCEST approach is considered having a
great potential in future clinical applications.

Apart from those agents discussed above, engineered
tissues, designed to act as biological substitutes in
regenerative medicine, are naturally biocompatible and
biodegradable iz vivo, and thus favourable in in vivo
applications (108,109). More importantly, CEST specific
chemical compounds are usually observed in a variety of
engineered tissues (110-115). Because of these, the newly
designed biomaterials nowadays have been gradually
realized being capable of serving as good candidates of
CEST agents (116-118). Therefore, in the last part of
this review, we would like to discuss the current status of
engineered tissues in CEST imaging and highlight their
clinical potential.

CEST MRI in tissue engineering

Tissue engineering is a newly emerging biomedical
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technology, aiming to develop biological substitutes
to restore, replace or regenerate defective tissues and
their functions (108,109). In contrast to surgical tissue
transplantation and replacement with biomechanical
devices, engineered tissues do not rely on donor availability
or device replacement after wearing out (109). Moreover,
due to the biocompatibility and biodegradability in nature,
these biomaterials also have the potential to serve as carriers
with drugs loaded into target cells at modulated release
rates in gene therapy applications (111,112,114,115). As
engineered tissues show such a great potential of becoming
a valuable alternative in biomedical field, the fate of these
materials /7 vivo requires to be first well understood after
surgical implantation.

It is however, usually problematic to investigate
these biological features iz vivo, because the engineered
and parent natural tissues often have similar biological
properties and thus similar MR parameter values, resulting
in poor image contrast (109). To enhance the image contrast
between engineered and surrounding tissues, contrast
agents such as Gd based or iron related materials, are
usually selected in MR imaging (119), although potential
clinical risks of these applications were discussed (1-4).

Different from these conventional MR contrast agents,
CEST, as a non-metal image contrast mechanism, doesn’t
change the intrinsic properties of the targeted tissues
and thus introduce negative effects such as toxicity, but
enhances the MR image contrast through exchanging
mobile protons between functionalized molecules and water
pool (7). Recently, exploiting the CEST MRI properties
of engineered tissues becomes a novel application, as many
of them contain mobile protons potentially for CEST
effects or multiple of these protons can be added into the
tissue compounds for enhanced sensitivity (116-118). The
resultant image contrast generated may thus turn out to be
essential to monitor these tissues iz vivo longitudinally or
further control them in tissue regeneration or drug delivery.

According to some pilot CEST MRI studies, several
types of gell-like biomaterials, have been systematically
investigated in the aspects of CEST properties in vitro
and in vive (116-118). Through monitoring the CEST
contrast altered dynamically, the biological features of these
biomaterials were assessed longitudinally after implantation
into animal models. So far, the studies to explore the CEST
properties in engineered tissues are still at early stage.
Some engineered tissues already studied can be categorized
as hyaluronic acid (HA) hydrogel and polyamide gelly

materials.
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Hyaluronic acid hydrogel

Hyaluronic acid is a major component of extracellular matrices
with high biocompatibility and biodegradability (110).
The resultant HA hydrogel after solving into water becomes
injectable and can be used for drug delivery and tissue
regeneration (111,112). Due to the mobile protons included,
some similar studies have tested the CEST properties of
HA hydrogel acting as a potential exogenous contrast agent
in CEST MRI (116-118). Liang et al. (117) systematically
investigated the CEST properties of HA hydrogel with and
without gelatine incorporated. Compared to commercially
available HA, the material with gelatine showed stronger
CEST effect at 3.6 ppm because of the amide protons
present in gelatine. After injecting into mouse brain
model, the biodegradability of this gelly biomaterial was
evaluated longitudinally and showed an agreement with the
histological analysis.

Furthermore, native HA can be functionalized with
different chemo-selective groups to form chemically cross-
linked hydrogels for biomedical applications (110). Two
functionalized HA derivatives containing functional groups
of aldehyde (HA-aldehyde) or hydrazide (HA-hydrazide),
mixed in a solution at equal and low concentration (e.g.,
2%), become a gel at room temperature within 30 seconds.
To monitor its dynamic interaction with native tissues
in vivo, the CEST MRI of this hydrogel was systematically
investigated for the first time iz vitro at different
experimental conditions (120). As a result, an optimal
CEST effect from -OH group of this new functionalized
hydrogel was obtained at 1.0 ppm by using the saturation
amplitude of 150 Hz and duration of 3,000 ms at room
temperature (Figure 6).

Polyamide gelly material

Poly(amido amine)s (PAA) polymers, as an important class
of cationic polymers, are chemical compounds with good
water solubility and biodegradability (113,114). They have
been proposed for a number of biomedical applications
such as drug/gene delivery and as a nanogel for imaging
(114,115). Three different functionalized PAA polymers
with tuneable bioreductive degradability have been newly
developed to control the spatiotemporal release of genes,
of which the degradation behaviour is controlled by
incorporating different steric hindrance around the disulfide
bond (114).

A newly developed PAA material poly(N, N’-methylene
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Figure 6 In vitro chemical exchange saturation transfer (CEST) MRI of hyaluronic acid hydrogel. Chemical structures of native hyaluronic
acid (HA, A); aldehyde modified HA (B) and hydrazide modified HA (C). Exchangeable hydroxyl (red circles) protons for CEST imaging are
indicated. With optimized experimental conditions, the corresponding averaged CEST image of the hydrogels at different pH levels and a
PBS sample between 0.75 and 1.25 ppm was shown (D). Adapted from Dou et 4/. (120).

bisacrylamide 4-aminobutanol) (MBA-ABOL), consisting
of exchangeable protons in amide and hydroxyl groups,
has been investigated for CEST properties in a recent
study (121). After vortexing with milliQ water at room
temperature, MBA-ABOL powders at the concentration
level of 1% became a gel-like material in about 2 minutes.
After optimizing the CEST effect through in vitro
experiments, this material was embedded into a collagen
scaffold and injected into a rat leg for further ex vivo
investigation. Notable MTR,,, representing CEST signal
was observed at about 1.5 ppm (20%) and 4 ppm (50%)
(Figure 7).

As tissue engineering field is now being rapidly
developed, a wild variety of engineered tissues in addition
to those mentioned above may also become potential
candidates for CEST MRI contrast. For example,
polyisocyanopeptide (PIC) hydrogel is a synthetic gel that
gelates at low concentrations and mimics in nearly all aspects
gels prepared from intermediate filaments (122). Therefore,
PIC hydrogel has a great potential to replace other gels as
an engineered tissue. PIC is a liquid at temperatures below
4 °C and fully converts to a gel above 16 °C. This interesting
property allows PIC to be injected as a liquid into a targeted
tissue and to become gelated iz vivo at body temperature.
Due to the exchangeable amide protons in the gel, a strong
CEST effect can be potentially expected. It thus requires a
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validation study in the near future.

To summarize, although CEST MRI of engineered
tissues has only been established in pre-clinical stage so
far, the first in vivo evidence is essential to be acquired to
support the development and optimization of engineered
tissues. With the qualitative and quantitative knowledge
obtained, it has been demonstrated that engineered tissues
own the potential of functioning as safe exogenous CEST
contrast agents while implanted iz vivo for biomedical
purposes. Clinical researchers are thus allowed to
understand their fate in vivo and make necessary steps
before translating them into clinical use. In the future,
patients implanted with engineered tissues will thus greatly
benefit from this technique.

Challenges of CEST MRI in clinical implementation

For CEST MRI, encouraging results have been shown and
mostly validated in animal models or pilot human studies.
To fulfill a further translation into clinic, in addition to
the potential toxicity of CEST agents (mostly paraCEST
agents) and B0/B1 inhomogeneities discussed above, several
other issues are also requested to be addressed beforehand,
including the requirements for low power deposition,
limited scan time as well as the CEST signal interpretation.

The amount of power deposition is always a crucial point
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Figure 7 In vitro & ex vivo chemical exchange saturation transfer (CEST) MRI of poly(N, N’-methylene bisacrylamide 4-aminobutanol)
(MBA-ABOL) hydrogel. (A) Chemical structure of MBA-ABOL showing exchangeable amide (blue circle) and hydroxyl (red circle) protons
suitable for CEST imaging; (B) using the optimized scan parameters, the averaged CEST images of the MBA-ABOL sample iz vitro from

3.75 to 4.25 ppm and from 1.25 to 1.75 ppm were shown; (C) local anatomical image of the right posterior leg of a rat model revealing the

location of the implanted MBA-ABOL solution embedded into a scaffold (indicated with a white arrow) was shown. The corresponding

CEST MR images of the material were also derived from averaging a significant MTR,,, (~50%, white arrow) between 3.6 and 4.4 ppm and

from averaging a strong MTR,,, (~20%, white arrow) between 1.2 and 2.0 ppm. Adapted from Dou et a/. (121).

to be considered in clinical applications (7). Unlike the
animal experiments using pseudo-continuous wave pulse
radiation with multi-seconds long for maximizing saturation
effect, clinical MRI scanners only allow limited saturation
pulse duration as well as low duty cycle of RF amplifier,
resulting in limited amount of power deposition to meet
the Food and Drug Administration (FDA)-guided Specific
Absorption Rate (SAR) requirements (39,55). For diaCEST,
this is usually not a problem, as low RF power as well as
a moderate pulse duration has been widely applied (6).
However, this might be a challenging issue for paraCEST,
because its intrinsic fast exchange often requires high RF
power which might exceed SAR limits (6,7). To avoid this,
the RF pulse used for CEST experiment is usually less
powered or shortened, even though the saturation efficiency

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

might be somewhat affected. In addition, rather than the
direct RF saturation scheme, several other methods for
CEST effect preparation can be applied alternatively, such
as OPARACHEE (123) and frequency-labeled exchange
transfer (FLEX) (124).

Scan time is another important aspect for clinical
studies (7). To achieve limited scan time, a gradient echo
(GRE) sequence is usually applied for 2D or 3D acquisition
(125,126), although fast spin echo sequence is also used but
normally with single slice acquisition (127). Sequences with
radial or spiral k-space filling strategies for rapid acquisition
have also been tested for CEST imaging (128,129). While
good pre-clinical results were obtained, more human
experiments are required to be implemented for further
validation. In addition, other MR acceleration techniques
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like parallel imaging and compressed sensing, have also
been combined for fast CEST imaging (128,130) recently.
These techniques are still very new and require further
development for clinical use. Other than these, scan time
can also be shortened if less images or frequency points
are required for acquisition. For instance, the sequence
of saturation with frequency alternating RF irradiation
(SAFARI) requires short scan time for only three image
acquisitions while keeping the specificity of CEST
detection (131).

The interpretation of CEST signal also plays a vital
role in the clinical implementation (39). Different factors,
however, make data interpretation challenging. Firstly, as
discussed above, CEST signals are usually contaminated
by MT or NOE effect. Advanced analysis methods, such
as AREX, are thus required to restore the pure CEST
signal by removing background effects. Secondly, for
those endogenous compounds, e.g., glycogen and Gag,
the included mobile protons (-OH) are very close to water
resonance. The imperfect direct saturation due to B0
inhomogeneities can affect the asymmetry analysis especially
at clinical 3T, being prone to an erroneous estimation of
CEST signal. Thirdly, customized scan parameters applied
can also introduce difficulties in data interpretation (39).
So far, the CEST imaging protocols implemented at a
variety of platforms provided by different manufactures vary
substantially. The correspondingly obtained results acquired
at different, e.g., saturation conditions, are thus not easy
to be compared. As suggested by Zhou er 4l. (39), an
optimized and standardized scan protocol for CEST MRI
is urgently to be reached between industrial and academic
communities.

Conclusions

In this work, the main and potential pre-clinical and clinical
applications of CEST MRI either focusing on endogenous
mobile protons from amide (-NH), amine (-NH2) and
hydroxyl (-OH) groups, or using exogenous contrast agents
have been systematically reviewed. While APT imaging
has been investigated in various clinical applications, other
endogenous CEST effects have just been performed in
pre-clinical or pilot clinical studies. Real clinical values of
endogenous CEST imaging are thus still required to be
further explored. For exogenous CEST MRI especially with
paraCEST agents, it is still limited to translate into clinic,
largely due to the potential risks of toxicity. In addition, the
current status of engineered tissues in CEST MRI has been

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

reviewed. Moreover, their potential clinical values have also
been discussed and highlighted, even though the CEST
studies with these materials are still at early stage.
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